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As a result of developing technology and scientific studies, employing dam tailings as critical raw material and vital economic
reserve has become widespread recently. Employing dam tailings as a main ingredient of CPB (cemented paste backfill) can offer
benefits to mining operations. This study deals with the use of dam tailings in CPB, considering the mechanical and geotechnical
aspects. CPB was prepared at fixed solid and cement contents (72%, and 5%, respectively) and tested for different cure ages varying
from 3 to 56 days. The results disclosed that the strength of filling increased over time, with the exception of 56-day cured CPB
having high sulfur minerals where strength decreased sharply. The reasons behind these strength surges could be clarified by
CPB’s basicity, which quickens the hydration of cement. Voids between tailings grains are also occupied by hydration products,
resulting in the high strengths. Due to the fact that higher sulfate contents can cause lower pH values within CPB, this is one of the
factors that should be considered for the backfill’s strength performance. The cement tends to increase the backfill’s pH in short
term, but pH of long-term cured backfills decreases because of dam tailings which is inclined to acid formations and erosions. This
is a sign that the deformation properties of CPB are deteriorated. Depending on curing time, CPB’s water content and void ratio
decrease, but their surface areas increase. The resulting data will endow to better apprehend the effects of dam tailings on CPB

quality integrating cost and quality.

1. Introduction

The major amounts of tailings are inevitably created on
account of the processing of valuable minerals in the mining
sector [1, 2]. They are mostly cumulated in surface tailings
impoundments/dams and refilled into underground stopes
where the ore is extracted [3, 4]. In particular, pyritic tailings
stored on surface occupy and possibly contaminate large
fertile lands or soils and surface-ground water, creating the
development of acid mine drainage in prevalence of H,O
and O, [5, 6]. These risks continue during and after the
mining operation by posing a serious threat to the envi-
ronment [7, 8]. Although these problematic tailings are seen
as economically worthless, nowadays they are used as raw
material, such as in geopolymer [9], mine backfill [10],
ceramics manufacture [11], and brick production [12] and to

reestablish plant fertility in polluted soils [13]. Valorization
of the tailings appears to be not only a source of invaluable
raw materials but also a capable substitute to cut their
ecological impacts [14, 15]. In recent years, the effective
reuse of the tailings produced after active mining operations
in different sectors such as construction and civil engi-
neering causes a major reduction in the amount of the
generated tailings which need to be treated properly [16, 17].
However, the continuous storage of tailings into the dams
might create capacity problems and hence pose a serious risk
such as failure and leakage [18, 19].

In addition, when compared to low-grade ores, the
tailings received from dams can contain many valuable
elements and present a remarkable commercial value
[20, 21]. Taking into account the elements in tailings ac-
cumulated in the dams, they can be used either for backfill
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(acidified tailings) or for raw materials (nondamaged tail-
ings) [22]. Nevertheless, the current study will consider
acidified dam tailings for mine fill applications, especially for
cemented paste backfill (CPB), while the nondamaged dam
tailings are out of the scope of this study. Being an innovative
tailings disposal system, CPB allows mine operators to send
65-80% of pyritic tailings back to underground stopes as
backfill (it helps to build for ground support) or disposal
purposes [23, 24]. Unlike concrete materials, CPB has
unique properties such as finer (at least 15% under 20 ym)
grain size, higher (typically more than 5) water/cement ratio,
and lower (typically less than 10%) cement content [25, 26].
As a result of these characteristics, CPB increases the
neutralization potential of pyritic tailings and ensures secure
storage in an alkaline environment with low permeability
[27]. Consequently, CPB has been frequently preferred in
the mining industry targeting both sustainable development
and circular economy [28, 29].

Numerous researchers have so far focused on CPB’s key
components such as physical [30], chemical [31], rheological
[32], and mechanical properties [33]. However, the mining-
induced environmental problems have led rethinking mine
operators to reduce or eliminate the presence of pyritic
tailings accumulated in the dams [34-37]. Aldhafeeri and
Fall [38] experimentally investigated the effect of cemented
paste tailings (CPT) on the reactivity of the initial sulfate
content by conducting O2 consumption tests on backfill
samples and observed that CPT’s reactivity augmented with
growing sulfate concentration. Dong et al. [7] explored
sulfate effect on CPB’s long-term stability and found that
high amounts of sulfur minerals like pyrite caused severe
erosion between 90 and 360 days of curing times, decreasing
the backfill strength by 11-32%. Li et al. [39] evaluated the
short-term strength of CPB with variable sulfur content
(6-25wt.%) and found that a significant loss of strength
(~21%) occurred in 14-day cured samples. Liu et al. [40]
examined the influence of sulfur content on CPB’s strength
characteristics and stated that sulfur content plays a vital role
in these properties of backfilling. Zheng et al. [41] explored
experimentally the potential of employing slag activated
with reactive MgO as a binding agent within the backfill with
sulfidic tailings and found that pH values (11.5) increased
before 14 days by reason of acid/sulfate attacks while they
decreased to 9.8-10.5 after 14 days (from 28 to 360 days).

The above-mentioned literature has mainly focused on
short- and long-term effects of pyritic tailings generated
from ore processing plant. However, the impact and po-
tential use of already-deposited dam tailings which can have
different pH values have not been totally investigated yet. In
this study, the effect of dam tailings with different pH values
(4.2, 5.9, 6.8, and 10.5-control sample) on quality and
performance of CPB was investigated experimentally. Three
tailings samples (pH: 4.2, 5.9, and 6.8) are collected from the
different regions of a selected tailings dam site, while one
tailings sample (pH: 10.5) is received from the filter of a
flotation based ore processing plant. Mine fill specimens
were manufactured by employing a fixed binder dosage of
5wt.% and solid content of 72wt.% and later exposed to
several mechanical (e.g., uniaxial compressive strength,
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stress-strain behavior, and elastic modulus) and geotech-
nical (e.g., water content, porosity, specific surface area, and
degree of saturation) characteristics of mine fill specimens.
In addition, how diverse pH tailings affect the overall per-
formance and behavior of mine fills was thoroughly dis-
cussed in the current paper.

2. Materials and Methods
2.1. Properties of Ingredients

2.1.1. Tailings. Pyritic tailings experimented in this work
were supplied from an active underground copper mine.
Two types of concentrate are produced in the concentrator
facility of the tested mine: Copper concentrate with
17-18wt.% Cu content and pyrite concentrate with 47-48%
S content. In addition to these concentrates, the mine also
generates processing tailings which are noneconomical and
managed sustainably in different places. Nearly 80% of the
generated tailings are deposited into tailings dams, while the
rest (20wt.%) are used as cemented paste backfill (CPB). The
primary target of the current work is to recycle dam tailings
as CPB. Accordingly, three samples were collected from
different points of the tailings dam (DTSI1, DTS2, and
DTS3), while one sample was collected from the filter (PTS,
it will be also evaluated as control sample). The dam tailings
were sampled from a close distance of 3 to 5 m and a depth of
15-25 cm with the help of auger and shovel-up. The sample
collection points are clearly shown in Figure 1.

Physical characteristics of four tailings samples are listed
in Table 1. Specific gravity (G;) of tailings differs from 3.57 to
3.81, while their specific surface areas (S,) vary in the range of
2.68-2.89 m*/g. The highest maximum dry density value
(2.55 kg/m3 ) and moisture content value (13.4%) were ob-
tained from DTS1 sample. Tailings’ chemistry was also
detected using PANalytical Epsilon 5 energy dispersion XRF
(X-ray fluorescence) spectrometry, and the achieved out-
comes are presented in Table 2. According to the oxide
analysis results, it was determined that Fe,O; was the most
dominant compound, varying from 33.45% to 43.06%.

2.1.2. Binder and Mixing Water. Ordinary Portland cement
(OPC) type I 42.5R was employed as a principal binder
within diverse CPB mixtures. The Gg and Sg values of OPC
were found as 3.11 and 0.39 m*/g, respectively. The contents
of CaO and SiO,, which are OPC’s main components, were
found to be 63.76% and 17.76%, respectively. Only tap water
was used in CPB mixtures. It is kept in mind that the in-
fluence of mixing water on CPB’s chemistry was not defi-
nitely aimed at in the current work.

2.2. Experimental System

2.2.1. Backfill Manufacturing. A total of 36 CPB specimens
were smoothly manufactured in the geotechnical, waste
management, and backfill laboratory (Table 3). Since the
goal of this work is to experimentally measure the influence
of mechanical and geotechnical parameters on backfill’s
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FIGURe 1: The sample collection points in the tailings dam: (a) satellite view and (b) dam view.

TaBLE 1: Tailings’ physical properties.

Samples  Specific gravity (GS) ~ Specific surface area (SS, m*/g) Maximum dry density (kg/m®) Optimum moisture content (%)

DTS1 3.81 2.89 2.55 13.4
DTS2 3.75 2.83 2.49 12.9
DTS3 3.67 2.77 2.42 12.4
PTS 3.57 2.68 2.37 12.3

TaBLE 2: Tailings’ chemical properties (oxide analyses).

Composition DTS1 (%) DTS2 (%) DTS3 (%) PTS (%)
Fe, 03 33.45 3711 40.75 43.06
Mn;O, 0.13 0.14 0.13 0.07
BaO 0.01 0.01 0.01 0.01
TiO, 0.20 0.19 0.25 0.31
CaO 4.81 4.01 3.99 2.60
K,0 0.45 0.44 0.32 0.26
SO; 0.38 0.33 0.34 0.34
P,O5 0.09 0.07 0.07 0.05
SrO 0.01 0.01 0.01 0.01
Si0, 34.31 30.11 25.44 23.16
ALO; 6.13 6.99 7.07 7.78
MgO 1.66 1.88 1.82 2.46
Na,O 0.06 0.05 0.06 0.11
LOI 18.32 20.11 20.17 20.23

TasLE 3: Different mixture recipes of CPB materials manufactured with dam tailings.

Pyrite/sulfide content

CPB-ID Tailings type Binder content (%) Solid content (wt. %) pH value Slump (cm) Curing time (days)

(%)
EI;B‘ DTS1 5 72 46/34 4.2 25 3, 14, 28, 56
SEB' DTS2 5 72 39/25 5.9 25 3, 14, 28, 56
SEB' DTS3 5 72 35/21 6.8 25 3, 14, 28, 56
CPB-P PTS 5 72 32/16 10.5 25 3, 14, 28, 56

quality and behavior, solid (72wt.%) and cement (5wt.%) help of the UTEST lab mixer until the mixture got homo-
contents of CPB samples were kept constant. Firstly, the = geneous. To remove air within the backfill, a steel rod stick
blending ratios were determined for each CPB sample, and ~ was used by tamping 25 times. The prepared backfill ma-
samples were thoroughly mixed for 7-10 minutes with the  terials were cast in a cylindrical plastic mold (D xH:



50 x 100 mm) in one-third length increments. The casting
backfill molds were then closed by using plastic covers to
prevent air and water from evaporating and oxidizing in the
course of curing time. Finally, backfills were put in the cure
room until target curing of 3, 14, 28, and 56 days. The curing
box was adjusted to be at 20 + 3°C temperature and 90 + 5%
humidity. Figure 2 shows some stages of the backfill sample
preparation. Three CPB backfills were manufactured for a
given mine backfill recipe and their mean value was con-
sidered as a main result in this paper.

2.2.2. Determination of Mechanical Parameters. The back-
fil’s mechanical parameters (e.g., uniaxial compressive
strength (UCS), stress-strain behavior, and elastic modulus
E50) were experimentally investigated. A servo controlled
UTEST Multiplex machine having 50 kN nominal capacity
and 1 mm/min replacement rate was used for characterizing
the backfill’'s mechanical parameters. Once CPB samples
reached the target curing time, they were removed from the
plastic molds placed within cure box and sample dimensions
were measured by caliper and assay balance. The upper/
lower sections of hardened fill samples to be placed between
the platens were smoothed by a sharp instrument (cutter).
The UCS tests of cylindrical backfill samples prepared in
DxH: 5x10cm (a length/diameter ratio of 2) were per-
formed by following the ASTM C39 standard.

2.2.3. Determination of Geotechnical Parameters. After
mechanical testing, CPB’s specific surface area S, specific
gravity G,, water content w, void ratio e, and saturation
degree S, parameters were measured by using different
methods. The BET technique (using a Micromeritics Gemini
2375 volumetric analyzer) was employed to determine
samples’ S; values. To measure the backfill's w values, sample
pieces were oven-dried at nearly 50°C for 2 days. The G
value was explored with the aid of the Micromeritics
AccuPyc 1330 helium pycnometer. CPB’s pore structures
were detected by employing a Micromeritics Autopore III
9420 Hg intrusion porosimeter. Accordingly, void ratio e
was calculated by using equation (1). The degree of satu-
ration S, parameter was also estimated by employing al-
ready-known parameters w, G,, and e (see equation (2));

(1)

n

e= .
1-n

5, = ¥9 )
e

where G; is the specific gravity; n is the porosity (%); e is the
void ratio; w is the water content (wt. %); and S, is saturation
degree (%).

3. Results and Discussion

3.1. Influence of Dam Tailings on Mine Backfill Strength.
Figure 3 displays the strength development of mine backfills
being cured after 3, 14, 28, and 56 days. UCS values of all
backfill samples (CPB-D1, CPB-D2, CPB-D3, and CPB-P)
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increased during the first 28 days of curing. However, at 56-
day curing time, a 3.9% decrease in the strength acquisition
of CPB-D1 (compared to 28-day curing time) was observed.
The 56-day cured backfills (CPB-D3, CPB-P, and CPB-D2)
provided, respectively, 19.4%, 11.1%, and 4.9% higher
strengths than the 28-day cured ones. CPB-P had the highest
strength (0.582 MPa), while CPB-D1 had the lowest strength
(0.221 MPa). CPB-D1 produced 55.0%, 60.1%, 56.1%, and
62.0% lower strengths than control sample (CPB-P) for
curing times of 3, 14, 28, and 56 days, respectively. These
values were 42.9%, 47.5%, 40.0%, and 43.3% for CPB-D2 and
18.9%, 27.0%, 19.7%, and 13.8% for CPB-D3, respectively.
The key reason behind the strength changes in different CPB
samples as a function of pH can be explained by cement
hydration. At early curing ages (3-28 days), calcium oxide
(CaO) being produced because of cement hydration in-
creased due to the alkalinity of the medium. This led to an
increase in alkalinity which caused increasing the strength of
CPB samples.

In the long term (56 days), the decrease in pH values and
the gradual increase in sulfate content slowed down the rate
of cement hydration and decreased the alkalinity of the
internal system by producing acid. The strength of CPB-P,
CPB-D3, and CPB-D2 samples which reached high pH
values was not affected greatly although pH of the medium
decreased. However, the strength of 56-day cured CPB-D1
decreased mainly due to the pH value below 7, which in-
dicates an acidic environment. In addition, the decrease in
ambient alkalinity during long curing times caused slight
erosions on samples. The decrease in the pH value of CPB
not only created an unfavorable environment for cement
hydration but also caused the deterioration of other backfills.
The acidic property of tailings is a parameter that directly
affects the strength of CPB. This issue was well discussed in
every single aspect in the literature works [7, 39].

3.2. Influence of Dam Tailings on CPB’s Stress-Strain Curves.
Figure 4 displays the stress-strain relationship of 28- and 56-
day cured CPB samples. Stress-strain curves can be assessed
in four stages (i.e., pore compaction, elastic deformation,
plastic flow, and rupture-fracture). Samples at the pore
compaction stage had many voids due to the loose nature of
tailings. After the first load is applied, the microcavities of
CPB samples began to close and a bowl-shaped stress-strain
curve formed. At second stage, as compressive stress in-
creases, strain increases equivalently and CPB samples ar-
rived at the stage of elastic deformation. Thus, the stress-
strain curve goes to a straight line and the microcracks form
within CPB. At the next stage (plastic flow stage), elastic
deformation turned into plastic one. Then the internal
cavities and cracks of CPB gradually expanded and the curve
reached the maximum (peak) strengths. The highest
strengths and slopes of the curve were observed in CPB-P
samples, while the smallest ones were observed in CPB-D1.
As the compressive stress continued to be applied, the stress
gradually decreased and all CPB samples had certain residual
strengths after failure. It was found that the CPB-P and CPB-
D3 samples showed high brittleness after stress reached the
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FIGURE 2: Manufacturing stages of backfill mixtures: (a) blending, (b) slump measurements, and (c) curing.
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FiGure 3: Change in UCS with time for diverse mine backfills.

peak values. However, CPB-D1 and CPB-D2 samples had  (causing lower pH values) formed and CPB indicated ductile
larger strain values compared to other samples. Since the pH  behavior. Similar stress-strain behavior was observed in the
values of these samples are very low, an acidic medium literature [32, 42]. One can also observe from Figure 4 that
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56-day cured backfills had higher peak and residual
strengths in comparison with 28-day cured ones.

3.3. Influence of Dam Tailings on CPB’s Elastic Modulus.
Elastic modulus is a vital factor to better clarify the resistance
of mine backfills to elastic deformation. While it reflects the
compressive capacity of mine backfills, it is attentively
connected to bearing capacity in upper layers of the backfills
placed in subsurface voids. Three methods, tangent modulus
(Epayx), secant modulus (E,), and mean modulus (E50), are
mostly used to determine the elastic modulus values
according to the ASTM D3148 standard. The E50 value
which is equivalent to 50% of the failure stress is used to
determine the service condition of geotechnical structures
like CPB during their service life [43]. In this study, the E50
values obtained from stress-strain curves, based on UCS
testing, were used. Figure 5 shows the relationship between
E50 and cure time for diverse mine backfills. Overall, elastic
modulus of CPB samples varies between 10 and 20 MPa at
early ages and between 100 and 1200 MPa at later ages
[42, 44]. The E50 values obtained for all backfill samples
range from 14 to 115MPa, which shows that the values
found are in agreement with earlier studies.

E50 values of all mine backfills increase over time as a
consequence of chemical reactions that take place inside
CPB. The increase in the backfill’s density due to the hy-
dration products (C-S-H gels) which fill CPB’s pores can
trigger creating a harder material with a higher elastic
modulus [45]. This is the reason why the control sample
CPB-P in particular exhibits high E50 values. In comparison,
the samples CPB-D1, CPB-D2, and CPB-D3 (acidic sam-
ples) prepared with dam tailings have lower E50 values by
22.1% to 78.7%. The main reason for this significant decrease
is related to the corrosion effect that occurs in CPB samples
after 28 days. The corrosion effect (lowering of the pH in
CPB) in the backfill pointedly affects the resistance of
backfilling to elastic deformation [46]. Moreover, this sit-
uation promotes the formation of corrosive ions in CPB,
which prevents the reactions between hydrated gels and

affects CPB’s rigidity. In addition, a large amount of ex-
pansion crystals is expected to form in CPB with low pH
values (high sulfate concentration) after 56 days, causing the
formation of cracks in mine backfills and thus a drop in the
elastic modulus. As mentioned earlier, the long-term de-
terioration of the structural integrity of CPB prepared with
dam tailings is directly related to acidity. Acidic tailings
directly lead to sulfate attack and corrosion formation,
which prevents CPB’s pore structure and the cement’s hy-
dration formation. As a result, developing elastic modulus is
directly influenced by acidic dam tailings.

3.4. Geotechnical Parameters

3.4.1. Assessment of Water Content. Index properties like
water content w (%), specific surface area S; (mz/g), satu-
ration degree S, (%), and void ratio e strongly govern CPB’s
stability. In cementitious materials like CPB, cement and
water content directly affect the curing time [47]. Figure 6
displays the disparity in CPB’s water content over time.
Although the water content of all cured samples varies
between 7% and 20.5%, the water content decreases with
increasing cure time. The lowest water content (7%) was
observed in reference sample (CPB-P), while the highest
water content (20.5%) was observed in CPB-D1 sample.
However, the water content of 56-day cured samples less-
ened in the range of 20.3-52.4% in comparison with 3-day
curing time. The water contents of 56-day cured CPB-D1
and CPB-D2 samples only showed an increase (4.95% and
2.13%, respectively) when compared to 28 days. In general,
the decrease in the water content increased CPB’s perfor-
mance. Basically, the free water required for CPB’s cement
hydration governs the amount of final water [48].

The water used within the mixture has two main functions
on CPB, such as workability and initiating the hydration
process. However, the drainage of CPB pore waters over time
causes a serious decrease in total void ratio, increasing the
strength [49]. In addition, the drainage of pore water con-
tributes to the hydration process [50]. This leads to CPB with
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F1GURE 5: Change in elastic modulus with time for diverse mine backfills.

pores formed as a result of hydration (contributed to the
hardening process in CPB samples) [51]. The main reason for
the increase in water content in CPB-D1 and CPB-D2 samples
during the 56-day curing period can be explained by the low
ambient pH compared to other samples [49]. The decrease in
pH provides acidic properties and stops the chemical reactions
in CPB. This causes excess water to remain in sample.
Therefore, excess water that does not participate in hydration
can be considered as a reason for the strength reduction of CPB.

3.4.2. Assessment of Void Ratio. Figure 7 indicates that void
ratio (e) of CPB samples significantly decreased over the
entire curing time. Note that void ratios of all backfill
samples differ from 0.49 to 0.87. However, the void ratios of
56-day cured samples decreased between 2.30% and 25.8%
when compared to 3-day curing time. The lowest void ratio
(0.49) was observed in the reference sample (CPB-P), while
the highest void ratio (0.87) was observed in the CPB-D1
sample. The curing time is closely related to CPB’s total
void ratio. The drop in e value causes the water drainage
and a sharp rise in the fill’s density. This causes the con-
tinued hydration process to generate bigger quantities of
hydration product that fills the spaces between particles,

thus significantly reducing the void ratio [52]. This is not
the case for CPB-D1 and CPB-D2 samples, although the
void ratios were noticeably reduced in all samples. In
general, when compared to 3 days, the void ratio in 56-day
cured CPB-D3 and CPB-P samples decreased by 20.3% and
25.8%, respectively, while these values were reduced by
2.30% and 5.88% for CPB-D1 and CPB-D2 samples,
respectively.

Void ratio is greatly increased by evaporation of excess
chemically unreacted water (low pH samples) [53]. As the
curing times of CPB-D1 and CPB-D2 samples increase, the
decrease in ambient pH causes an increase in the void ratio
by preventing the chemical reaction (hydration) that fills the
voids of the mixture [54]. In addition, void ratio is closely
related to the grain size. When fine grains are undue (the
grain size of acidic samples is small), coarse grains will be
repelled by fine grains, significantly increasing the sum of
water requested for filling the spaces between the particles.
On account of this situation, the absence of sufficient water
for hydration or the presence of acidic water will increase the
void ratio in CPB [55, 56]. The 56-day cured CPB-D1 and
CPB-D2 have the highest void ratios, increasing by 2.41%
and 1.27%, respectively, when compared to 28days. In
addition, since CPB-D3 and CPB-P samples showed basic
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properties in the long term, hydration reactions were par-
tially prevented and void ratios were low.

3.4.3. Assessment of Specific Surface Area. SSA is interrelated
by the setting development and final strength of CPB. As can
be seen from Figure 8, fill's Sg performance increases with
increasing cure time. The S values of all samples varied in
the range of 4.11-12.0m?/g, and the lowest S value was
observed in CPB-D1 sample, while the highest Sy value was
observed in reference sample (CPB-P). In addition, after 28-
day curing time, Sg of samples increased, while Sg of CPB-D1
sample alone decreased by 1.26%. Although Sg is directly
related to microstructure and grain size, it determines the
reactivity of samples [53].

It is clear that fine-grained materials have larger Sg values
than large-grained ones. As a result, a higher Sg means more
surface to be cemented (escalated hydration products and
decreased free water) [54]. This directly affects the perfor-
mance of CPB positively. In addition, Sg changes in direct
proportion to the packing density. Increasing the surface
area increases the packing density, filling the spaces between
the large particles in CPB and providing a more compact
structure. As a result, the increase in packing density
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contributes to fill’s strength increase [55]. However, Sg effect
on CPB performance can be complex. In other words, al-
though CPB grains with small surface areas are less reactive,
grains with large surface areas show high reactivity due to
high water retention [57]. As a result, oxygen diffusion and
sulfide oxidation rate are affected. Increasing Sg (reducing
grain size) increases the degree of liberation of harmful
minerals such as sulfide and decreases pH of the environ-
ment [58]. Equally, a decrease in pH and the existence of
harmful minerals such as sulfites cause an increase in Sg [59].

3.4.4. Assessment of Degree of Saturation. Figure 9 displays
variation in fill's saturation depending on cure time. S,
decreases with curing times of 3.14, 28, and 56 days. These
reductions for 56-day cured CPB-D1, CPB-D2, CPB-D3,
and CPB-P samples were 17.0%, 18.4%, 27.3%, and 33.1%,
respectively, when compared to 3-day curing time. Fill’s
water consumption from completely saturated to incom-
pletely saturated state can be clarified by cement hydration.
S, is greatly affected by fill's drainage ability. In particular,
the bottom-perforated plastic containers increase the
drainage ability of CPB and reduce its saturation over time.
The smaller the degree of saturation, the larger the per-
formance and stability of CPB [60]. The water consumption
by cement hydration in CPB causes larger absorption (ad-
sorption is directly related to CPB’s pore structure) [61].

The increase in the suction force strengthens the bonds
between CPB particles and contributes to the improvement
of their strength and fracture resistance [62]. The saturation
of all samples varied between 55.9% and 95.4%; the lowest S,
value was observed in CPB-P sample, while the highest S,
value was observed in CPB-D1 sample. Although the S,
values in samples continued to decrease after the 28-day
curing period, the saturation degrees of 56-day cured CPB-
D1 and CPB-D2 samples showed a small increase of 1.98%
and 0.86%, respectively, when compared to 28-day curing
time. Until the 28-day curing period, the amount of free
water in samples is consumed due to the hydration process,
but the saturation decreases.

However, after 28-day curing period, the oxidation of
CPB-D1 and CPB-D2 samples damages the products created
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by means of hydration. In particular, the mixing of sulfide
minerals such as pyrite into pore waters breaks up C-S-H
gels. The hydration’s weakening causes water in the envi-
ronment not to be consumed for the hydration process,
which increases the saturation of CPB [63]. In addition, this
high saturation or free water content allows the hydration
products to crystallize [64]. Excess water remaining in
sample cavities will evaporate over time, causing samples to
have a hollow structure. This will cause strength losses in
CPB as well as a decrease in toughness.

3.5. Interpretation on the Effect of Dam Tailings. When the
variation of pH in the tested CPB samples is explored, it is
apparent that there are serious differences between process
tailings and the tailings collected from the dam. When the
physical properties of CPB samples were examined, the
increase in pH values supported the alkaline environment,
causing an increase in hydration products and thus filling
the voids in CPB with these products, thus reducing the
porosity. The fill's water content decreased owing to void
reduction and the consumption of pore water in hydration
processes, as proven by Wang et al. [65]. Likewise, the degree
of saturation decreased in parallel with the water content.
The decrease in the amount of voids increases the strength of
CPB [66]. The recent works done by Lopes et al. [67] clearly
show the effect of pH on water content and void ratio. At the
same time, acidification on the samples with the decrease of
pH values caused direct erosion, reducing the grain size and
causing structural deterioration. Considering the above-
mentioned parameters, the effect of pH of samples on CPB
performance was clearly observed. As a result, one can
conclude that it is important to take into account the effects
of acidic or basic while evaluating dam tailings as CPB.

4. Conclusions

The current work assesses the influence of pH of diverse
tailings (e.g., dam and process) on quality and performance
of CPB samples. Dam tailings are collected from three
different locations of the dam while processing tailings are

collected from the discharge of filter. CPB samples were
prepared by using these four tailings (three of them are in
acidic condition, while one is basic condition). After curing
for 3-56 days, all mine backfills were subjected to both UCS
and geotechnical index tests. From the executed laboratory
test works, some key assumptions can be made below:

(i) Regardless of the tailings type (dam or process
tailings), the strengths of all CPB samples increased
until 28 days. However, in comparison with 28-day
cured backfills, the strength gains of 56-day cured
CPB-D1 and CPB-D2 samples decreased by 6.5%
and 26.1%, respectively.

(ii) According to stress-strain behaviors of 28-day and
56-day cured backfills, CPB-P had the highest stress
value with brittle behavior, while CPB-D1 samples
had higher strain and ductile behavior than others.
The minimum E50 values of CPB-D1 were found to
be 15 MPa, while the maximum E50 value of CPB-P
samples was found to be 115 MPa for a given curing
time.

(iii) The backfill’'s water contents reduced in the range of
20.3% to 52.4% during the 56-day curing time
(compared to 3-day curing time). Similarly, after 56
days, fill’s void ratios decreased between 2.30% and
25.8%, while their surface areas decreased by 14.6%-
50.3%. Degree of saturation decreases between
16.6% and 33.1% after 56 days.

(iv) The geotechnical test results show that dam tailings
should be treated with basic materials to reduce
their harmful effects and, accordingly, to be refilled
into underground mined-out stopes as a ground
support element.

Finally, this study shows that tailings present in the dam
can be very different from one to another because of climate
and deposition conditions. Therefore, to prevent the nega-
tive effect of dam tailings, pH of the environment in the dam
must be taken under control for sustainability. In the future
works, the authors will consider CPB samples by adding
different additives with various substitution ratios especially
for problematic tailings such as acidic dam tailings.
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Pyrolysis oil, produced from industrial as well as municipal solid wastes through pyrolysis, could be a viable renewable alternative
fuel. In this study, abundantly available industrial tea wastes are used to produce liquid oil. Flash pyrolysis experiments on a fluidized
bed reactor were performed to analyze pyrolysis characteristics. The study evaluated three important process parameters, that is,
pyrolysis temperature (300-500°C), particle size (0.5-1.25 mm), and inert gas flow rate (1.5-2.25m’/hr). The thermogravimetric
analysis of the tea wastes demonstrated that the thermal pyrolysis is possible to produce pyrolysis liquid and value added chemicals.
The flash pyrolysis experiment produces maximum of 46.3 wt% liquid oil at the temperature of 400°C, particle size of 1.0 mm, and the
sweep flow rate of 1.75 m*/hr. The liquid products were analyzed for its physical and chemical characteristics using Fourier transform
infrared spectroscopy (FTIR) and gas chromatography-mass spectroscopy (GC-MS). The heating value of the liquid products showed

that it can be used as liquid fuels, and its elements can be used for various industrial applications.

1. Introduction

Biomass is the world’s largest green energy source, accounting
for 14% of global energy consumption. The expandable global
population demand for energy ensures a need for continuous
supply of energy in a sustainable manner. The unsustainable
use of conventional fossil-based fuels escalating environ-
mental repercussions motivates the researchers to find suit-
able alternative energy. As a renewable energy source, many

industrial and agricultural wastes can be utilized directly to
generate heat through combustion or indirectly through
conversion to various forms of biofuel. The resurgence of
energy from wastes collected through industrial and agri-
cultural processing is generally known as waste to energy
concept. It depicts a lot of attention towards economic de-
velopment and environmental concern [1].

The industrial wastes are broadly classified into haz-
ardous and nonhazardous wastes. The wastes emitted from
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chemical processing, mining, and radioactivity are called
hazardous wastes. On the other hand, the wastes from food
processing units, construction, waste paper, sugar milling,
and so on are all the examples for nonhazardous wastes.
According to industrial regulations, the general waste
treatment methods include intermediate treatment, landfill,
and reuse, according to the regulation. When opposed to
land filling technique, energy from industrial wastes is
noteworthy since it not only provides fuels, it saves the
environment from global warming [2], greenhouse gas
emissions, and land utilization as well [3]. Production of
liquid fuels from huge amount of industrial and bio based
wastes is gaining popularity for the past three decades due to
the benefits of using these resources as feedstock [4]. Bio-
chemical and thermochemical processes are the major two
types of conversion techniques for energy recovery from
industrial based biomass materials [5]. There are numerous
studies that have reported previously biomass conversion
techniques in order to improve the yield quantity [6-8].
Compared to various biomass conversion processes, py-
rolysis is an effective technique to produce biofuel from low-
value, biomass, and biobased industrial wastes. Pyrolysis is
the most efficient method for converting biomass to a liquid
intermediate that can be refined into hydrocarbon biofuels
and petrochemical substitutes. It is the process of heating an
organic substance in the absence of air. The type and its
composition play a major role in influencing pyrolysis
process and its products. Fast and flash pyrolysis is gaining
more interest among the researchers to transform biomass
into fuel and chemicals at low cost [9]. Among liquid gas and
char, pyrolysis liquid is being the most important product
since it can be stored and transported easily. It is a complex
mixture of chemical substances, predominantly oxygenates
[10]. The general lignocellulosic composition of biomass
materials varies from one type to another, which also affects
the performance of the conversion system and character-
istics of the end products [11]. Biomass with higher amount
of cellulose and hemicellulose produces more number of
liquid products, whereas the composition of lignin com-
ponents produces liquid with higher viscosity. The presence
of various lignocellulosic compositions in the biomass gives
complexity during pyrolysis. This complexity poses nu-
merous challenges when it is utilized in economic way.
Therefore, a thorough understanding of them is essential for
creating value-added products by pyrolysis [12].

The production of tea and its consumption depends on the
population of the country. India is the second top country
producing 1.2 million tons of tea every year and more than 70%
of the total tea consumed within the country itself. The in-
dustrial tea wastes are disposed with sewage waste, which
increases the acidity of the soil and soil fertility. Tea is the most
frequently consumed beverage. On a daily basis, overall up to
20 billion cups are consumed around the world, which is equal
to the total consumption of coffee, chocolate, and soft drinks.
In India, the majority of tea manufacturers are not following
the standards issued by the tea board authorities for tea waste
disposal. For each batch processing, tea industries generate a
considerable amount of tea wastes including their leaves,
buds, and tender. The improper disposal of these wastes
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contaminates the environment, including soil, water, and air
[13]. Tea industries and shops generate considerable amount of
wastes, and India has a small number of tea waste purchasers.
These wastes are occasionally used in the caffeine industry to
extract caffeine and utilize a feed for poultry and pig. But these
wastes contain a certain amount of tannic acid that limits the
use for poultry and pigs feed [14]. According to Tamizselvan
et al. [15], tea is grown over 5,66,660 hectares of land in India in
2020, producing up to 1250 million tones of dust per year. This
huge amount of tea products generates 0.015 million tones of
wastes. A minimum of 2:100kg of tea wastes are produced
during processing from the beginning to export, and the
products are tested before export. The regulation board in India
specified some standards in order to denature them by mixing
with urea, cow manure, and other denaturants. Many re-
searchers previously used many parts of the tea wastes for their
study. Hussain et al. utilized tea leaves and transformed them as
carbonaceous materials for adsorptive usage [16]. Soysa et al.
used Ceylon refused tea waste for biocrude-oil production. The
study compared the liquid products with Douglas fir and coffee
ground oil. The study yielded oil with heating value of 15.6 MJ/
kg with maximum vyield of 57.2 wt% at 600°C reaction tem-
perature. The authors suggested the produced oil to use as
secondary fuel for furnace in tea industry process [17]. Re-
cently, Tamizselvan et al. [15] utilized various parts of the tea
plants for gasification to produce hydrogen rich gas products.
The findings of the investigation showed that the produced gas
contains considerable amounts of CO and H), and they sug-
gested its use as low-grade fuel for burner.

This study focused on the use of collective industrial tea
wastes for liquid oil generation via thermal pyrolysis, be-
cause the combustion pathway creates a huge amount of
garbage, and it creates serious environmental issues, which is
not feasible for Indian context. Pyrolysis is a potential al-
ternative approach for extracting energy and value-added
chemicals. The study focused on the effect of reactor tem-
perature, feedstock size, and nitrogen flow rate to get op-
timum liquid oil though flash pyrolysis experiment.

2. Materials and Methods

2.1. Feedstock Collection and Preparation. The wastes are
collected from local tea manufacturers and tea industries in
Udhagamandalam, India. Before utilizing the collected
wastes for pyrolysis process, they need to endure two pre-
liminary steps like milling and screening. During initial
examination, the moisture content in the samples is iden-
tified as more than 10 wt%. Subsequently, the materials were
dried in the sunlight for minimum one week and furnace
maintained at 100°C for nearly 2 hours. After drying, the
feedstocks were crushed using ball mill and screened by sieve
shaker to get four different sizes of 0.5, 0.75, 1.0, and
1.25 mm. Generally, the feedstock with minimum diameter
is advised for thermochemical conversion processes in order
to overcome the heat transfer restriction during process [18].

2.2. Characterization Study. The initial characterization
study of tea wastes to find the suitability for pyrolysis process
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was performed by proximate and ultimate analysis. The
elemental analysis for the sample and liquid products was
analyzed by Elementar Vario EL-III series. The heating value
of the sample as well as liquid was measured using a bomb
calorimeter (Parr-6772). The effect of applied heat on mass
fraction of the material during pyrolysis process was in-
vestigated using TGA701 thermogravimetric analyzer heated
at 10°C/min under N, environment.

2.3. Pyrolysis Setup and Procedure. A series of pyrolysis
experiments were performed in a lab-scale fluidized bed
reactor consisting a reactor, biomass feeding system, sweep
gas flow system, temperature control system, condenser with
cooling circuit, and char separation system. Normal sand
with average diameter of 0.5 mm is used within the reactor
for fluidization purposes. The reactor is fully insulted with
mineral wool and Chromel-Alumel to resist unnecessary
heat loss from the reactor. The reactor is in cylindrical shape
of 150 mm long and 50 mm diameter. The cyclone separators
are attached with the outlet of the reactor to collect escaped
char and dust from the reactor. The feedstock supplied to the
reactor is allowed through screw feeder and hopper ar-
rangement connected with a variable speed motor. The
biomass particles were retained in the hopper and fed into
the reactor with specific flow rate. A small rotameter is
attached with nitrogen flow unit to measure and control the
flow rate. The temperature of the reactor is measured using
five K type thermocouple located at five different points
inside the reactor, and the heat input is controlled by the
autotransformer. After heating the sand particles to fixed
temperature, the air was cut off, and N, was delivered. The
velocity of the gas is maintained two times greater than
minimum fluidization velocity of 0.11 m/s. The minimum
fluidization velocity for this study is measured using a 1m
long glass tube with a diameter of 50mm [19]. For this
analysis, 500 g of sand particles is used. Air was employed as
the fluidizing gas, and its flow rate was monitored with a
rotameter. The decrement of pressure in the glass column
was measured with a Mercury manometer. The position of
the bed material did not change when air was entered at first,
and the pressure drop increases with increased flow rate and
reaching a maximum value at the point of initial fluidization.
Increment in velocity over that limit does not result in an
increase in bed pressure drop, but the elements reorganize
themselves to allow more space around them to accom-
modate further gas flow. Finally, the velocity is found by
using formula Q= AV. The pyrolyzed gas was condensed for
liquefaction using a condenser unit maintained with ade-
quate cooing water.

The collected and screened tea wastes were successfully
transformed into pyrolysis oil, noncondensable gas, and char
by optimizing process parameters. The experimental aim is
to collect large quantity of pyrolysis liquid. For this, the
biomass material is fed into the reactor and is heated to the
desired temperature. The evolved gases were then trans-
ferred through a condenser. The condensable volatiles are
successfully converted into liquid and collected with the aid
of water-cooling condensers. In order to get maximum

condensation, the condensed water is maintained at 0°C. The
liquid products are measured directly in order to find the
effective conversion rate. The char products are collected
directly and weighed using weighing balance machine. The
yield of noncondensable gases is calculated by simple ma-
terial balance method. For the production of quantitative
liquids, several experimental parameters, such as pyrolysis
temperature (300 to 500°C), particle size (0.5 to 1.25 mm),
and fluidizing gas flow rate (1.5 to 2.25m>/hr), were opti-
mized. Table 1 represents the experimental condition in each
stage.

2.4. Liquid Phase Analysis. The collected samples
obtained at optimized experimental conditions were pre-
served and tested for their physical and chemical charac-
teristics. FTIR and GC-MS were used to determine the
organic and inorganic composition of pyrolysis liquid. The
functional group present in the liquid was analyzed by
BRUKER TENSOR 27 FTIR spectrometer. The FTIR spectra
were collected in the range of 400-4000 cm™ with 4 cm™
resolution. The GC-MS analysis was performed using
Thermo Scientific GC of capillary column (length: 30 m,
diameter: 0.25 mm, film thickness: 0.25ym), and a DSQ-II
MS was utilized. The analysis is performed to acquire a better
understanding of the aging process and the compositional
changes in the liquid products. Table 2 illustrates the pro-
gram utilized for GC-MS analysis. NIST MS library identifies
the chromatographic peaks listed based on their retention
time. The peak percentages were identified using total ion
chromatogram peak area.

3. Results and Discussion

3.1. Feedstock Characterization. Tables 3 and 4 portray
proximate and ultimate analysis of the tea wastes. The
analysis was done by following ASTM standards. The data
showed higher percentage of volatile contents of 70.42 wt%,
19.52 wt% fixed carbon, 6.31 wt% moisture content, 3.75 wt
% ash content with 46.3 wt% carbon, 6.1 wt% hydrogen, 3.7
wt% nitrogen, and 1.1 wt% sulphur. The presence of higher
volatile matter in the tea wastes can yield maximum liquid
products during pyrolysis reaction [20]. The nitrogen and
sulphur contents were quite low, making it more environ-
mentally-friendly when burning in the furnace. In addition
to that, it has lower amount of moisture and medium level of
ash content. The higher heating value of the material was
recorded as 18.2 MJ/kg. The low heating value is primarily
due to the high oxygen level of the sample.

3.2. Thermal Analysis. Figures 1 and 2 show TGA and DTG
results obtained under inert atmosphere. The analysis is
done from atmospheric temperature to 600°C. The initial
mass fraction started at 75°C and reached maximum after
200°C. In between 250°C and 450°C, the maximum mass loss
appeared. The volatiles present in the tea wastes were re-
leased more at this temperature range. The major source of
the maximum mass loss at this range is due to higher
degradation with high cellulose and hemicellulose content.
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TaBLE 1: Experimental condition.

Experimental aim

Ranges Fixed parameters

Optimizing pyrolysis temperature (°C)

300, 350, 400, 450 and 500

Particle size: 0.75 mm
N, flow rate: 1.5 m®/hr

Optimizing particle size (mm)

0.5, 0.75, 1.0 and 1.25

Temperature: 400°C
N, flow rate: 1.5m>/hr

Optimizing sweep gas flow rate (m>/h)

1.5, 1.75, 2.0 and 2.25

Temperature: 400°C
Particle size: 1.0 mm

TaBLE 2: GC-MS condition.

Instrumentation Set parameter
GC conditions

Column temperature 70°C
Injection type Spit
Injection temperature 200°C
Split ratio 10
Carrier gas Helium
Column length 30m
Diameter 0.25mm
Film thickness 0.25 ym
MS conditions

Source temperature 200°C
Interface temperature 250°C
Range 50-650 m/z

TaBLE 3: Proximate analysis in wt%.

Fixed carbon Moisture content Ash content
19.52 6.31 3.75

Volatile matter
70.42

TaBLE 4: Ultimate analysis (ash free basis) in wt%.

Carbon Hydrogen Nitrogen Sulphur Oxygen®
46.3 6.1 3.7 1.1 42.8

“By difference.
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FIGURE 1: Thermogravimetric curve.

After reaching 500°C, no mass loss appeared. Cellulose,
hemicellulose, and lignin are the common basic elements of
all biomass material. The breakdown of these components
has a significant impact on the yields of pyrolysis products.
Previously, many researches have shown that hemicellulose
begins to breakdown around 150-350°C, whereas cellulose

DTG (%/min)

Temperature (°C)

FIGURE 2: Derivative thermogravimetric curve.

degradation takes place between 275 and 350°C. However,
breakdown of lignin occurs from 200 to 600°C [21].
According to these findings, the majority of weight loss
occurs due to hydrocarbon volatilization at temperatures
lower than 600°C. Hence, setting reaction temperature from
300 to 500°C is appropriate to produce liquid products [22].

3.3. Pyrolysis Yields

3.3.1. Influence of Temperature. The influence of reactor
temperature on product distributions of industrial tea wastes
is shown in Figure 3. As shown in the figure, the fraction of
liquid products increases from 32.2 wt% to 39.2 wt% as the
temperature rises from 300 to 400°C. The liquid yield is then
decreased to 33.5 wt% as with the increase of temperature to
500°C. The reason behind the increased and decreased
pattern of liquid yield is the multiple types of reactions in the
reactor. The primary and secondary reactions inside the
reactor are producing condensable vapors and gaseous
products, which are then condensed to generate pyrolysis
liquid [23]. The secondary reactions of the char particles
produce more amount of noncondensable molecules and aid
in increasing gas products. Generally, primary reactions
reign at lower temperatures, and as reaction temperatures
increases, the formation of vapor gets increased, resulting in
increased vapor condensation and high liquid yield. How-
ever, further increase in temperature gives the way for
secondary reactions, leading to more gaseous products [24].
When the temperature is increased above 400°C, the yield of
char decreased, and the higher temperature boosts the
conversion of carbon into gaseous products. Hence, the yield
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FIGURE 3: Effect of temperature on pyrolysis product yield.

of gas is increased steadily from 24.7 wt% at 300°C to 41.5 wt
% at 500°C. The yield of char is continuously decreased from
43.1 to 25.0 wt% for the temperature raises from 300 to
500°C. The increased char products at lower temperature are
due to the lower decomposition of the feed particles at poor
temperature, and further increase in temperature enhances
the heat transfer from the outer to the center core and creates
higher fraction of volatiles. A similar pattern was seen in the
literature with various biomass samples [25, 26].

3.3.2. Influence of Particle Size. The size of the particles is an
important one to consider for pyrolysis process since it in-
fluences the rate at which heat is transmitted to the center core
of the biomass. The increased particle sizes slow down the heat
passage from the hot to the cold end, which favors the yield of
char [27]. Also, higher particle diameter is triggering sec-
ondary reactions and promotes them to yield more char.
Figure 4 illustrates the effect of tea waste particle size on
product yield. In this case, the yield of liquid products is
enhanced from 37.6 wt% to 43.1 wt% as the particle size of
biomass increases from 0.5 mm to 1.0 mm. The increment in
particle size after 1.0 mm reduces the yield to 41.2 wt%. The
change of biomass diameter from 0.5 mm to 1.25 mm did not
much affect the production of char and gas. The production of
char and gaseous products is changed from 32.5 wt% and
29.9 wt% to 30.1 wt% and 28.7 wt% when the decrement in the
particle size is found from 0.5mm to 1.25mm. Only 7.38%
and 4% differences were found for char and gas yield between
these selected particle sizes. This is similar to previous in-
vestigations [28-30], which found that if the particle size was
small enough, the particle could be heated uniformly. This
study revealed that mass- and heat-transfer constraints had a
significant impact on oil yield at large particle sizes exceeding
1.0 mm, resulting in lower liquid yield.

3.3.3. Influence of N, Flow Rate. Another component that
has an impact on the yield is the flow of carrier gas or sweep

5
50 -
40 A
£ 30 -
E
=
2 20 A
=
10 A
0 |
0.5 0.75 1 1.25
Particle size (mm)
® Gas
Liquid
Char

FIGURe 4: Effect of particle size on pyrolysis product yield.

gas. During fluidized bed pyrolysis, a moderate to high
amount of vapors are produced, and if they are not ex-
pelled, they might become involved in the secondary
processes and alter the total composition [31]. Nitrogen,
helium, and argon are the commonly used gases for
sweeping purpose, out of which nitrogen is used for this
study since it is nontoxic, less expensive than the others,
and widely available. The improper flow rate not only
affects the residence time, but also reduces the secondary
breakdown of higher molecular weight products in the hot
region. There are a large number of studies focusing on the
yield trend by changing its sweep gas flow rate [32, 33]. The
influence of N, flow rates on the yield of the products is
depicted in Figure 5. The study shows higher liquid yield of
46.3wt% at 1.75m>/h. However, it was shown that when
the N, flow rate exceeded 1.75 m>/hr, the production of the
liquid fractions reduced significantly, which is related to
the material fluidization characteristics, residence time,
and the heat flow rate within the particle. In proportion to
the increase in N, flow rate, the material inside the reactor
becomes more vigorous and enhances heat transfer rate
between fluidized medium and biomass. On the other side,
there is reduction in residence time reducing the proba-
bility of tar cracking.

3.4. Characterization of the Liquid Products

3.4.1. Physical Characterization. Table 5 shows the ele-
mental compositions and some of the basic properties of the
liquid products obtained under optimized conditions. The
liquid is found as denser than diesel fuel. The viscosity and
flash point are recorded as 4.1cSt and 135, respectively.
Higher viscosity and density are closely related to the
performance of the atomizer when it is used as the fuel for
fire. The HHYV is found as 21.34 MJ/kg, which is much better
for pyrolysis oil produced from biomass materials. The
property of the liquid obtained in this study is similar as the
pyrolysis oil obtained from different biomass materials
[34, 35].
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FiGure 5: Effect of N, flow rate on pyrolysis product yield.
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TABLE 5: Properties of the liquid.
Component Value
Density (kg/m?) 980
Viscosity (cSt) 4.1
Flash point (°C) 135
pH value 4.8
Carbon (wt%) 51.33
Hydrogen (wt%) 7.63
Nitrogen (wt%) 5.14
Sulphur (wt%) 0.02
Oxygen® (wt%) 35.88
H/C 1.771
0o/C 0.524
HHV (MJ/kg) 21.34

“By difference, C,H,N,S-ash free basis.

3.4.2. FTIR Spectra Analysis. A large variety of complex
organic compounds can be found in the oils. Figure 6 depicts
the FTIR spectra of the entire liquid fractions. The identified
phenols and alcohols are in the sample indicated by the
presence of O-H stretching vibrations between 3000 and
3350 cm ™. The existence of alkanes can be determined by
the presence of C-H stretching vibrations in the spectra
between 2750 and 2950cm ' and C-H deformation vi-
brations between 1300 and 1450 cm™'. Furthermore, the
bending vibration of C-H groups is located at 1287 cm™"
providing the existence of methyl groups in the sample.
Carbonyl stretching absorptions are responsible for the
presence of the band at approximately 1746cm™" in the
spectra. The identification of C-O stretch at 1124 cm ™" and
1010 cm ™" indicates the presence of alcohols.

3.4.3. GC-MS Analysis. GC-MS spectroscopy was per-
formed on the liquid sample that was obtained under op-
timal conditions. A total of 25 major compounds were
acknowledged including phenols, alkenes, acids, furans,
ketones, nitride, alcohols, and esters. In particular, D-glu-
copyranoside-D-glucopyranosyl, acetic acid, phenol, 2,6-
dimethoxy, nonacosane, and some amounts of caffeine were

Transmittance (%)

2500 2000 1500 1000 500
Wavenumber (cm™!)

4000 3500 3000

FIGURE 6: FTIR spectra of the liquid.

identified. The area percentages of D-glucopyranoside-D-
glucopyranosyl, acetic acid, phenol, 2,6-dimethoxy, non-
acosane, and caffeine are 14.22, 10.45, 7.97, 6.01, and 5.31,
respectively. There were a number of additional substances
identified in lower levels including 2-methoxy-4-methyl-
phenol, 2-methyl-furan, phenol, 4-propyl, 2-phenyl-1-p-
tolylethanol, ricinoleic acid, and phenol. The total number of
components identified in GC-MS is listed in Table 6.

3.5. Industrial Applications of the Oil Product. The practical
applicability of pyrolysis oils as a renewable fuel is still
limited, but it is gaining more interests nowadays. The raw
pyrolysis oils cannot be blended easily with conventional
petroleum-based synthetic fuels [36]. However, the com-
pounds extracted from this pyrolysis liquid can be broadly
used in a variety of industries such as pharmaceutical, health
care, and cosmetic. Phenols and their derivatives found in
the oil are widely used in food, transportation, and coloring
agents [37]. The presence of carbonyl compounds and acetic
acid can be refined into natural antibacterial agents [38]. The
fatty acid contents also can be used in the production of
natural pesticide. The study suggests that the liquid products
produced using industrial tea wastes eventually take the role
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TaBLE 6: GC-MS analysis of tea waste pyrolysis oil.
Rt (min) Name of the compound Molecular formula Area %
1.01 2-Methoxy-4-methylphenol CsH;00, 1.90
1.21 2-Methyl- furan CsHsO 2.62
1.56 Benzene CeHs 0.92
2.09 Ethyl-piperidine C;H;sN 1.09
3.12 Methyl-pyridone C¢H,N 0.46
3.55 Phenol, 4-propyl- CoH,,0 5.44
4.01 Tridecylene Cy3Hag 5.51
6.41 Acetic acid C,H,0, 10.45
7.65 Eicosane CyoHy 2.44
7.92 Octadecenoic acid C,3H360, 5.02
10.46 Hexanedioic acid, bis(2-methylpropyl) ester C14H,60,4 4.73
12.20 Nonacosane Co9Hgo 6.01
15.46 D-glucopyranoside,D-glucopyranosyl CeH ;1,04 14.22
15.92 Phenol, 2,6-dimethoxy CgH,(03 7.97
16.05 2-Phenyl-1-p-tolylethanol C4H,60 3.90
16.67 Phenol CsHeO 241
16.99 3-Methyl phenol C,HO 3.09
20.18 Tetradecane C,4H30 0.70
21.41 Ricinoleic acid C,sH3405 5.41
22.83 Caffeine C3H10N402 5.31
24.67 Pyridine 2-methyl C¢H,N 0.63
25.72 4-Methyl-5h-furan-2-one CsHgO, 0.24
29.33 2,20-Dioxospirilloxanthin C4H560,4 3.66
31.41 4-Ethyl-2-methoxy phenol CoH;,0, 1.40
33.69 1,2-Bis(20-quinolylmethyl)ethylene CyoH 4N, 3.20
of fossil ajphaltt dliedtof its cons1iler'able.1he'illtmg Value.. The . Velocity (m/s)
compounds extractec from pyrotysis olls Show promise as—— AqTM:  American society for testing and materials
environmental remediation agents. . . . .
TGA:  Thermogravimetric analysis
. DTG:  Derivative thermogravimetric
4. Conclusion HHV: Higher heating value in (M]J/kg).
The tea wastes obtained from industrial processes were D Availabili
collected and subjected to pyrolysis process with the aim of ata Avallability

avoiding the disposal with sewage and utilizing it for energy
recovery. The pyrolysis studies show higher liquid output of
46.3 wt% by keeping reactor temperature of 400°C, 1.0 mm
particle size, and at N, flow rate of 1.75 m*/hr. The results are
explicitly that the yield of liquid is the function of pyrolysis
temperature. In this study, temperature is the important
factor that determine the yield rather than particle size and
inert gas flow rate. Thus, a good platform is made thorough
this study for the utilization of industrial tea wastes to
produce burner oil with heating value of 21.34 MJ/kg.
According to GC-MS investigation, the liquid product
consists with a mixture of variety of oxygenated aromatics.
The presence of phenols, carbonyl compounds, acetic acid,
and fatty acid components can be used for pharmaceutical,
health care, cosmetic, food, and transportation industries.
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FTIR:  Fourier transform infrared spectroscopy

GC-MS: Gas chromatography-mass spectroscopy
CO: Carbon monoxide

H,: Hydrogen
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In order to obtain the design method of hybrid fiber reinforced concrete with better mechanical properties, the hybrid effect of
fiber and the optimal fiber dosage are studied. In this paper, basalt fiber (B fiber) and polyacrylonitrile fiber (P fiber) were adopted.
The mechanical properties such as compressive strength, splitting tensile strength, and bending toughness of concrete specimens
with different fiber volumes were tested. The compressive strength, compressive modulus of elasticity, tensile strength, flexural
capacity, and bending stress-strain curves of concrete with different fiber volumes were obtained, and the coefficient of hybrid
effect and the ratio of toughness were calculated accordingly. The results show that the addition of fiber has little effect on the
compressive modulus of elasticity of concrete, and the tensile strength, flexural strength, and toughness ratio are significantly
increased, but the compressive strength is slightly decreased. The mechanical properties of hybrid fiber reinforced concrete, such
as compressive strength, tensile strength, flexural strength, and toughness ratio, are better than those of single fiber reinforced
concrete. The analysis of the fiber hybrid effect coeflicient shows that there is a good hybrid effect between the two types of fibers.
When the volume contents of B fiber and P fiber are, respectively, 0.15% and 0.11%, the comprehensive mechanical property of
fiber reinforced concrete is the best. Meanwhile, the mechanical properties of the early-age concrete (3d and 7d) with this

admixture are better than those of the plain concrete.

1. Introduction

After nearly 200 years of development since its inception,
concrete has become one of the most important building
materials in modern times, but its biggest disadvantage is
brittle failure under load and durability problems [1]. In-
corporating fibers is an effective way to improve the tensile
and flexural properties of the concrete matrix [2-5]. Because
the mechanical properties of fiber concrete are largely de-
termined by the fiber properties [6-9] and the properties of
each fiber have certain limitations, the reinforcement of a
certain fiber alone is limited to the concrete matrix [10-13].
If fibers of different properties are added hybrid, fibers can
complement each other through performance advantages to
make the matrix have better performance at different levels
and loading stages [14-17]. Huang et al. [18] mixed steel
fiber (SF) and polypropylene fiber (PF) and conducted
mechanical tests such as concrete bending resistance. The

results showed that the two kinds of fiber have a good mixing
effect. The mechanical properties of compression and flex-
ural strength are better than those of plain concrete and
fiber-only concrete, and the flexural strength of concrete
increases the most when the volumetric contents of steel
fiber and polypropylene fiber are 0.7% and 0.3%, respec-
tively. Pan [19] studied the influence of basalt fiber (BF) on
the mechanical properties of the matrix, and the results
showed that the incorporation of basalt fiber can effectively
improve the compressive and flexural strength of concrete,
with maximum increases of 20% and 22%, respectively. He
et al. [20] studied the mechanical properties of basalt-
polypropylene hybrid fiber concrete, and the results showed
that the split tensile and flexural strength of hybrid fiber
concrete was significantly higher than that of plain concrete
and single-mixed fiber concrete. In the existing studies
[16-22], most of the fiber hybrid methods use steel fiber,
polypropylene fiber, or basalt fiber for hybridization, but
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there are few reports on the hybridization of basalt fiber and
polyacrylonitrile fiber. Studies have shown that the incor-
poration of fibers can also increase the early-age strength of
concrete [23-25]. In this research, basalt fiber (B fiber) and
polyacrylonitrile fiber (P fiber) are mixed to make fiber
concrete, and the hybrid fiber concrete compressive, tensile,
compressive elastic modulus, and flexural toughness tests are
carried out, and the plain concrete and single fiber tests are
carried out. The results are compared. In the bending
toughness test, the stress-strain curve of the tension zone at
the bottom of the test block will be obtained, and the
toughness ratio of each test block will be obtained through
integration. Subsequently, the best combination of the two
fiber reinforced concrete matrixes was obtained by com-
prehensively combining the results of various mechanical
performance tests. This paper will also study the mechanical
properties of the concrete and plain concrete at the early ages
(3d and 7d) of the cube compression and splitting tensile
and flexural capacity under the optimal fiber blending ratio
to verify the hybrid fiber early-age mechanical properties of
concrete.

2. Experimental Program

2.1. Fiber Properties and Fiber Volume Content. Basalt fiber
(B fiber) and polyacrylonitrile fiber (P fiber) produced by
Wuhan Zhongding Economic Development Co., Ltd. were
chosen. The specific material properties of the fiber are
shown in Table 1, where p is the fiber density; g}, is the tensile
strength; E is the elastic modulus;  is the fiber length; d is the
fiber diameter; § is the fiber elongation at break. The fiber
volume content is shown in Table 2.

2.2. Concrete Mix Ratio and Specimen Size. P.0 52.5 ordinary
Portland cement produced by Shimen Conch Cement Co.,
Ltd. is used; coarse aggregate is continuous graded crushed
stone (particle size 5~31.5 mm); fine aggregate is yellow sand
with low mud content and good gradation; the super-
plasticizer produced by Hengyang Bangaoweiye Environ-
mental Protection Building Material Technology Co., Ltd.
has a water reduction rate of 31.2%; laboratory water. The
fiber is measured by volume fraction, the amount of other
materials is calculated by mass, and the accuracy of weighing
meets the specification requirements. The concrete strength
grade is C55. The specific configuration is shown in Table 3.

The test blocks were made in accordance with the “Test
Regulations for Hydraulic Concrete” SL 352-2006 and
“Standard for Test Methods of Fiber Concrete” CECS: 2009.
The size of the cube compressive and split tensile test block is
150 mm x 150 mm x 150 mm, the axial compressive and
compressive  elastic modulus test block size is
150 mm x 150 mm x 300 mm, the size of the test block for
the bending toughness test is 150 mm x 150 mm x 550 mm,
and 3 pieces are poured in each group.

2.3. Test Methods. The test methods are those of compres-
sive, tensile, compressive modulus of elasticity, and flexural
toughness of the cube in “Testing Regulations for Hydraulic
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TaBLE 1: Material properties of fibers.

Fiber characteristics BF PF
p (kgm™) 2 650 1 180
oy, (MPa) 4 550 979
E (GPa) 99 17.6
I (mm) 12 12
d (pm) 15 13
§ (%) 3.1 21

TABLE 2: Volume rate of fibers (%).

Concrete type Symbol  BF PF

Plain concrete A-1 — —

A-2 0.1 —
A-3 0.15 —
A-4 0.2 —
P-1 — 0.07
P-2 — 0.09
P-3 — 0.11

Single fiber concrete

H-1 0.1 0.07
H-2 0.1 0.09
H-3 0.1 0.11
H-4 0.15 0.07
B-P hybrid fiber dimensional concrete H-5 0.15  0.09
H-6 015 011
H-7 02  0.07
H-8 0.2 0.09
H-9 02 011

TaBLE 3: Mix design of concrete (kg-m%).

Cement Sand
494 649

Gravel =~ Water =~ Water reducing agent
1204 153 9.39

Concrete” SL 352-2006 and “Standard for Test Methods of
Fiber Concrete” CECS: 2009. 2 000 kN YES-2000B servo
testing machine is selected for cube compression, com-
pression elastic modulus, and split tensile and axial com-
pression tests, and the loading rate is controlled at 6-7 kN/s.

The bending toughness test adopts three-point loading, and,
at the same time, three resistance strain gauges with a length of
50 mm are sequentially pasted on the bottom surface of the test
block in the mid-span transverse direction, as shown in Figure 1.
The BX120-50AA series high-precision resistance strain gauge
produced by Suzhou Tangdi Technology Co., Ltd. is used, and
the load cell is the DYX-306 series cantilever sensor produced by
Ningbo Zhongpeng Electric Co., Ltd. The strain value is read
every 60 s, and the arithmetic mean value is taken as the tensile
strain value in the middle of the test block, and the corre-
sponding bending load is recorded. The test load is controlled by
a constant rate, and the load rate is 0.2 mm/min until the test is
terminated when the block is broken.

3. Results and Discussion

3.1. Compressive Performance. Figures 2 and 3 compare the
results of the cubic compression and axial compression tests
of plain concrete (PC) and fiber concrete test blocks.
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Regarding the cubic compressive strength, (1) in the general
trend, single blending or blending of fibers reduces the cubic
compressive strength of the matrix by 0.6% to 17%. Only
when the volumetric content of BF is 0.15% and its vicinity is
+0.05% and the volumetric content of PF is 0.09% and its
vicinity is £0.02% is the compressive strength slightly higher
than that of plain concrete (PC) (1.5%~1.6%). The reason for
the analysis is that, in the initial stage of concrete mixing and
hardening, the fiber sinks due to its own gravity, resulting in
uneven fiber distribution in the matrix, and, at the same
time, the phenomenon of fiber sinking and agglomeration,
resulting in a cavity in the matrix and a weak section. To a
certain extent, it affects the compactness of the matrix, which
in turn leads to a decrease in the compressive performance of
the concrete matrix. (2) For the compressive performance of
basalt fiber concrete (BFRC), with the increase of fiber
volume, it shows a trend of first decreasing and then in-
creasing; for the compressive performance of polyacrylo-
nitrile fiber concrete (PFRC) and hybrid fiber concrete
(HFRC), with the increase of the fiber volume content, there
is a trend of first decreasing and then increasing and de-
creasing; the reason for the analysis is that when the fiber
content is small, the number of effective “carrying networks”
formed by the fibers in the matrix is also less. Insufficient
quantities cannot overlap each other, which affects the
compactness of the concrete matrix and reduces the com-
pressive strength; when the volume of fibers gradually in-
creases to a certain number, and as the “bearing network”
increases and overlaps between each other to form a
“transmission,” “Strength bridge” can inhibit the generation
and development of internal cracks in the matrix. When the
cracks have appeared, the fibers can pull on the matrix
around the cracks, thereby increasing the compressive
strength; but when the fiber volume is mixed, when it is too
large, the number of fibers in the matrix will be too much,
and mutual interference will be formed between the fibers,
which will affect the compactness and cohesiveness of the
matrix, resulting in a decrease in the compressive strength of
the concrete. (3) When the volume content of PF is in the
range of 0.07%~0.09% and the volume content of SF is in the
range of 0.1%~0.2%, the compressive strength of the PFRC
test block is better than that of BFRC. (4) The ‘negative
effect” of the hybrid fiber on the compressive strength of the
matrix is lower than that of the single-blended fiber. The
reason is that the BF and PF have their own advantages.
When they are mixed, the two types of fiber can “achieve
strengths and avoid weaknesses” in the matrix and played a
very good synergy. In summary, the H-5, H-6, and H-8 test
blocks have relatively better compressive performance, (5)
From Figure 2, it can be seen that the changing trend of the
axial compressive strength of each fiber concrete and the
cube resistance the changing trend of compression results
are similar. (6) Integrating the results of the cube and axial
compression tests, the optimal blending amounts of fiber in
this test are V5=0.15% and V,=0.09% (H-5 test block).
The following can be seen from Figure 4. (1) The PC
concrete test block almost immediately loses its ability to
resist deformation after reaching the peak of the cubic
compressive stress, showing obvious brittle failure;
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meanwhile, for the fiber-doped concrete test block under the
cubic compressive load, the stress-strain curve can be
roughly divided into two stages, namely, the elastic stage and
the plastic failure stage. After the load reaches the peak value,
it can maintain a certain resistance to deformation. (2) It can
be seen from Figure 4(a) that the stress-strain curve of the
BERC test block with different fiber volume content has a
higher slope than the PC test block during the load rise stage,
indicating that as the load increases, the BF blending in-
creases the ability of concrete to resist deformation which is
increased to a certain extent, and the ability to resist de-
formation is the largest when the volume of BFRC single
fiber is 0.15%. (3) Figure 4(b) shows the stress-strain curve of
the test block under different PFRC fiber volume content.
When the PF volume content is 0.07%~0.09%, the strain rate
(slope) of the PFRC test block is greater than that of PC,
which indicates that when the load is rising, PF fiber also
improves the ability of the matrix to resist deformation;
when the PF content reaches 0.11%, the slope of the stress-
strain curve of the PFRC test block is smaller than that of the
PC, and the “negative effect” described above appears. (4) It
can be seen from Figures 4(c) and 4(d) that the volumetric
content of BFRP is 0.10%~0.15%, and when the content of
PERC is arbitrary, the slope of the stress-strain curve of the
hybrid fiber concrete test block is uniform. Greater than PC,
at this time, the two fiber hybrid effects show a synergistic
effect and play a role in delaying deformation. When the
BFRC volume content reaches 0.20%, only the slope of the
H-8 test block is greater than that of the PC, indicating that,
due to the excessive number of fibers, the fibers interfere
with each other, which has a “negative effect” on the matrix.
(5) Figure 2 and Table 4 show the results: when the fiber
volume content of the BFRC test block is 0-0.2%, the
compressive peak value shows a trend of first increasing and
then decreasing; when the fiber volume content of the PFRC
test block is 0, when ~0.11 changes, its compressive peak
value also shows a trend of first increasing and then de-
creasing; for HFRC test block, when the volume of BF re-
mains unchanged, its compressive peak value is large as the
volume of PF increases, and it shows a trend of first in-
creasing and then decreasing. When the volumetric content
of PF remains unchanged, its compressive peak value
generally shows a trend of first increasing and then de-
creasing with the increase of the volumetric content of BF.

3.2. Test Block Failure Form. In the cubic compression test,
the PC, BFRC and HFRC blocks decrease immediately when
the load reaches the maximum value. The surface of the PC
test block fell off and was seriously damaged and finally
showed an “I” shape or a cone shape; see Figure 5(a). The
surface shedding phenomenon of BFRC test block is ob-
viously better than that of PC, as shown in Figure 5(b); in the
compression test of HFRC test block, when the load reaches
the maximum value, it will not decrease immediately but will
have a certain hysteresis, and most of the surface of the test
block will not fall off by itself when it is broken, and it can
maintain the original shape as a whole, as shown in
Figure 5(c). From the damage morphology, it can be verified
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FiGure 4: Comparison of cubic compressive stress-strain curves with different fiber content (before the peak). (a) PC and BFRC, (b) PC and

PFRC, (c) PC and H-1~H-4, (d) PC and H-5~H-9.

that the fibers mentioned above can have a pulling effect on
the matrix around the crack and can also have a certain
inhibitory effect on the development of the crack. For the
concrete test block, the failure mode in the axial com-

pression test is basically the same as the cube compression
test.

3.3. Tensile Performance. Figure 6 shows the comparison of
split tensile test results between the PC test block and
fiber concrete test block. The results show the following:
(1) The incorporation of fibers can significantly improve
the tensile properties of the concrete matrix. In the case of
fiber mixing, except for the H-1 and H-4 test blocks,
which are slightly lower than PC, all the test blocks have a
greater improvement. The maximum increase can reach

18.6%. (2) For the single-mixed fiber concrete, except for
the BFRC test block with a volume of 0.1% BF, which is
5.5% lower than that of PC, the tensile properties of all the
other single-mixed fiber test blocks are better than those
of PC. The range is 1.5%~17.5%. At the same time, for
BFRC test block and PFRC test block, the tensile strength
increases with the increase of fiber volume. (3) When the
volume of BF is in the range of 0% to 0.15%, the volume of
PFis 0.09% and 0.11. % tensile strength is obviously better
than 0% and 0.07% series; this is because when the total
fiber content is not large, the small and low elastic
modulus of PF which is more uniformly dispersed into
the matrix during the mixing process to improve the fiber
distribution inside the matrix is greatly reduced so that
the probability of larger fiber spacing and early cracks in
the matrix is greatly reduced. However, when the volume
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TaBLE 4: Calculation results of fiber mixed effect coefficient.
Symbol Cube compressive Splitting tensile Flexural capacity
fee (MPa) for (MPa) o fec (MPa) for (MPa) o fee (MPa) for (MPa) o

H-1 61.01 2;:2 0.37 4.6 i;% 0.29 5.62 ggg 0.35
H-2 65.29 Zgig 0.48 5.14 :gg 0.49 6.7 2(7)3 0.55
H-3 64.96 ZZ;Z 0.45 5.6 éif 0.58 6.58 gg? 0.52
H-4 66.11 Zgié 0.52 4.6 44773 0.28 5.95 56':7’67 0.38
H-5 70.24 6603241 0.57 5.03 44973 0.51 6.23 56.,'763 0.44
H-6 68.7 2(5);; 0.54 5.79 54571 0.63 6.85 66061 0.58
H-7 60.97 Zggg 0.36 4.7 i;g 0.32 5.73 ggg 0.33
H-8 70.13 568?;?44 0.57 5.01 i;g 0.48 5.83 g;g 0.35
H-9 64.97 Zzg; 0.45 4.37 gg 0.23 5.98 ggf 0.38

FIGURE 5: Block destroyed mode of cubic compression. (a) PC, (b) BFRC, and (c) HFRC.

of BF content reaches 0.2%, the tensile strength of the
0.11% series of PF content drops sharply, indicating that
the “negative effect” mentioned above will be highlighted
when the total amount of fiber is too large. (4) For PF, the
tensile strength of the test blocks with the volume

contents of 0% and 0.07% showed a trend of first de-
creasing and then increasing with the increase of the BF
content, while the test blocks with the volume contents of
0.09% and 0.11% reduced first and then increased. This is
because the synergistic effect of various fibers at different
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FIGURE 6: Splitting tensile strength effect of concrete with different
fiber volume rate.

stages and different structural levels of the test block will
change with the change of fiber volume. That is, when the
fiber content is small, the number of fibers in the matrix
forming an effective “bearing network” is small and they
cannot overlap each other, which affects the compactness
of the concrete matrix and causes the splitting tensile
strength to decrease; when the fiber volume gradually
increases to a certain amount, as the “bearing network”
increases and the fibers overlap each other to form a
“force transmission bridge,” it can inhibit the generation
and development of internal cracks in the matrix and can
also pull the matrix around the cracks. To increase the
splitting tensile strength, at the same time, too much fiber
will cause the performance of the matrix to decrease. (5)
For splitting, the results of the crack tensile test showed
that the tensile strength of H-6 specimens was the highest
when the BF content was 0.15% and the PF content was
0.11%, which was 18.6% higher than that of PC.

3.4. Compressive Modulus of Elasticity. The comparison
between the compressive elastic modulus test results of each
fiber concrete test block and PC is shown in Figure 7. It can
be seen that the compressive elastic modulus of each fiber
concrete test block has a small change range compared with
PC, and the maximum fluctuation range is only 4.1%. Be-
cause its test value largely depends on the axial compressive
strength value, the overall change trend is also similar to the
axial compressive strength. According to the principle of
superposition in material mechanics, the elastic modulus of
the composite can be considered as the sum of the product of
the matrix and fiber’s respective elastic modulus and the
volume rate (1). Therefore, when the absolute value of the
fiber content is low and considering the “negative effect” of
fiber concrete, the change of its elastic modulus is very
limited.
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Ficure 7: Compression modulus effect of concrete with different
fiber volume rate.

E=Eq+EgVy+EpVy. (1)

In the above formula, E is the elastic modulus of fiber
concrete; Ep, Ep, and Ep are the elastic moduli of plain
concrete, BF, and PF, respectively; Vi and Vp are the volume
contents of BF and PF, respectively.

3.5. Calculation of Flexural Toughness Ratio. The bending
stress can be calculated according to formula (2). The
toughening effect of fiber on concrete or the deformability of
fiber concrete is usually expressed by the toughness R. The
toughness of each test block in this paper is calculated by the
bending load stress-strain curve. The stress-strain curve of
each concrete test block is shown in Figure 6.

Pl
=—, 2
o b2 @

where P is the bending load, N; [ is the span, / =3h, mm; b
and h are the width and height, respectively, of the test block
section, mm.

In the test, it was found that, with the increase of the
load, the cracks on the bottom surface of the trabecular
continued to increase. When the cracks developed to a
certain width, the midspan tensile strain changed signifi-
cantly and even became negative. At this time, the resistance
strain gauges have been broken. Furthermore, after the PC
reaches the peak of the bending load, it quickly breaks and
loses its continued load-bearing capacity. Therefore, this
paper only plots the stress-strain curve before the test beam
reaches the peak of the bending load.

The area enclosed by the stress-strain curve of each test
block is calculated by integrating the stress-strain curve of
each test block, and this area is the corresponding bending
toughness of the test block [26]. In this paper, the area
enclosed by the PC block curve is taken as the unit area, and
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TaBLE 5: Calculation results of the ratio of toughness.

Symbol oy (MPa) D (mm) R,
A-1 5.08 5.3 1

A-2 5.17 8.9 1.8
A-3 5.73 9.5 2.5
A-4 6.01 9.2 2.4
P-1 6.16 10.5 2.0
P-2 6.6 13.6 2.7
P-3 6.55 11.9 2.7
H-1 5.82 12.2 3.5
H-2 6.7 14.8 3.7
H-3 6.58 13.1 3.5
H-4 5.95 9.9 3.1
H-5 6.23 10.8 3.6
H-6 6.85 15.3 4.4
H-7 5.73 12.9 29
H-8 5.83 10.9 3.2
H-9 5.98 8.3 3.6

o (MPa)

250

= A-1 —A— A-3

—o— A-2 v A4

(a)

0 | | | | | |

0 50 100 150 200 250 300 350

ue

= A-1 v H-3

—eo— H-1 - H-4

—A— H-2

(©

0 50 100 150

ue
—m— A-1 —A— P-2
—eo— P-1 v P-3

(b)

200

250

0 50 100 150 200
ue

—u— A-1 v H-7

—eo— H-5 - H-8

—A— H-6 -4 H-9

(d)

250

300

350

FiGure 8: Comparison of stress-strain curves of concrete with different volume rates of fibers (before the peak value of flexural capacity).
(a) PC and BFRC, (b) PC and PFRC, (c¢) PC and H-1~H-4, (d) PC and H-5~H-9.
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TaBLE 6: Mechanical properties of H-6 specimen and unreinforced
concrete at an early age.

fec (MPa) frs (MPa) or (MPa)
3d 7d 28d 3d 7d 28d 3d 7d 28d

A-1 56.39 60.96 69.11 3.94 4.41 4.88 4.47 4.89 5.08
H-6 60.52 63.00 68.70 4.75 5.24 579 5.31 597 6.85

Symbol

the ratio of the toughness of each fiber concrete block to PC
is the toughness ratio R,. Table 5 shows the peak flexural
stress o (accurate to 0.01 MPa), the flexural elastic modulus
Ef (accurate to 1 MPa), the maximum crack width D in the
middle of the span, and the toughness ratio R, (accurate to
0.01 MPa).

The following can be seen from Figure 8 and Table 5.
(1) The PC test block quickly broke after reaching the
peak of the bending stress and lost its deformability,
showing obvious brittle failure, while the fiber concrete
test block remained deformed after the peak. The
toughness ratio increases with the increase of BF and
shows a decreasing trend. (2) Figure 8(a) shows that the
stress-strain curve of the BFRC test block with different
fiber volume content has a larger slope before it intersects
with the PC, indicating that BF has a role in delaying the
deformation as the load increases in the first half of the
deformation. The toughness of the matrix is increased to a
certain extent. (3) When the volume of PF is between
0.07% and 0.09%, the strain rate or slope of the PFRC test
block is less than that of PC, and PF also plays a role in
delaying deformation. When the PF volume content
increases to 0.11%, the “negative effect” mentioned above
occurs, and the strain rate of the PFRC test block is larger.
(4) The calculation result of the bending resistance peak
value shows that when the fiber volume content in the
BFRC test block is in the range of 0~0.2%, the peak value
of bending resistance increases with the increase of fiber;
when the volume of fiber in the PFRC test block is in the
range of 0~0.11%, the peak value of bending resistance
first increases and then decreases; for the HFRC test
block, when the volumetric content of BF remains un-
changed, its peak bending resistance shows an increasing
trend with the volumetric content of PF. When the
volumetric content of PF remains unchanged, its peak
bending resistance increases with the increase of BF. The
trend is first roughly increasing and then decreasing. (5)
The calculation results of the toughness ratio show that,
for the single fiber concrete test block, within the fiber
volume content range in this paper, the toughness ratio
basically increases with the increase of the fiber volume
content. For the HFRC test block, when the BF content
remains the same, the toughness ratio basically increases
with the increase of PF; when the PF content remains the
same, plastic failure is obviously shown. It shows that,
within the range of fiber content specified in this study,
PF has a better toughening effect on the matrix than BF.
(6) When the fiber content is large, it will also have a
“negative effect” on the toughness ratio of the HFRC test
block, such as H-7 and H-9 test blocks, which have the
best toughness ratio compared to H-6. The test block

decreased by 34% and then 18%, but the toughness ratio
of the HFRC test block was better than that of the single-
doped fiber test block.

3.6. Early-Age Concrete Mechanical Properties. Through the
test results and calculations, it can be obtained that the
relative best combination of hybrid fiber blending amounts
in this test is V3=0.15% and V»=0.11% (H-6 test block).
Table 6 shows the test results of the cubic compressive
strength f.., splitting tensile strength f,;, and flexural bearing
capacity oy of the early age (3 d and 7 d) of the PC test block.

The results show that fiber can also significantly enhance
the mechanical properties of early-age concrete. Among them,
the compressive strength, splitting tensile strength, and flexural
bearing capacity of the H-6 test block at 3 d age reached 88.1%,
82.0%, and 77.5% of its 28d strength, respectively. The PC
increased by 7.3%, 20.6%, and 18.8%; the 3 intensity values of
the H-6 test block at 7 d age reached 91.7%, 90.5%, and 87.2% of
its own 28 d intensity, which was higher than that of PC at 7d
age, increasing by 3.3%, 18.8%, and 22.1%.

4. Calculation of Fiber Confounding
Effect Coefficient

The hybrid effect between basalt fiber and polyacrylonitrile
fiber is evaluated from the theoretical point of view of the
fiber hybrid effect coeflicient. The calculation of the fiber
confounding effect coeflicient also considers the role of every
single-blended fiber, and the fiber confounding effect co-
efficient is calculated based on literature [23-25]; see the
following equation:

S-p
5

x =

(3)
B= z Si¢is

where « is the fiber mixing effect coefficient; S is the me-
chanical performance test result of the HFRC test block; S; is
the mechanical performance result of the single i-doped fiber
test block; ¢; is the volume fraction of the single i-doped fiber.

Formula (3) is the fiber mixing coefficient calculated for
single fiber mixed, so the test results of PC block are ignored
here. When « >0.5, it will produce a positive effect relative to
single fiber concrete, and when a <0.5, it will produce a
negative effect. At the same time, combined with the analysis
of the above test data, this section specifically calculates the
fiber confounding coefficient of the HFRC test block cube
compression and splitting tensile and bending resistance.
The results are shown in Table 4; f is the strength of the
HEFRC test block, and F is the strength of the single fiber
concrete test block corresponding to the same volume. It can
be seen that the result of the fiber confounding effect co-
efficient is basically consistent with the comparison of the
above test results. When « <0.5, the mechanical properties of
HEFRC test block are slightly weaker than those of single fiber
concrete with equal volume rate, indicating that the fiber
mixing effect is negative under the combination of the two
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kinds of fibers at this time. When « >0.5, the performance of
the HFRC test block is better than that of single fiber
concrete; at this time, the fiber mixing effect under the
combination of dosage is positive.

5. Conclusion

(1) The incorporation of fibers can significantly im-
prove the mechanical properties of the concrete
matrix such as splitting tensile and bending
toughness, but, at the same time, it also reduces the
compressive strength of the concrete matrix to a
certain extent. When single doped basalt fiber,
single doped polyacrylonitrile fiber, and fiber are
mixed, the splitting tensile performance of con-
crete is up to 5.5%, 12.9%, and 18.6% higher than
that of PC, respectively; the flexural peak value is
up to 18.3%, 29.9%, and 34.8% higher than that of
PC. The maximum toughness ratio is 2.5, 2.7, and
4.4, respectively; the compressive strength of the
cube is increased by —12.9%, —5.6%, and 1.6%,
respectively, compared with PC; the compressive
strength of the axial center is increased by —3.9%,
2.8, and 1.3% compared with that of PC.

(2) The incorporation of fiber has little effect on the
compressive elastic modulus of the concrete matrix.
In the case of single and mixed fiber, the influence of
the fiber on the compressive elastic modulus of the
concrete matrix is between —4.1% and 1.3%. At the
same time, fiber can also enhance the mechanical
properties of early-age concrete such as compres-
sion, tension, and bending.

(3) Through the analysis results of the test data and the
calculation results of the fiber mixing effect coeffi-
cient, within the fiber volume content range specified
in this article, a good mixing effect is shown between
basalt fiber and polyacrylonitrile fiber. Based on all
the experimental data and calculation results, the
optimal blending amounts of basalt and polyacry-
lonitrile fiber obtained in this paper are Vz=0.15%
and Vp=0.11%.
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Two totally waste products, agricultural residues and mixed plastic wastes collected from domestic and industrial sectors, are
used in this study for the recovery of energy rich biofuel and value-added chemicals. The copyrolysis experiments using fixed
bed reactor are conducted in order to analyse the synergetic effects. The experimental works are carried out with different
proportion of mixed plastics blended with agricultural residues. The reaction temperature and biomass-to-waste plastics ratio
on product distributions are studied and addressed. The thermogravimetric analysis conducted at different temperatures
clearly distinguished the pyrolysis behaviours of biomass and plastics. The positive synergistic effects defined as higher yield of
volatiles compared to predicted yield for bio-oil were identified at particular mixing ratio. Both biomass wastes and plastic
wastes show optimal performance of 60.42 wt% oil yield at 60% addition of waste plastics. The oil products obtained under
favourable conditions have a higher heating value compared to the oil obtained from biomass pyrolysis. The GC-MS study
confirmed that the interaction between biomass and plastics during copyrolysis resulted in decreased oxygenated contents in
the oil products.

1. Introduction

The development of renewable energy by utilizing waste
materials is a promising solution to fossil fuel depletion and
global warming issues. It is predicted that coal stocks would
be depleted by 2112 and crude oil reserves will be depleted by
2042; at the same time, the energy needed around the world
is expected to increase by 56% by 2040 [1]. Utilization of

waste biomass for various purposes has been focused on by
many researchers in the past three decades.

The use of agricultural biomass for fuel production is
renewable and sustainable. Many literatures reported the use
of various agricultural wastes for energy recovery. Lignin,
cellulose, hemicelluloses, and a considerable amount of
extractives are the primary components of biomass materials
[2]. The wastes from agricultural fields are generally burnt in
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the open air in the field itself due to their lower bulk density
and low value. They are not seasonable and are abundant
throughout the world. The agricultural residues generally
refer to the remains of plants including pods, stems, and
corn. Forest wastes, wood chips, and municipal solid waste
are also the examples of biomass energy sources today [3].
The production of liquid fuels from agricultural wastes is
recognized as an important renewable resource. The organic
liquid from agricultural residues has better fuel properties
with considerable heating value. Previously many authors
have presented the use of agricultural residues for fuel
production through thermochemical conversion processes
including pyrolysis. The production of liquid products
through pyrolysis is called pyrolysis oil. The properties and
quantity of oil produced during pyrolysis depend on the
feedstock composition.

With the introduction of plastics, their use extended to
every corner of the world. Plastics are currently critical for
sustaining a resource-efficient economy [4]. Because of their
advantageous properties including lightweight and dura-
bility, the plastics are widely used around the world.
However, these positive characteristics accelerated the ac-
cumulation of plastics in the environment with huge volume
[5]. By 2015, around 6300 Mt of waste plastics was produced
throughout the world and more than 80% was dumped in
the natural environment. Plastic waste management is one of
the critical challenges throughout the world due to lack of
technology development. India’s current waste biomass
availability is estimated to reach more than 500 million
metric tonnes per year. Biomass presently accounts for 32%
of total primary energy consumption in the country. India
produces a massive amount of waste plastics every year.
However, only one-fourth of this is recycled due to lack of a
functioning solid waste management system. In 2019-20,
India generated an annual plastic waste of 3.46 Mt of plastic
garbage, compared to 3.360 Mt in 2018-19 and 2.383 Mt in
2017-18. In terms of environmental concerns, land filling
technique is not suitable and costly, as the by-products are
extremely hazardous to both the environment and human
health [6]. However, very poor degradability of plastics, on
the other hand, generates substantial environmental issues
and poses a significant challenge. In 2018, worldwide plastics
output surpassed 359 Mt, with major contribution from
China and Europian countries [7]. However, India produces
5.58 Mt of single-use plastics annually followed by Japan
with 4.7 Mt. In India, only 60% of the plastic wastes are being
recycled and the remaining 40% end with landfill. Improper
plastic waste disposal can create structural deterioration. The
chlorinated plastic can leach hazardous chemicals into
the soil, which can seep into groundwater and harm both the
environment and the ecosystem. Aside from landfilling,
incineration is the possible alternate method to decompose
plastic wastes. It is a commonly utilized and approved
technique, since it can permanently degrade plastic waste
with huge volumetric basis and thermal energy recovery,
which may then be converted to electrical energy [8]. It also
helps to regulate carbon emissions in the conventional
energy industry by substituting alternative fuels [9]. In-
cineration of plastic wastes resulted in the release of very
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dangerous toxic pollutants and dusts which are more
harmful to all living organisms [10]. Aside from landfilling
and incineration, utilization of these wastes for converting
fuels is more popular in order to avoid resource wastage and
contamination. When compared to traditional digestion,
decomposition of plastic wastes thermally with controlled
oxidation gives more benefits including lower emission and
higher energy recovery [11]. Thermochemical conversion
processes such as pyrolysis and gasification can offer ef-
fective recovery of medium-to-high grade fuels.

The intersection of environment protection, resource
management, and energy recovery could be a viable research
option to gain more popularity among the researchers. In
recent years, combination of agricultural and plastic wastes
for bio-oil production has gained much interest due to
contribution of plastics towards increased heating value.
Copyrolysis of biomass and plastics has grown in popularity
as a viable alternative method for improving the quality of
pyrolysis products. In comparison to traditional biomass
and plastic pyrolysis, copyrolysis experiment has been
gaining a lot of interest in the recent years. The synergistic
impact of chemical interactions between diverse feedstocks
plays a key part in copyrolysis process. However, the syn-
ergistic effect varies greatly depending on the nature of the
raw materials. Because of their unique heating character-
istics, microwave pyrolysis and solar pyrolysis have received
a lot of attention in the recent years. Furthermore, the ki-
netics of biomass copyrolysis with plastics have recently
been studied in order to gain a better understanding of the
mechanism of the synergistic impact. Copyrolysis is the
improved technique to produce high energy liquid products
by interacting biomass and plastics. According to Johannes
et al. [12], the interaction of feed materials and their product
distributions are dependent on various parameters including
mixing ratio, pyrolysis length, process temperature, and
heating rate. Yang et al. [13] analysed the copyrolysis ex-
periment on cedar wood and LDPE and observed a syn-
ergistic effect on oil production. The copyrolysis
experiments on biomass and plastic waste have been studied
extensively by many authors to analyse the process pa-
rameters on product yield and quality [4,14,15]. Oyedun
etal. [16] and Hassan et al. [17] demonstrated that the type of
biomass and amount of plastic during copyrolysis determine
the quality of the yield products. Dewangan et al. conducted
copyrolysis experiments on sugarcane bagasse combined
with LDPE at the blend ratio of 1 : 1 and produced maximum
oil fractions with calorific value of 40 MJ/kg. In another
experiment carried out by Xue et al., the yield of oil was
dependent on the reaction temperature [18]. According to
Costa et al. [19], the copyrolysis of rice husk with poly-
ethylene at a temperature range of 350-430°C enhanced the
conversions of both biomass and polyethylene towards oil
yield. Martinez et al. [20] investigated the effects of slow
pyrolysis of biomass and polymers and discovered that the
viscosity and acidity of the pyrolysis oil reduced; however,
the energy content of the oil increased when compared to
pyrolysis oil derived only from biomass. It has also been
stated that when biomass and plastics are copyrolyzed, the
production of oil is significantly larger than the total amount
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of individual oil products obtained from biomass and
plastics [21]. The study conducted by many researchers
concluded that the copyrolysis of biomass and plastics has a
stronger synergistic effect compared to individual pyrolysis
[22-24].

This research is based on the pyrolysis of mixed agri-
cultural residues combined with mixed waste plastics col-
lected from domestic and industrial sectors, which is
inspired by waste-to-energy concepts. Prior to the copy-
rolysis process, each of the components is pyrolyzed sepa-
rately and their product distributions are found. After that,
they are copyrolyzed by blending waste plastics with biomass
materials at the ratios of 20%, 40%, 60%, and 80% by weight.
The goal of this research is to increase the oil production
while simultaneously improving the quality. The physical
and chemical properties of oil produced under suitable
conditions have been examined in order to find its feasibility
as a source of energy and a chemical feedstock for a variety of
applications.

2. Materials and Methods

2.1. Feedstock Preparation. The agricultural residues utilized
for this study are a mixture of wheat straw, sugarcane ba-
gasse, rice straw, corn stover, coconut shell, tobacco leaf, and
sunflower shell collected from local field. The plastic ma-
terials utilized for this study are the collection of used food
containers, beverage bottles, toys, door handles, pipes, and
resilient bags made by low-density polyethylene, high-
density polyethylene, polyvinyl chloride, polypropylene, and
polystyrene. A ball mill is used to cut these feed materials
and they are subsequently sieved to keep the size less than
1 mm. The feedstock materials are then subjected to analyses
and the values are given in Table 1. Before conducting
analysis, they are completely dried in an oven maintained at
+100°C for approximately 2 hours.

2.2. Pyrolysis Reactor Setup. 'The experiments are conducted
in a lab scale fixed bed reactor. Conducting copyrolysis
process in a fixed bed reactor is much better compared to

desired product (oil or char or gas)in grams

TaBLE 1: Properties of feedstock materials in wt%.

Content Biomass Mixed plastics
Proximate analysis

Volatile matter 73.4 90.9
Fixed carbon 15.0 0.4
Moisture content 6.4 0.5
Ash content 52 8.2
Ultimate analysis (ash-free basis)

Carbon 47.1 80.1
Hydrogen 6.2 15.4
Nitrogen 2.1 2.6
Sulphur 0.8 0.4
Oxygen 43.8 1.5

% of O=100-(C+H+N+S)%.

many available types of pyrolysis reactors [25]. The literature
[26] contains a schematic diagram of the reactor system as
well as its design specifications and further it is explained in
this section. The reactor is comprised of a reactor bed with
inner diameter of 100 mm and height of 150 mm. The re-
actor is heated using electrical resistance heater with am-
meter and voltmeter set up. The temperature given to the
reactor is controlled by the autotransformer. The temper-
ature of the reactor is kept stable once it reaches the desired
value by auto cut-off unit. The reactor is well insulated by
insulating material to avoid unnecessary heat loss. It also
consists of a condenser, oil collection system, and gas col-
lection system. The condenser was cooled by circulating ice
water maintained at a temperature of 5°C. The reaction was
continued till no vapour was identified from the condenser.
For this purpose, a minimum of 30 min is given to one
complete reaction. The condenser’s liquid products were
collected in conical flasks attached to the condenser. The
char at the end of the experimental runs is collected directly
from the reactor. The oil fractions are collected through the
condenser. After weighing char and oil fractions, the masses
of the uncondensable gases are found by material balance
method. The formula used to find the desired products from
thermal pyrolysis of individual feedstocks is as follows:

x 100. (1)

productyield (wt.%) =

To find the synergetic effect, the experimental yields
during copyrolysis process are compared with predicted
yields. The formula used by Zhao et al. [27] is employed to
find the predicted yield. The yields obtained from individual
pyrolysis of mixed agricultural wastes and mixed plastic
wastes are used to find the predicted yields shown in the
following equation:

predictedyield = (x1 * Y1 + x2 * Y2), (2)

where Y1 and Y2 are the yields of individual pyrolysis of
agricultural residues and waste plastics, respectively. X1 and
X2 are the mass ratios in the blended samples, respectively.

amount of feedstock in grams

2.3. Analytical Instruments. The mass loss of the feedstock
materials depends on the process temperature and heating
rate and is investigated using a thermogravimetric analyser
(TGA). The thermogravimetric analysis is performed with
10mg of the sample hated at 10°C/min to explore and
compare the degradation process of agricultural residues
and waste plastics. Proximate analyses of the materials are
done to find the volatile and semivolatile contents of the
sample. Elementor Vario EL-III is employed to find
the amounts of carbon, hydrogen, nitrogen, and sulphur in
the feedstock samples. The oil content obtained at favourable
condition is tested for its physical and chemical analysis. The



pH value of the oil is determined using a digital pH metre. The
viscosity of the sample is determined using a viscometer
(Brookfield Engineering Company). A Pensky-Martens
closed-cup device is used to find the flash point of the sample.
An electronic calorimetric thermometer (Parr-6772) is
employed to determine the heating value of the oil. A GC-MS
(Thermo MS DSQ II) is employed to assess the distribution of
chemical compounds of the oil products. The equipment
consists of a capillary column of 0.25mm diameter, 30 m
length, and 0.25um film thickness. For this analysis, the
sample of 1 mL was injected at the temperature of 250°C. The
oven temperature was set initially to 70°C for 3 minutes before
being increased to 250°C at a rate of 10°C/min. The sample
injection was done in split mode with the ratio of 20: 1. With
full scan mass spectra, the mass spectrometer was tuned to an
ionising voltage of 70eV. It was run at an interface tem-
perature of 200°C. The analysis is carried out in the range of
50-650 m/z and the chemical components are identified by
the use of mass spectrum libraries (NIST14.L).

2.4. Error Analysis. Before conducting the experiment, the
Measurement System Analysis (MSA) was utilized to correct
the uncertainty in the temperature measurement and
electronic weighing machine. Thermocouple is used to
measure the temperature of the reactor and weighing ma-
chine is used to measure the mass of the pyrolysis product
yields. To ensure the repeatability, Test-Retest study was
conducted under the same operating conditions. Prior to
that, the thermocouple used in the reactor was calibrated in
accordance with laboratory standards. The errors for ther-
mocouple and electronic weighing machine were deter-
mined as 0.25% and 0.03%, respectively.

3. Results and Discussion

3.1. Thermogravimetric Analysis. Figures 1 and 2 depict TG
and DTG curve for agricultural residues and mixed plastic
wastes at various temperatures heated at 10°C/min. An in-
crease in temperature for both materials increased the deg-
radation rate. The tests are carried out in an inert atmospheric
condition (Argon) and achieved to access the pyrolytic be-
haviour of the feedstock materials. According to thermog-
ravimetric  analysis of agricultural residues, the
devolatilization process begins at 160°C and maximum weight
loss appears between 350 and 475°C. Around 475 and 550°C,
an abrupt change in the slope is recorded, resulting in lower
weight loss. The major weight loss of around 70% in the
biomass material happens between 250°C and 550°C. During
this period, the volatile matters released from the material are
maximum. The thermal overlapped degradation of the ag-
ricultural residues with major cellulose and hemicelluloses
content is the primary cause of the highest mass loss at this
temperature range [28]. According to TGA curve, the mixed
plastics start to decompose at 330°C. This is due to the long
chain polymeric structure of the plastic materials. The de-
composition of plastic wastes is characterized at single stage,
whereas for biomass materials it was achieved by three dif-
ferent stages [29]. The difference in decomposition stages for
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Figure 2: DTG agricultural residues for biomass and mixed
plastics.

biomass materials is explained by their structures, since they
are made up of cellulose and hemicellulose. From TGA curve,
it is found that the degradation of mixed plastics took place in
a single phase at higher temperature with limited temperature
range. The mixed plastic loses its 97% of mass at temperatures
ranging from 375 to 500°C and after that no decomposition
was recorded. It can be seen from the data that both curves are
overlapped at temperatures around 450°C based on maximum
volatile loss, which shows these two feedstocks can be used as
cofeed for this process. Compared to mixed plastics, for
agricultural residues, some residues were found due to the
presence of ash content [17]. The presence of ash content in
feedstock is a crucial parameter for the yield of oil products.
The ash in the feedstock will affect the quality of the entire
pyrolysis products [30]. The amount of ash in the biomass
sample has a direct impact on the production and compo-
sition of the pyrolysis products. During pyrolysis, ash particles
generally extinguish the vapour conversion. In general, bio-
mass with lower ash content is preferable for pyrolysis re-
actions. On the basis of the data, it can be clear that the
appropriate reaction temperatures for both materials are
around 450°C to 500°C.
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3.2. Pyrolysis of Mixed Agricultural Residues. Based on the
TGA and DTG curve of the mixed agricultural biomass, the
pyrolysis experiments are performed between the temper-
ature limits of 300°C and 550°C to find the effect on product
distributions. Figure 3 illustrates the yield of oil, char, and
gas fractions related to reactor temperature. By applying
temperature, the primary activation processes are initiated
followed by subsequent vapour phase cracking reactions.
According to this study, the product distribution from
pyrolysis of mixed agricultural residues is temperature-de-
pendent; however, pretreatments raised the initial degra-
dation process and resulted in higher yields of condensable
products. As the pyrolysis temperature was changed from
350 to 450°C, it became obvious that the yield of oil products
reached its maximum value at 450°C. However, by in-
creasing the temperature to 550°C, the yield of oil was de-
creased to 36.5 wt%. The yield of oil fractions reached its
maximum at 450°C with a value of 39.8 wt% and it reduced
with increasing the temperature. The reduced heat and mass
transfer limitations at 450°C resulted in higher yields of oil
products. It has been found that higher pyrolysis temper-
atures accompanied with more secondary reactions lead to
more gaseous products with reduced oil products [31]. As
shown in Figure 1, the char yield reduced from 41.2 wt% to
23.7 wt% as the final pyrolysis temperature increased from
350 to 550°C. The decrement in char production was ob-
served due to enhanced primary decomposition of biomass
or the secondary decomposition of the char residue at higher
temperatures [32]. The secondary reactions of the char
products at higher temperatures may also result in the yield
of gas fractions, which is proportional to the increased
pyrolysis temperature. For the temperature of 350°C, the gas
yield was observed as 27.2 wt% and maximum of 39.8 wt% at
600°C. The changes in the physical properties of the pyrolysis
products are mainly affected by the secondary reactions of
tar vapours and the conversion time.

3.3. Pyrolysis of Mixed Plastic Wastes. Figure 4 shows the
pyrolysis behaviour of mixed plastics with respect to reactor
temperature. The yield of char is nearly low for all temper-
atures. At the same time, the oil and gas yields are highly
influenced by temperature. The pyrolysis of mixed plastics can
be constructed by a narrow range of reactions due to simple
monomeric structure. It has been proposed that almost all
synthetic polymers disintegrate by a radical mechanism. The
yield of char is varied from 18.9 wt% to 3.5 wt% when the
temperature is raised from 350°C to 550°C. The lower deg-
radation of plastic products at lower temperature yields
higher char products. The yield of gas fraction is steadily
increased with respect to increased temperature due to var-
iation in stability of the polymer materials under different
temperatures. For 350°C, the yield of gas is 19.9 wt% and the
value is changed to 28.4 wt% for the final temperature of
550°C. Many other authors have also found similar findings
[33,34]. According to the results, no volatiles were released
from the reactor till it reached 300°C. These results were also
predicted with TGA analysis. Beyond 300°C, the plastic waste
generates condensable volatile contents. The oil products are
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FIGURE 3: Pyrolysis of mixed agricultural residues performed at
1.0mm particle size, at 20°C/min heating rate, and at different
temperature.
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FIGURE 4: Pyrolysis of mixed plastic wastes performed at 1.0 mm
particle size, at 20°C/min heating rate, and at different temperature.

gradually increased from 61.2 wt% to 68.1 wt% when the
temperature is changed from 350°C to 550°C. The yield of oil
attained maximum at 500°C with 70.2 wt%. The stability of
hydrocarbons decreases as the temperature increases. So, at
optimum temperature of 500°C, the C=C bonds are broken
significantly, resulting in higher volatile product yields.
Further increment up to 550°C decreased the oil production
to 68.1 wt%. Generally the plastics had lower stability at higher
temperature. The higher temperature breaks C=C bonds of
the plastic wastes and releases more volatiles [35].

3.4. Copyrolysis Behaviour. The oil, char, and gas distribu-
tions during the copyrolysis under different blend ratio are
shown in Figure 5. There was no major difference observed
between theoretical and experimental yields up to 40% blend
of mixed plastics with agricultural residues. In order to get
complete valorization, the holding time was kept constant
for all experiments. In comparison to thermal pyrolysis of
agricultural residues, the oil products obtained from
copyrolysis were substantially higher. For instance, the oil
obtained at 60% blend shows maximum compared to the
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TaBLE 2: Physical properties of oil products obtained under different conditions.
. Source
Properties Standard . . . L - .
Biomass oil Mixed plastic oil Copyrolysis oil Diesel [40]
Density in kg/m’ ASTM D445 1025 930 1010 850
Viscosity in cSt ASTM D4052 7.9 2.4 6.1 3.9
Flash point in °C ASTM D92 140 95 105 57
Carbon in wt% ASTM D5373 48.44 86.26 74.74 86.5
Hydrogen in wt% ASTM D5373 9.0 10.94 9.6 13.2
Nitrogen in wt% ASTM D5373 0.86 0.78 0.31 0.02
Sulphur in wt% ASTM D5373 0.18 0.12 0.07 0.24
Oxygen in wt% By difference 41.52 1.9 15.28 —
Heating value in MJ/kg ASTM D445 20.9 43.12 35.3 43.6

% of O=100-(C+H+N+S)%.

predicted value. The yield of oil is increased from 43.14 wt%
to 65.1 wt% when the amount of plastics during reaction
increases from 20% to 80%. In contrast, the char and gas
yields are reduced from 22.7 wt% to 9.96 wt% and from 34.16
wt% to 24.94 wt%, respectively. At 60% addition of plastics,
the result shows higher synergistic effect on oil production.
At that condition, the predicted yield was only 56.34 wt% but
experimentally the yield was recorded as 60.42 wt%. The
result shows 7.24% increment compared to prediction.
The radical secondary reactions are the main reason for
the synergetic effect in this condition [36]. Furthermore, the
presence of plastics on the reaction serves as a hydrogenation
medium for lignocellulosic material, potentially reducing the
polymerization and cross-linking activities ensuing major
weight loss [37]. At 80% blend also the synergistic effects are
identified for oil yield, but the increment was only 3.46%. As
previously mentioned in the literature, during copyrolysis
process, the plastics can act as a good hydrogen donor and
will result in increased oil products. The higher hydrogen
molecules present in the plastic materials will facilitate the
conversion of oxygenated compounds into hydrocarbon
molecules [38]. According to Onal et al., the radical inter-
action created by copyrolysis process favours the formation
of higher oil products with no phase separation [39].

3.5. Characterization of Oil Products

3.5.1. Physical Analysis. Table 2 shows some of the basic
physical characteristics of the oil fractions obtained under
optimized conditions from pyrolysis and copyrolysis process.
All of the analysis was measured by following ASTM protocol.
The heating values of the oils are mostly determined by their
hydrocarbon and oxygen content. The oxygen contents in the
biomass oil, plastic oil, and copyrolysis oil are 41.52%, 1.9%,
and 15.28%, respectively. The large number and concentra-
tion levels of oxygen compounds reduce the energy density to
less than half those of ordinary fossil-derived fuel. The sig-
nificant amount of the oxygenated species will cause insta-
bility during storage and transportation. The large decline in
oxygen percent may explain the increase in heating value of
the copyrolysis oil. Due to natural phase separation and
radical interaction, the oxygen content of copyrolysis oil is
significantly lower than that of other oils. The result shows
that the copyrolysis process is an efficient approach for
producing oil with higher heating value.

3.5.2. GC-MS Analysis. Gas chromatography-mass spec-
troscopy is a commonly used technology for the iden-
tification and quantification of compounds generated
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TaBLE 3: GC-MS analysis of the total pyrolysis oil.

Compound name

Molecular formula

Source

Biomass oil Mixed plastic oil Copyrolysis oil

3-Furaldehyde CsH,0,
Pyrogallol 1,3-dimethyl ether CgH,(03
3-Methyl-1-phenyl-1H-inden Ci6His
2,4-Dimethyl-1-heptene CoHg
Phenol, 4-methyl- C,HgO
9-Octadecenoic acid (z)- C,3H3,0,
1,3-Pentadiene, 2,4-dimethyl C,H;,
1-Hydroxy-2-methoxy-4-methylbenzene CgH;00,
Phenol C¢H;OH
Azulene CoHg
Phenol, 2-methoxy- C,Hg0,
Naphthalene, 2-methyl- Ci1Hyo
1,2-Diphenylcyclopropane CisHyy
Phenol, 2,6-dimethyl- CgH,00
2-Furancarboxaldehyde,-5-Methyl CgHeO,,
Benzaldehyde, 4-hydroxy-3-methoxy CsH3O5
Phenol, 4-ethyl-2-methoxy- CoH;,0,
Dibenzo[a,e]cyclooctene Ci6Hs
3-Methyl-1-phenyl-1H-indene Cl6H14
Pyrene, 1-methyl- CyHy,
1,4-Dimethoxybenzene CsH,00,
Stearic acid, methyl ester C19H;350,
2-Isopropyl-2,5-dihydrofuran C,H,,0
Octadecanenitrile C,sH35N
1,2-benzendiol CeHeO,
Trimethylamine Cs;HoN
1-Ethynyl-1,2,3,4-tetrahydro-a’-carboline Ci3H,N,
5-Hydroxymethylfurfural CeHeO3
Acetol C3H602
Acetic acid C,H,0,
3-Undecene, (Z)- C1Hay,
Tetradecane C4H3
Furfural CsH,0,
Butyholachone C4HgO,
2,5-Pyrrolidinedione, 1-methyl CsH,NO,
2-Methoxy tetrahydro furane CsH, 00,
4-Ethyl-2-methoxy phenol CoH;,0,
Ethisterone C,1H,50,

0.41 — 0.24
2.04 — —
1.21 0.44 1.04
— 4.01 3.48
0.52 — .
2.33 — —
— 9.42 3.46
3.34 — —
8.41 — 6.03
— 10.42 7.44
7.34 — 2.42
— 1.42 —
512 2.41 4.55
4.32 — 1.04
1.10 — —
0.68 0.12 —
0.32 — 0.98
3.54 4.26 —
— 2.68 1.04
1.21 0.22 0.94
3.27 — —
5.26 3.42 3.46
3.46 — 0.55
6.44 — 0.94
5.05 — —
4.21 0.85 3.45
— 3.01 2.88
0.24 — —
5.48 — 1.46
16.42 — 6.79
— 3.49 —
— 4.47 —
1.72 — —
3.77 0.49 2.07
0.44 — —
0.97 0.10 0.12
1.92 — —
— 6.42 1.46

during pyrolysis. The analysis was performed on the oil
fractions acquired under optimized conditions. The NIST
library and the compound probability percentage are
used to trace the GC-MS compounds in the oil samples.
The identified chemical components in the raw biomass
pyrolysis are mostly the oxygenated contents and the
plastic oil has majority of aliphatic hydrocarbons. Table 3
shows the presence of various chemical components in
the pyrolysis and copyrolysis oil. The decreased oxy-
genated components in mixed plastic oil enhance the
stability of the oil. The acid contents present in the
biomass pyrolysis oil resulted from the decomposition of
hemicellulose in the biomass materials. On the other side,
decomposition of lignin is the primary reason for the
presence of phenolic compounds in the biomass derived
oil. The components of the oil contain the mixture of
alkane, alkene, and alkyl group compounds with oxy-
genated elements.

4. Conclusion

This study found that pyrolysis of mixed agricultural resi-
dues combined with mixed plastic wastes has the potential
options for the production of high-grade pyrolysis oil with a
higher oil yield of 60.42 wt% at 60% blend of waste plastics.
The yield of pyrolysis oil was greatly affected by the reactor
temperature. It is the most significant parameter to valorize
the feedstock. The physical characteristics of the oil acquired
under copyrolysis process have higher heating value with
reduced oxygen content. The synergistic impacts of copy-
rolysis process were investigated in terms of the pyrolysis
process and its product yield. In comparison to theoretical
data, synergistic effects occurred at 60% plastic blend
showing 7.24% higher oil yield than other blend proportions.
Rather than creating cross reaction products, these syner-
gistic effects were discovered by identifying the composition
of chemicals in copyrolysis oil. The copyrolysis oil obtained



from mixed agricultural residues and mixed plastics was
identified as a biofuel candidate with heating value of
35.3 MJ/kg, which is higher compared to biomass pyrolysis
oil. The higher heating value represents that it can be used
directly as furnace oil for boiler and can be upgraded to be
used as a fuel for IC engines. The report received by GC-MS
confirmed the relations between biomass and plastics
throughout the copyrolysis process resulting in decreased
oxygenated products. Further study is possible to analyse the
reaction kinetics and applications to get benefits in waste
treatment and utilization.

Nomenclature

ASTM: American Society for Testing and Materials
DTG:  Derivative thermogravimetry
GC-MS: Gas chromatography-mass spectrometry

LDPE: Low-density polyethylene

TGA:  Thermogravimetric analysis

Xy Mass ratio of agricultural residues
X5 Mass ratio of waste plastics

Y Pyrolysis yield of agricultural residues
Y,: Pyrolysis yield of waste plastics.
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Plastic is a resilient, chemically inert, lightweight, and low-cost material. It sticks around in the environment for more than hundred
years, threatening nature and spreading toxins. The current study deals with the use of waste polymeric materials and de oiled cake for
the production of liquid oil and its blend on the performance and emission characteristics of diesel engine. The tests were conducted
in an engine fuelled with diesel and four distinct blends such as 5% (B5), 10% (B10), 15% (B15), and 20% (B20), respectively. The
liquid oil was produced by co-pyrolysis of neem de oiled cake (NDC) and waste polystyrene (WPS) in 1:2 blend ratio. The raw
pyrolysis oil and its different blends were tested for their physical and chemical characteristics in order to find their suitability. Brake
power (BP), brake thermal efficiency (BTE), brake-specific fuel consumption (BSFC), emissions of carbon monoxide (CO), hy-
drocarbon (HC), and nitrogen oxide (NOx) are used to assess the performance of the engine. The experimental results reveal that
BTE at all blends is lower than diesel at all loads and the BSFC increases with increasing blend ratio and falls with increasing engine
load. At higher loads, the deviation of performance and emission values from baseline diesel up to B10 is very small. It is found from
the results that the liquid oil derived from NDC and WPS up to 10% blend will be the promising additive for fossil fuels.

1. Introduction

Many countries in the world have launched zero plastic
waste initiative, which seeks to boost collection of wastes and
recovery of value added products and eliminate plastic
contamination throughout the plastics lifecycle. The increase
in the global population and need for polymeric materials in
all sectors led to a rise in the gathering of waste polymer

materials in the environment. Waste management policies
and increased fuel cost led the researchers to find possible
substitute to meet increased energy demand by replacing
fossil fuels [1]. Increased air, water, and soil pollutions,
change of climate, and global warming are most likely to
blame for the continued degradation of the global ecosystem
[2]. The burning of fossil fuels in all industrial sectors and
transport vehicles are the primary source of these harmful
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pollutants. The increased thermal efficiency and outstanding
drivability of the diesel engine have a propensity to use in
transport sector as well as power plants [3]. By 2040, the
rapid development of automobiles keeps continued fuel
consumption all over the world which consumes around
25% of global energy, and it is found to increase more than
160 quadrillion BTU [4]. The global economy is also in-
creasing based on the population at a rate of 3.4% per year
and anticipated to climb from 7.5 to 9 billion. The energy
need for transportation sector is predicted to increase by
30% [5]. It is also estimated that, by 2050, 27% of the world’s
transportation fuel will be derived from biomass and waste
resources [6]. Many researchers have previously conducted
engine performance analysis using various biodiesel and
different engine modification systems. Soudagar et al.
conducted engine analysis using different blends of cot-
tonseed oil biodiesel with various percentages of octanol
additives along with multiwalled carbon nanotubes. The
study showed that 20% blend of biodiesel with 5%, 10%, and
15% octanol consumes lower fuel. The addition of nano-
particles in this experiment stabilized fuel consumption and
increased the BTE of the engine [7]. Karuppan et al. con-
ducted the experiment on homogenous charge compression
ignition engine fuelled with chicken fat oil biodiesel. Based
on the analysis, the engine operated with blended biodiesel
offers high peak pressure and higher heat release rate than
neat diesel fuel [8]. Regarding emission, Verma et al. con-
ducted experimental investigations on diesel engine oper-
ated with roselle biodiesel-diesel blend. The blend up to 20%
shows 18.89% reduction in smoke compared to diesel [9]. In
order to enhance the performance of the engine, Vinukumar
et al. conducted the engine experiment with the addition of
coconut shell nanoparticles with diesel and biodiesel blend.
Without changing any modification, the engine shows better
performance with reduced NOx emission [10]. Similarly, the
engine operated with various blends of mahua biodiesel and
sardine fish oil biodiesel showed better performance com-
pared to diesel fuel [11, 12].

Waste plastics are a form of waste that is abundant and
may be utilised for generating electricity. Plastic
manufacturing has increased dramatically for the past three
decades, reaching more than 130 million tonnes per year
[13]. Synthetic polymers such as polyethylene, polypropyl-
ene, polyvinyl chloride, and polystyrene have seen a sub-
stantial increase in use for the last twenty years. These
materials are long-lasting and light-weight used for
households and industrial purposes but disposing of these
wastes is the serious issue by considering sustainable en-
vironment. The old and traditional plastic waste disposal
method followed in many parts of the world is land filing.
But it should not be disposed since these plastics are dis-
integrated for up to 1,000 years. As a result, a proper
recycling of these wastes should be identified by various
recycling processes such as mechanical, chemical, biological,
and thermal recycling. Biofuels made from waste materials
are garnering a lot of attention and interest because of their
numerous benefits and the availability of their feedstocks.
Many researchers have focused on biofuel generation by
utilizing agricultural residues and waste plastics through
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pyrolysis, hydropyrolysis, and catalytic cracking [14]. The
type employed for the study is based on the type of feedstock
material, precursor, and final form of fuel. The benefits of the
pyrolysis technique compared to other techniques for bio-
fuel production have been highlighted by several studies
[15, 16]. In pyrolysis, the waste solid particles are trans-
formed into liquid oil by applying heat up to 750°C with
maximum liquid yield of 60-70%. The bio-oil produced
from biomass materials on the other hand has unstable fuel
characteristics compared to mineral oil. The water content in
the bio-oil is the main drawback that decreases the energy
content of the fuel [17]. Co-pyrolysis process of biomass with
synthetic waste polymer may be explored to enhance the
stability of the produced oil. Polymers in the co-pyrolysis
process act as hydrogen donors with less hydrogen con-
taining lignocellulosic materials such as biomass. The plastic
wastes are generally having higher hydrogen molecules that
enhance the stability of the liquid product when pyrolyzed
with biomass materials compared to thermal biomass py-
rolysis [18]. From the data obtained from previous studies,
this process yields high-quality liquid products due to
synergetic effects [19-22] and can be utilised in internal
combustion engines.

During biodiesel synthesis process, a bulk quantity
(~40%) of solid waste is produced from the oil feedstocks.
For example, neem seed is a potential feedstock producing
neem seed oil. It is nonedible seed that contains up to 60% oil
kernel and 40% neem de oiled cake (NDC) [23, 24]. It is an
industrial by-product, and it has received higher interest
since it is available abundantly through many oil industries.
However, the major disadvantage with this feedstock is the
presence of excess oxygen. Therefore, utilization of liquid oil
obtained from thermal pyrolysis of raw NDC would result in
engine damage as well as the emission of CO, HC, and NOx.
By considering the above drawbacks, co-pyrolysis of NDC
with waste polymeric material is selected for making high-
grade liquid oil. Among all types of plastic wastes, poly-
styrene has attracted the attention of many researchers due
to higher volatiles and recovery rate [25]. At 2016, more than
54 million kg of expanded polystyrene wastes were recycled
into various forms. Normally, the waste recycling stations do
not accept expanded waste polystyrenes due to their higher
carbon footprints and higher processing charge [26]. On the
other hand, it is a low-cost raw material for the production of
fuels and valuable chemicals. These wastes produce less
gaseous products with less insoluble organic materials,
minimising the environmental effect caused by waste plastics
[27]. These are the main reasons to choose waste polystyrene
for oil extraction purpose. Polystyrene or waste thermocol is
used as a co-feed with biomass pyrolysis yielding high-
quality liquid oil due to a synergistic effect [28]. For the past
two decades, the researchers have hardly studied the be-
haviour of the various engines operated with co-pyrolysis oil
as a fuel. Previously, Mohapatra et al. [4] conducted various
analyses on IC engine using different blends of liquid oil
derived from sugarcane bagasse and thermocol wastes.
When compared to neat diesel oil, the authors found that 5%
blend has improved performance and emissions charac-
teristics. Pradhan et al. [29] studied engine performance
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analysis of diesel blended with pyrolysis oil obtained from
the mixture of mahua seeds and waste thermocol, and they
reported some decrement in BTE and NOx with increased
blend.

The present work in this series also focuses on the as-
sessment of performance and emission characteristics of
diesel engine using co-pyrolysis oil produced from NDC and
WT. The engine was investigated by using four different
blends of neat diesel and co-pyrolysis oil. The primary
objective is to explore the use of waste polymeric materials
and de oiled cake for the production of liquid oil and its
blend on diesel engine performance. There are no literatures
that focused on engine studies using different biodiesel
blends obtained from nonedible seed cake and waste

polystyrene.

2. Materials and Methods

2.1. Materials. Neem de oiled cake used for this study is
collected from local oil industries in Coimbatore, India. It is
rich in protein, with higher nutritional value. After oil ex-
traction, these cakes are processed for making fertilizers and
sometimes they are used for cooking purpose. The waste
polystyrene used for packing electronic goods was also
collected from local scrap vendors. The two feed materials
used for this study are complete industrial waste products.
The NDC was dried in open atmosphere for more than
15days and then oven dried at approximately 60°C for 12
hours. The waste polystyrene collected for this study is 95%
air with high volume. In order to reduce its volume, the
material was shredded and then dried at 100°C. Figure 1
shows the photographic views of the feedstock materials
used for this study.

2.2. Characterization. Various characterizations of the se-
lected materials are done to find the suitability for pyrolysis
process as displayed in Table 1. The analysis was carried out
by air dry basis. All the analyses are carried out by following
ASTM standard test procedures reported in Table 1. Parr-
6772 bomb calorimeter is employed to find the calorific
value of the feedstocks, oil, and tested fuel. After extracting
co-pyrolysis oil, the various properties such as density, ki-
nematic viscosity, flash point, fire point, cetane number,
carbon residue, and calorific value are analysed.

2.3. Pyrolyzer Setup. The co-pyrolysis experiments were
conducted to extract pyrolysis oil by utilizing lab-scale fixed
bed reactor. The reactor (diameter: 100 mm, length: 150 mm)
holds around 50 g of feed materials blended in the ratio of 1:
2 (NDC: WPS) per run. The experiments were repeated till
adequate amount of oil was extracted for this study under
the same operating conditions. Required amount of heat is
applied to the reactor via 2000 W electrical heater and
controlled by autotransformer which controls the heat input
rate. The reactor is maintained at 550°C which is measured
by two K type thermocouples positioned at two different
points. The evolved gases passed through a condenser to
convert condensable volatiles into liquid oil. The

temperature of the water in condenser circuit is maintained
less than 5°C.

2.4. Engine Setup. The engine setup used for this study is
Kirloskar make TV1 single-cylinder, four-stroke compres-
sion ignition type. The engine is attached with various pieces
of equipment to measure crank angle, pressure, airflow,
temperature, load, and fuel flow. The setup is also configured
with a manometer, fuel flow measurement system, air flow
measurement system, and process indicator. The engine is
generating a rated output power of 5.20kW. The swept
volume of the engine is found as 661.45 cc. Table 2 contains
the engine’s basic specifications. The gas emitted from the
engine is allowed through AVL type multigas analyzer to
compute the level of CO, HC, and NOx. The tests are carried
out on different blends of pyrolysis oil and diesel. Figure 2
shows the block diagram of the engine test-rig.

2.5. Characterization of Co-Pyrolysis Oil and Blends. The
pyrolysis and its blends with neat diesel, namely, B5, B10,
B15, and B20, are analysed for its basic fuel properties such
as viscosity, density flash point, fire point, cetane number,
carbon residue, and calorific value, and their values are
exhibited in Table 3. All the properties are measured in
accordance with ASTM standards. FTIR spectroscopy is also
employed to examine the functional groups present in the
co-pyrolysis oil. The FTIR spectrum data was taken in the
range 400-4000 cm ™" with 4cm™" resolution.

3. Results and Discussion

3.1. Pyrolysis and Its Product Characterization. During co-
pyrolysis experiments, a maximum of 73.4 wt% of pyrolysis
oil yield was obtained using feed ratio of 1: 2 (NDC: WPS) at
550°C reactor temperature. Table 4 describes the basic
properties of co-pyrolysis oil and its blends along with diesel.
The basic properties of diesel were somewhat changed when
it was blended with co-pyrolysis oil. During blends, the
density and kinematic viscosity are observed in increased
trends. The flash and fire points of the blended fuels are
increased up to B10; after that, the values are decreased till
B20. The cetane number of the raw co-pyrolysis oil is very
low compared to diesel, and the reductions in cetane number
with respect to higher blends are ascribed to the presence of
polystyrene contents [30]. The calorific value of the blended
fuel was directly impacted by the presence of oxygen in the
blend [31].

3.2. FTIR Analysis of Co-Pyrolysis Oil. The FTIR spectrum of
the co-pyrolysis oil is shown in Figure 3. The oil was found
with the combination of various aliphatic hydrocarbons with
the absorption peaks of 3100.66 cm ™' and 2833.55 cm ™. The
oxygenated compounds in the oil were shown by the ap-
pearance of C=0 stretching vibration at 1738.13 cm™ ', also
showing the existence of carbonyl group. The alcohols and
esters compound in the oil was detected by O-H stretching
vibrations at 3619.9cm ™" and C-O stretching vibrations at
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FIGURE 1: Feedstock material for co-pyrolysis oil. (a) Neem de oiled cake. (b) Waste polystyrene.
TABLE 1: Feedstock characteristics.
Material Volatile Fixed Moisture Ash Carbon Hydrogen Nitrogen Sulphur  Oxygen Calorific
matter carbon value
NDC 78.25 8.91 7.52 5.32 51.62 5.27 3.1 0.31 39.7 17.92
WPS 98.18 0.49 0.24 1.09 89.2 8.82 0.01 — 1.97 40.49
By ASTM ASTM By
Standard ASTM D3175 difference D3173 D3174 ASTM D5373 difference ASTM D445

TaBLE 2: Engine setup and specification.

Make and model Kirloskar TV 1

Four strokes, compression ignition, water

Type cooled
Coplpressmn 175:1
ratio

No. of cylinders Single
Rated power 52kW
Engine capacity 661 cc
Bore 87.5mm
Rated speed 1500 rpm
Stroke 110 mm
Injection pressure 210 bar
Dynamometer Eddy current
Start of injection 23°bTDC

1177.37 cm™". The N-H bend obtained at 1490.83 shows the
presence of amides in the liquid oil. The C=C stretching at
1430.27 cm ™" indicates the presence of aromatic compounds
in the co-pyrolysis oil. The C-H bending vibrations at
752 cm”" showed an indication of aromatic hydrocarbons or
arenes. The C-H bend that appeared at 674.31 shows the
presence of aromatic compounds in the oil sample. The
presence of strong aromatic compounds also occurred in the
previous study [32, 33].

3.3. Engine Performance Analysis

3.3.1. Brake Power. Figure 4 depicts the variance in braking
power with respect to engine load. The brake power of an IC
engine is generally defined as the power available at the

crankshaft. With increasing engine loads, the value of brake
power for all tested fuels exhibited in increased trend. The
brake power of the engine at full load conditions is 3.52, 3.45,
3.41, 3.3, and 3.18kW for diesel, B5, B10, B15, and B20,
respectively. Comparing with diesel, the result showed
1.99% and 3.13% decrement in brake power while the engine
is operated at B5 and B10. For B15 and B20, the decrement in
brake power was recorded as 6.25% and 9.66%, respectively,
compared to diesel. At higher load operating condition
beyond B10, a considerable loss in brake power was
recorded. The higher decrements in brake power beyond
B10 are due to inferior combustion properties of the fuel.
The higher viscosity, presence of oxygen, and reduced cal-
orific value decreased the engine brake power in all loads
[34]. The same trends also obtained on CI engine were
analysed by Pradhan et al. [29].

3.3.2. Brake-Specific Fuel Consumption. BSFC is basically
defined by the ratio of the amount of fuel spent in kg to the
engine’s unit power output in kWh at the same engine load.
It is the indicator used for the measurement of performance
of any fuel. The values of BSFC are always expected to be low
to the modified test fuels. Figure 5 shows the effect in BSFC
based on different loads. The blended fuels achieved higher
specific fuel consumptions for engine load than diesel oil due
to its lower energy content in contrast with diesel. So to
provide the same power output, the blended fuel requires
injecting more fuel than diesel. As the volume proportion of
co-pyrolysis oil to diesel oil increased, the value of BSFC
increased for all loads. The higher viscosity of the blended
fuels resulted in bigger fuel droplets due to poor atomiza-
tion, penetration, and air-fuel mixing. Hence, it deteriorates
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FIGURE 2: Block diagram of engine testing setup.

TaBLE 3: Blend type with diesel.

Co-pyrolysis oil + diesel percentage Blend name

0% +100% D

5% +95% B5
10% +90% B10
15% + 85% B15
20% + 80% B20

the burning and consumed higher fuel for specific output
power [35]. The value of BSFC goes to its minimum value for
all tested fuels as increased load might be due to the in-
creased in-cylinder temperature. At elevated load condi-
tions, the fuels can enter at proper condition to ignite to
produce improved combustion efficiency. The similar pat-
tern of output was also obtained from the previous re-
searchers [36, 37]. In comparison to diesel fuel, the
increment on the BSFC value is calculated to 3.85, 7.69,
19.23, and 26.92% for B5, B10, B15, and B20, respectively.

3.3.3. Brake Thermal Efficiency. BTE is an important
measure that demonstrates how the chemical energy of the
fuel can be transformed efficiently into mechanical energy
[38]. For any modified test fuel, the BTE is expected to be
high by the researchers. Accordingly, Figure 6 portrayed the
variation in BTE at different loads. The higher BTE value was
recorded with baseline diesel fuel for all loads, while the
lowest BTE value was recorded for B20 test fuel. The values
of BTE at 100% load are 31.76, 31.21, 30.11, 27.45, and
25.03% for diesel, B5, B10, B15, and B20, respectively. A
slight variation in BTE was recorded up to B10 blends. For
B5 and B10, the result showed 1.73% and 5.2% decrement in
BTE, whereas for B15 and B20 the values have changed to
13.57% and 21.19%, respectively. The higher variation in
BTE for B15 and B20 blends is consistent with the previous
literature, since the higher blends with higher heat loss have
higher fuel consumption [39]. The blend’s poor combustion
character produced low BTE due to its lower volatility, lower
calorific value, and increased viscosity. An improper burning

characteristic due to incomplete air-fuel is also the reason for
reduced BTE.

3.4. Emission Characteristics

3.4.1. CO Emission. Emission of CO is the effect of an in-
complete combustion that begins to increase when the fuel
cannot be oxidised or is oxidised insufficiently. Figure 7
shows the CO concentrations of diesel and blended fuels
with respect to engine load. At lower loads, the CO emission
value of blended fuels is closer to baseline diesel oil. For
example, at 20% load, the CO emissions of diesel, B,5 and
B10 are equal to 0.06%, whereas the values for B15 and B20
are 0.07% [40]. For a rated load of 40%, 60%, 80%, and 100%,
the emission values observed at B5 and B10 blends were the
same, and they are closer to neat diesel. At full load, the
values were increased as the volumetric blending ratio of co-
pyrolysis oil was increased. The increase in CO was less for
B5 and B10; however, these values are for B15 and B20. This
is due to the inefficient combustion, low volatility, and poor
fuel-air mixture caused by higher viscosity [41] and may be
endorsed to the presence of various chemical elements in the
co-pyrolysis oil [29]. The low cetane number of the fuel
causes the combustion to deteriorate with higher CO
emissions, as seen by the decreased in-cylinder peak pres-
sure. However, engine is operated with low to medium
blended fuel at medium load, the level of increase in CO
emissions is moderate and has no practical implications.

3.4.2. HC Emission. Figure 8 illustrates the emission of HC
concentrations based on engine load. Reduced loads resulted
in lower HC emissions, whereas higher loads resulted in
higher HC concentrations. The higher level of HC emissions
is source d from incomplete combustion of fuel-air mixture.
At 100% load, conditions for baseline diesel fuel HC
emission varied from 23 ppm at 20% load and 29 ppm. For
B5 and B10, it changed from 25 ppm and 26 ppm to 30 ppm
and 31 ppm at 20% load to 100% load, respectively. In this
study, increased blend increases the emission of HC. The
increase in HC emission was less in case of B5 and B10,
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TABLE 4: Properties of the fuel.

Items Co-pyrolysis oil B5 B10 B15 B20 Diesel
Density (kg/m3) 1005 875 895 910 925 850
Kinematic viscosity (cSt) 4.28 3.95 4.12 4.15 4.20 39
Flash point (°C) 72 52 61 58 56 57
Fire point ("C) 75 61 73 68 65 67
Cetane number 24 40 38 35 33 50
Carbon residue 1.3 0.4 0.7 0.9 1.0 0.1
Calorific value in M]/kg 40.3 42.76 42.62 42.10 41.7 43.60
Elemental analysis in wt%

C 80.2 — — — — 86.5
H 9.5 — — — — 13.2
N 0.34 — — — — 0.02
S 0.01 — — — — 0.24
o* 9.95 — — — — —
H/C molar ratio 1411 — — — — —
O/C molar ratio 0.093 — — — — —
Empirical formula CH,.41N0.00300.003 - - - — —

“Percentage of oxygen =100% — (C% + H% + N% + S%).
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though the values are more for B15 and B20. At 100% load,  increment on the HC value is calculated to 3.45, 6.9, 17.24,
the emission of HC for B15 and B20 is recorded as 34 ppm  and 24.14% for B5, B10, B15, and B20, respectively. The
and 36 ppm, respectively. In comparison to diesel fuel, the  increased HC values for increased blends are caused by the
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poor atomization, air-fuel mixing, and vaporization. The
lower cetane number of the fuel causes longer ignition delay,
increasing the impinging of fuel spray [42]. The presence of
aromatic hydrocarbons in co-pyrolysis oil also enhanced the
emission of HC since it is not breaking during combustion
[43].

3.43. NOx Emission. NOx is another one important
emission parameter which is formed inside the combustion
chamber by the combination of nitrogen and oxygen. It is
closely related to engine load since the formation is tem-
perature dependent [44]. Figure 9 depicts the generation of
NOx for various tested fuels. For diesel, NOx emission
values are varied from 140 ppm at 20% load and 570 ppm at
100% load. For B5 and B10, the NOx emissions are varied
from 142 to 144 ppm at 20% load and 576 to 584 ppm at
100% load. In general, more pyrolysis oil blends with diesel
resulted in higher NOx emissions. The generation of NOx is
often aided by higher oxygen levels in the combustion
chamber [45]. Similarly, co-pyrolysis oil produced from

waste polystyrene and neem de oiled cake has certain ox-
ygenated hydrocarbons, promoting the formation of NOx
during combustion.

4., Conclusion

Co-pyrolysis oil from neem de oiled cake and waste poly-
styrene with the blend ratio of 1:2 were produced at the
temperature of 550°C and blended with diesel to make
different blends such as B5, B10, B15, and B20. The ex-
perimental results showed that B5 and B10 have quite related
output properties like diesel. The BTE for all blended fuels is
lower than diesel at all load conditions due to reduced
calorific value. The value of BSFC increases with higher
blend and decreased with increased load. The value of CO,
HC, and NOx emissions increased as the amount of co-
pyrolysis oil in the blend increases. Up to 10% blend, the
decrement in engine performance and increment in engine
emission are very minimal. From the results, it can be
understood that the liquid oil derived from neem de oiled
cake and waste polystyrene can be used as a promising
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additive for fossil fuels. Further improvement can be pos-
sible by adding nanofuel additives, engine modification such
as thermal barrier coating, and exhaust gas recirculation.

Nomenclature

NDC: Neem de oiled cake

WPS:  Waste polystyrene

BTU:  British thermal unit

IC: Internal combustion

CL Compression ignition

BP: Brake power

BTE:  Brake thermal efficiency

BSFC: Brake-specific fuel consumption

CO: Carbon monoxide

HC:  Unburnt hydrocarbon

NOx:  Oxides of nitrogen

ASTM: American Society for Testing and Materials
C: Carbon

H: Hydrogen

N: Nitrogen

S: Sulphur

FTIR: Fourier transform infrared spectroscopy.
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The demands for high-strength concrete (HSC) have been increasing rapidly in the construction industry due to the requirements
of thin and durable structural elements. HSC is highly brittle. Therefore, to augment its ductility behavior, expensive fibers are
used. These negative drawbacks of HSC can be controlled by incorporating waste materials into its manufacturing instead of
conventional ones. Therefore, this study assessed the performance of HSC produced with different quantities of waste tire steel
fiber (WSF) and fly ash (FA). WSF was used at two doses, namely, 0.5% and 1%, by volume in HSC, with low-to-medium volumes
of FA, that is, 10%-35%. The studied durability parameters included rapid chloride permeability (RCP) and chloride penetration
depth (CPD) by immersion method (28 and 120 days) and acid attack resistance (AAR) (28 and 120 days). Various basic
mechanical properties of HSC were also analyzed, such as compressive strength (fcn), modulus of elasticity (Ecym), splitting-
tensile strength (fcrv), and modulus of rupture (fcgra). The results revealed that the damaging effect of WSF on the RCP resistance
of HSC is probably due to the high conductivity of steel fibers. However, test results of CPD showed that WSF produced in-
significant changes in chloride permeability of HSC. Furthermore, when made with FA, WSE-reinforced HSC yielded very low
chloride permeability. Both WSF and FA contributed to the improvement in the AAR of HSC. WSF was highly useful to tensile
properties while it showed minor effects on compressive properties (fcp and Ecyy). Optimum ductility and durability can be
achieved with HSC incorporating 1% WSF and 10%-15% FA.

1. Introduction

The impacts of cement concrete manufacturing and its uses
are quite complex to comprehend. Some impacts are pos-
itive, and others are negative, depending on the situation.
Portland cement is the vital ingredient of concrete that has
various environmental, economic, and social impacts. The
impacts of cement also contribute to those of the concrete.
The cement industry alone releases about 7% of the total
greenhouse emissions produced all over the world [1]. Rapid

growth in urban populations and the requirement of
modern infrastructure have increased the demand for ce-
ment, which consequently reflects badly on the quality of the
environment and social life. About 0.7-1 kilogram of global
warming gases is produced due to 1-kilogram production of
Portland cement, depending on the type of energy source
and technology employed to manufacture cement [2]. While
the other ingredients of concrete such as sand and gravels
have a small CO, footprint, their cost and CO, footprint
largely depend on their transportation distances between the
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quarry and concrete batching plant. Therefore, about 85% of
emissions of cement concrete are dependent on the binder
constituent of concrete [3, 4]. The most effective way to
control the environmental impact of concrete is to minimize
its cement consumption. This can be achieved by the uti-
lization of industrial waste powders that possess pozzola-
nicity and hydraulicity. The substitution of a small and
medium volume of cement with these waste powders can
drastically reduce the CO, footprint of concrete. However,
the efficacy of potential cement substitution materials should
be assessed properly in terms of their contribution towards
durability and mechanical performance. The cost to strength
[5, 6] or CO, footprint to strength ratio analysis [7] should
always be performed to judge the technical performance of
cementitious materials.

Fly ash (FA) is a common waste mineral powder, which
is a product of pulverized fuel ash burning for electric power
generation. FA incorporation into cement concrete cannot
only decrease the CO, footprint of concrete, but it can also
resolve waste disposal problems associated with high vol-
umes of coal ashes. FA can help in gaining a circular
economy in modern-day concrete manufacturing. Pakistan
relies heavily on nonrenewable supplies of energy, such as
coal-fed power plants. Therefore, abundant supplies of FA
are available in this country. FA is rich in alumina-silica, and
it has minor amounts of calcium and iron oxides. It qualifies
as a potential cement replacement material [8]. The effects of
FA on the properties of concrete have been studied properly.
It helps in the slow consumption of residual portlandite
Ca(OH), and positively affects the resistance of concrete
against water absorption, chloride attack, and drying
shrinkage [9-11]. Low levels of FA can cause minor im-
provements in the mechanical performance of concrete [12],
but its high levels drastically reduce mechanical strength
[7, 13]. The degree of the effectiveness of FA depends on its
fineness, chemical composition, and unburnt carbon con-
tent [14-17]. Generally, FA with high fineness and low
carbon content is considered suitable for concrete
applications.

Due to the increasing information gained related to
material availability, design, and construction techniques,
the practical scope of high-strength concrete (HSC) appli-
cations has been expanded dramatically. Rising inclination
towards lightweight elements, large spans in buildings and
bridges have increased the demands for HSC. However,
there is a faction among designers unwilling to use HSC
owing to its some drawbacks compared to conventional
normal strength concrete (NSC) [18]. To begin with, HSC
has a low fcry compared to its foy. The increase in the
strength class of concrete reduces the ratio between fcry and
fou [19]. This means that the gain in fery achieved due to
the low water-cement ratio is not proportional to the gain in
fcm- Due to low ductility, HSC is extremely brittle in fire
temperatures. Due to a dense microstructure, the fire re-
sistance of HSC is incredibly lower than the NSC [20].

The brittleness issue of HSC can be addressed by using
fibers. Various options for fiber reinforcements are available,
such as steel, carbon, polypropylene, polyvinyl, and glass
fibers [21-23]. The use of fibers substantially enhances the
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tensile and fracture toughness of HSC. The selection of fiber
type varies depending upon the application of HSC. Fiber
addition is highly useful in enhancing fcry and flexural
strength fcry of HSC [22]. In short, fibers can overcome the
inherent issue of brittleness associated with both plain HSC
and NSC. Research has shown the negative effects of fiber
addition on the economy and the environmental impact of
concrete [24]. High transportation distances significantly
increase the cost and CO, footprint of fibers [24]. Their small
doses can noticeably increase the cost and CO, footprint of
concrete. Fiber addition also requires technical supervision;
it creates workability issues when used in HSC. Therefore,
the use of additional measures and materials to control the
quality of concrete can increase the final cost. Therefore, the
selection of fiber type should be made based on a com-
prehensive cost to benefit ratio analysis.

The development of ductile, cheap, and environment-
friendly HSC is not possible without considering the less
energy-intensive fibers compared to industrially manufac-
tured fibers available at distant locations. Currently, re-
searchers are investigating the potential of waste tire steel
fibers (WSF) as the fiber reinforcement in cement concrete.
Since WSF is composed of ultra-high-strength steel wires,
which are designed for good fatigue resistance, it can become
a potential fiber reinforcement material. WSF behaves
similar to virgin steel fiber to a great extent, considering the
properties of ultra-high performance concrete [25]. Con-
sidering the wider availability of old waste tires, WSF can
become a local fiber-reinforcement material in all regions of
the world, so high transportation costs can be avoided by
adopting WSF instead of industrial fibers.

New steel fiber and WSF behave similarly as fiber re-
inforcement due to the same material. Small doses of WSF
can be useful to fou of concrete, whereas using a large dose
of WSF can lessen the fcy of concrete [26]. A high dose of
WSE increases the porosity of concrete due to workability
issues that reflect badly in terms of compression stiffness of
concrete [26]. WSF can postpone the collapse of concrete
under compression; it can ensure ductile and slow cracking
with a significant warning before collapse [27]. The effect of
WSF on the properties of concrete significantly depends on
the length, shape, texture, and residual rubber content of
fiber [28]. The incorporation of 0.46% volume of irregular-
shaped WSF in concrete improved its for by 25% [29]. At
the same volume of 0.75% WSF and new steel fibers, fory of
concrete increased by 28% and 26%, respectively, whereas by
the use of WSF carrying mixed filament lengths, fory of
plain concrete was increased by about 50% [30, 31]. Similar
to compressive behavior, the postpeak flexure response of
concrete depends on the type, dose, and the number of
filaments per unit volume. fcgry of concrete significantly
increases with the rise in WSF dosage [32, 33]. WSF provides
a crack-arresting mechanism that helps in delaying the onset
of rupture failure of concrete [31, 34-37].

The incorporation of FA and WSF into HSC can inte-
grate the benefits of ductility, durability, and ecofriendliness.
The simultaneous use of waste mineral admixtures and fibers
proves beneficial in three different ways: (1) fine particles of
mineral admixtures can improve the distribution of
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filaments throughout the matrix of concrete [38], [39]; (2)
mineral admixtures increase the interface between filaments
and binder matrix that improves the bond performance of
fibers [40, 41]; and (3) some mineral admixtures reduce the
water demand of concrete due to their slow hydration and
filling action, hence reducing the requirement of water-re-
ducing agents to maintain the workability of fiber-reinforced
concretes [42-45]. Due to these benefits, fibers and mineral
admixture addition show some synergistic results on the
performance of concrete [9]. There are very few studies that
investigate the combined behavior of FA and WSF. How-
ever, many studies are available related to the combined
behavior of industrial fibers and waste mineral admixtures
(i.e., FA, silica fume, slag, etc.) [46-48]. The combined
behavior of WSF and mineral admixture was studied by
Mastali and Dalvand [27]. They found that the combined
addition of silica fume and WSF improves the overall
toughness and strength of concrete.

Very little information is available on the durability
behavior of HSC made with the combined incorporation of
WSF and FA. Moreover, information on mechanical be-
havior is also deficient. Due to already explained environ-
mental, economic, and ductility benefits, the combined effect
of WSF and FA should be properly investigated on the
properties of HSC. Therefore, this research aimed to evaluate
the effects of different combinations of FA (0, 10, 15, 25, and
35%) and WSF (0, 0.5, and 1%) on the properties of HSC.
The examined durability parameters involve RCP and CPD
by immersion method (at 28 and 120 days) and AAR (at 28
and 120 days). Various basic mechanical properties of HSC
were also studied experimentally, such as fon, forms forms
and Ecy. The findings of this research fill an important
research gap related to the durability of waste tire steel fiber-
reinforced concrete. Moreover, the combined effect of FA
and WSF on both durability and mechanical properties of
HSC has never been studied before.

2. Materials and Methods
2.1. Constituent Materials

2.1.1. Binding Materials. HSC mixes were prepared with 53-
grade cement, which was used as the major binder. It is
qualified as “Type-I cement” per ASTM C150 [49]. FA
containing a low percentage of lime was acquired from a
local coal power plant. It was a by-product of bituminous
coal. The generation of FA was estimated to be 10% of the
annual cement production of Pakistan. The composition of
the FA is Class F type, known for pozzolanicity potential but
low hydraulicity. Important properties of FA and 53-grade
cement are given in Table 1.

2.1.2. Aggregates. Quarry sand of “Lawrencepur” was used
as fine aggregate to manufacture HSC. This sand is rec-
ommended for good-quality concrete production in Punjab,
Pakistan. This coarse-grained sand has a good distribution of
particle sizes and has a “fineness moduli” of 2.92. Crushed
dolomite sandstone was used as coarse aggregate. This ag-
gregate was derived from Kirana Hills of Sargodha, Punjab,

Pakistan. Engineering properties of fine and coarse aggre-
gates are given in Table 2, which were important inputs in
the mix design procedure of HSC. The diversity in particle
sizes of both “quarry sand” and “crushed coarse aggregate” is
shown in Figure 1. The maximum aggregate sizes for “fine”
and “coarse” aggregates are 4.75 and 12.5 mm, respectively.

2.1.3. WSF. WSF used in this research was derived from old
waste tires of truck vehicles. The tire-bead wires, when re-
moved from waste tires, contained residual rubber. There-
fore, heat treatment was applied to remove the rubber
particles from steel wires. Removing rubber particles is
necessary to ensure a good bond between fibers and the
matrix of the concrete. Moreover, rubber reduces fcy of
concrete owing to its low density [28]. Finally, clean steel
wires were chopped into lengths of about 30 mm. WSF
consists of spun filaments as can be noticed in Figure 2. The
diameter of each filament was about 1.2mm. WSF also
contains microsteel wires that were twined around the main
filament in the tire bead. These small wires may provide
hybrid (mixed-length and mixed-diameter effects) of fibers
on the properties of HSC.

2.1.4. Water-Reducing Agent and Water. The desired
workability of an HSC mixture was achieved by using a
commercial third-generation water-reducing agent “Vis-
coCrete 3110.” It also helped in controlling the drop in
workability due to the addition of WSEF. Tap water from the
concrete laboratory was used in the preparation and curing
of HSC mixes. It has a pH of 7.9 and total dissolved solid
content of 170 mg/L.

2.2. Design HSC Concrete Mixes with Different Combinations
of WSF and FA. In this research control or reference, HSC
was designed for a cubical fcy; of 70 MPa. This strength class
was achieved by employing a water-binder ratio of 0.30. In
order to achieve good workability (a slump value of
190-210 mm), the “ViscoCrete 3110” water-reducing agent
was used at 0.75% by weight of binder in reference HSC.
Details about the composition of a reference mix are given in
Table 3. In HSC, FA was used at five different levels, 0%, 10%,
15%, 25%, and 35%, by volumetric replacement of cement.
Since FA is lighter than cement, the replacement of cement
with FA should be done by volume. Then, with each in-
corporation level of FA, three different doses of WSF, 0%,
0.5%, and 1%, by a volumetric fraction of concrete were
used. Therefore, the experimental campaign studied a total
of 15 concrete mixtures. Details of all 15 mixes are given in
Table 3. It is worth mentioning here that plain HSC mixtures
containing FA achieved the required range of workability at
0.75% dose of water-reducing agent, while all fiber-rein-
forced HSC mixes required a 1% dose of water-reducing
agent to achieve desirable workability. The workability was
because the use of WSF increased the stiffness of fresh
concrete. Therefore, the loss in workability due to the fiber
addition was compensated with a high dose of plasticizer. All
plain mixtures (without fibers) (serial nos. 1, 4, 7, 10, 13)
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TaBLE 1: Engineering characteristics of binders used in this study.

Chemical properties

Physical properties

Binder

CaO ALO; SiO, Fe, 03 LOI PSG Density (kg/m?) SSA (m*/kg) Soundness (%)
FA 4.3 28.4 61.0 34 1.4 2.31 1128 345 —
Cement 64.2 6.7 23.9 4.3 4.7 3.12 1441 321 0.09

LOL: loss on ignition; PSG: particle specific gravity; SSA: specific surface area.

TaBLE 2: Engineering characteristics of aggregates used in this research.

Particle size (mm)

A te t WA (% PSG M
ggregate type Max Min (%)

Quarry sand (fine aggregate) 4.75 0.075 0.76 2.66 2.92
Crushed sandstone (coarse aggregate) 12.5 2.36 0.79 2.72 —

WA: water absorption at 24 hrs; PSG: particle specific gravity; FM: fineness modulus.
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FIGURE 1: The aggregate size gradation curves of (a) quarry sand and (b) coarse aggregate following ASTM C33 [50].

e
Macro-filaments®

FIGURE 2: An overview of a random sample of WSF.

attained a slump value of 180-210 mm, while WSF-rein-
forced mixes (serial nos. 2, 3, 5, 6, 8, 9, 11, 12, 14, and 15)
attained slump values of 125-145 mm.

2.3. Mixing Method. HSC mixes containing WSF (serial
nos. 2, 3,5,6,8,9, 11, 12, 14, and 15) were mixed in four
continuous stages: (1) in the first step, cement, FA, and

aggregates were mixed in machine mixer for 2 mins at a
speed of 40 rev/min (revolutions per minute); (2) in the
second step, half the amount of water and water-reducing
agents were added to mix and blend in machine mixer
continued for 2 mins at a speed of 40 revs/min; (3) in the
third step, the remaining quantities of water-reducing
agent and water were added and mixed, and blending was
done at high speed of 60 rev/min for 2 mins; and (4) in the
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TaBLE 3: Information about the composition of concrete mixtures.
Serial. Mix ID FA WSF  Cement FA Fine aggregate = Coarse aggregate WSF Water Sp
no. (%) (%) (kg/m’) (kg/m’) (kg/m?) (kg/m?) (kg/m?) (kg/m®) (%)
1 FOWFO 0 500 0 865 904 0 150 0.75
(Ref) 0

2 FOWEFO0.5 0.5 500 0 859 898 39 150 1
3 FOWF1 1 500 0 852 891 78 150 1
4 F10WFO0 0 450 37 865 904 0 150 0.75
5 F10WF0.5 10 0.5 450 37 859 898 39 150 1
6 F10WF1 1 450 37 852 891 78 150 1
7 F15WEFO0 0 425 56 865 904 0 150 0.75
8 F15WF0.5 15 0.5 425 56 859 898 39 150 1
9 F15WF1 1 425 56 852 891 78 150 1
10 F25WF0 0 375 93 865 904 0 150 0.75
11 F25WF0.5 25 0.5 375 93 859 898 39 150 1
12 F25WF1 1 375 93 852 891 78 150 1
13 F35WF0 0 325 130 865 904 0 150 0.75
14 F35WF0.5 35 0.5 325 130 859 898 39 150 1
15 F35WF1 1 325 130 852 891 78 150 1

fourth stage, measured quantities of WSF were charged
into the mixer, and machine mixing was done for 4 mins
at 80revs/min to ensure proper dispersion of cement
particles and fiber filaments. Plain mixes (serial nos. 1, 4,
7, 10, 13) were mixed in the first three stages which were
used for the mixing of WSE-HSC mixes.

After completion of mixing, fresh concrete mixtures
were tested for the slump, and mixes qualifying the work-
ability requirements were proceeded for casting. During the
casting stage, the machine mixer kept running at a low speed
of 40 rev/min. Casting was completed within 4-5mins of
completion of the mixing stage.

2.4. Sample Details and Testing Methods. Six cubes of 100 mm
dimensions were prepared for each mixture. The fcy was
determined at 28 and 120 days; three cubes of each mix were
tested at one age. The standard of testing was followed as per
ASTM C39 [51]. The testing setup is shown in Figure 3(a).
Cylindrical samples of 100 mm diameter and 200 mm height
were cast for Ecyy testing, as shown in Figure 3(b). Three
cylinders per mix were cast, of which were tested at 28 days
and the remaining three 120 days. The standard of testing was
adopted from ASTM C469 [52]. This test was performed to
estimate the effect of WSF on the ductility of samples. For this
purpose, cylindrical specimens of “100mm diameter and
200 mm” height were prepared. Three replica samples of each
mix were tested at 28 days. The standard of testing was
adopted from ASTM C496 [53]. The testing overview is
shown in Figure 3(c). “Flexural strength” or “modulus of
rupture fcpy is a tensile property of concrete that is
employed in the design equations of flexural elements, such as
slabs and pavements. For each mix, three specimens having
dimensions of 100 mm x 100 mm x 350 mm were tested for
the calculation of fcrm. form Was determined under the third-
point loading method adopted from ASTM C1609 [54]. The
test setup is shown in Figure 3(d).

The chloride durability is an important characteristic of
concrete that tells about the life of a reinforced structural
element. RCP test was conducted on 100mm diame-
ter x 50 mm height disc specimens of each mix. The test
method was adopted from ASTM C1202 [55]. RCP test was
performed by maintaining a potential difference of 60 volts
for the duration of 6hrs. The overview of RCP testing is
shown in Figure 4.

Chloride-ion penetration depth (CPD) by immersion
method was also measured to understand the effects of WSF
and FA on the permeability of chloride ions in the absence of
applied voltage. Since WSF addition highly increases the
electrical conductivity of HSC [43], it becomes more con-
venient to adopt the natural process of measuring chloride
penetrability of HSC rather than the RCP test, to avoid
wrong interpretation of RCP test results of steel fiber-
reinforced concretes. For the immersion test method, six
cylindrical specimens (100 mm height x 100 mm diameter)
of each mix were cured in tap water for 28 days, and then air-
dried for 3 days at room temperature. These air-dried
specimens were then soaked in a 10% solution of sodium
chloride (NaCl) salt. CPD was then measured by spraying 0.1
normality solution of silver nitrate (AgNOj3) salt, on the split
surfaces of NaCl conditioned samples after periods of 28 and
120 days. Three replica samples were tested at each age to
determine the average CPD value of each HSC mix.

Measuring the AAR of HSC is very important, as there
are some applications where concrete experiences harsh
acidic environments, such as in components of sewerage
networks. Method of AAR testing was adopted from a
previous study [9], where AAR was measured by quantifying
the differences between fresh samples and acid exposed
samples. For AAR testing, three replica specimens (100 mm
cubes) of each mix were cured in tap water for 28 days. These
specimens were then air-dried at room temperature for 3
days. Then, the samples of all mixes were exposed to sulfuric
acidic (H,SO,) solution of 5% concentration. The change in
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FIGURE 3: Overview of mechanical testing. (a) Compression test on 100 mm cubes. (b) Overview of axial testing for ECM de-
termination. (c) Splitting-tensile test on “100 mm x200mm” cylindrical samples. (d) Overview of flexural testing on

“100 mm x 100 mm X 350 mm” prismatic samples.

FIGURE 4: Overview of RCP testing.

the mass of specimens was measured after exposure periods
of 14, 28, 56, and 120 days.

3. Results and Discussion

3.1. Compressive Properties

3.1.1. Compressive Strength (fcar). fom of all fifteen mixes at
the ages of 28 and 120 days is shown in Figure 5. Both FA
and WSF addition showed mixed effects of fc); depending

on their percentage in an HSC mix. The 28 days fcu of HSC
was increased by 6% at 10% FA addition. This improvement
in fep was credited to the effective filling effect and de-
velopment of pozzolanic products [12, 15]. While fop of
HSC decreased notably compared to the reference mix, with
the rising level of FA. This could be blamed on a reduction in
the overall lime content of the binder. Although smaller
particles of FA provided a filling effect, at a high level, FA
fails to develop necessary reactions responsible for strength.
As FA particles reacted slowly with available portlandite,
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FiGure 5: Effect of FA and WSF combinations on compression testing results of concrete.

HSC mixtures containing 10-15% developed noticeably (i.e.,
7-11%) higher fou than the reference mix. While mix
containing 25% FA showed fc); similar to the reference mix
at 120 days.

0.5% WSF improved fcum by about 6.5% and 10% at 28
and 120 days, respectively. While 1% WSF did not show a
significant effect on fcy generally on all five types of plain
mixes (1, 4, 7, 10, 13). At a high-volume fraction, the negative
effect of WSF can be blamed on an increase in porosity and
heterogeneity in the HSC matrix. A high volume of fibers
produces small void pockets that decrease the efficiency of
fibers contributing to the compression stiffness of concrete.
Similar behavior was observed with WSF in another study
[37]. Moreover, new steel fiber also showed mixed effects on
fcm of HSC with varying doses [56, 57]. High volume doses
of fibers were not effective in increasing the peak-load ca-
pacity, but these were beneficial to the postpeak response.
The high volume of WSF restricted the sharp failure and
helped in sustaining a noticeable residual strength after peak
load. The failure patterns of plain HSC and WSF-HSC are
shown in Figure 6.

The combined effect of WSF and FA on fcy of HSC at 28
and 120 days can be observed in Figure 7. Maximum fcy was
shown by HSC containing 0.5% WSF and 10-15% FA be-
cause both 0.5% WSF and 10-15% FA were individually
helpful to fous therefore, their combined addition signifi-
cantly improved fcp. Mix no. 5 (FIOWFO0.5) showed 19%
and 21% greater fcy than reference mix at 28 and 120 days,
respectively. It is also worth mentioning that, due to the
increase in age and hardening of the binder with 10-15% FA,
1% WSF showed a similar effect on fcp compared to 0.5%
WSF at 120 days. An increase in age may improve the bond
of fibers with HSC’s matrix. Therefore, FIOWF1 showed
performance similar to FAIOWF0.5 at 120 days.

At 120 days, maximum fcyp was shown by FA15WEFO.5,
which was 22% higher than that of the reference mix. At 120
days, mixes incorporating 0.5-1% WSF and 10-25% FA
showed noticeably higher fcy; than the reference mix. These

results showed the usefulness of ecofriendly FA and WSF in
improving fcy. The combined addition of FA and WSF not
only improves the mechanical and ductility performance of
HSC but also can substantially decrease cost and carbon
footprint due to a reduction in cement quantity.

3.1.2. Modulus of Elasticity (ECM). Ecy is a measure of
compression stiffness of concrete significantly within the
elastic limit state of the material. The results of all HSC
mixtures with different combinations of FA and WSF are
shown in Figure 8. The relationship between WSF, FA, and
relative Ecy of HSC is shown in Figure 9.

The addition of 10% FA showed a small improvement in
Ecym of HSC. In contrast, the 28-day Ecy of HSC decreased
considerably with the rising FA percentage. While, at 120
days, Ecy of HSC containing 10-15% FA was comparable
with that of the reference HSC. Small percentages of FA can
increase the compression stiffness by decreasing the pore
size. The filling effect of small FA particles can cause a small
increase in the density of concrete that improves the
compressive stiffness, while pozzolanic activity also con-
tributes to strength at lower levels of FA [7, 58]. In contrast,
high-volume FA addition decreases the pozzolanic activity
and inactive filler content of concrete increases. This slows
the strength development and reduces Ecy [59].

Literature has shown insignificant effects of new steel
fibers on Ecy; [60] because fibers do not activate when the
loading is well within the elastic limit of concrete. Therefore,
Ecym of HSC entirely depends on the development level of
basic ingredients of concrete. The addition of 1% WSF
proved detrimental to Ecy as it caused a small reduction of
2-5% in Ecy because, at a high-volume fraction, the density
of concrete might decrease due to the poor dispersion of
fibers. 1% new steel fiber addition also showed a negative
effect on Ecyy [60]. Very few studies investigated the axial
stress-strain characteristics of WSF-HSC mixes. A study
showed a small increase (1-8%) in Ecy of ultra-high
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FIGURe 6: Compression failure. (a) Cube with 0% WSF. (b) Cube with 1% WSEF.
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FIGURE 7: Relationship between FA, WSF, and relative fcy; values of HSC: (a) 28 days and (b) 120 days.

performance concrete due to 2-3% volume of WSF [61]. In
contrast, a lot of efforts are still required towards under-
standing the effects of WSF on Ecy; of concrete as the de-
ficiency on this topic has been highlighted in a recent review
study [62]. However, from this study, it can be concluded
that 0.5% WSF proved to be useful to Ecy;, while 1% WSF
slightly lowered the Ecp.

The maximum Ecyy, 4-5% higher than reference HSC,
was shown by HSC containing 10% FA and 0.5% WSF at
both 28 and 120 days. The negative effect of 1% WSF was
more pronounced in HSCs containing a high volume of FA
because increasing FA content in the binder decreased the
matrix strength and eventually the bond performance of
WSE. The low strength of the matrix weakened the grip over
fibers; hence, it decreased the efficiency of WSF. In contrast,
the negative effect of 1% WSF on Ec); was more pronounced

at 28 days in the HSC mix with a high volume of FA
compared to the Ecy of these mixtures at 120 days. As the
age of HSC increased, the negative effect of 1% WSF on Ecy
reduced because the hardening of binder paste improves the
bond performance of fibers [41].

3.2. Tensile Properties

3.2.1. Splitting-Tensile Strength (fcrar). form was found out
by conducting a split-tensile test on standard cylindrical
samples of all mixes. The average fory of each HSC mix with
standard deviation value is shown in Figure 10. Brittleness is
a major issue with the application of HSC because it has a
small fcry value compared to the respective foy. Therefore,
the fiber addition becomes a viable option to increase the
ductility and fire resistance of HSC. As can be seen from the
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results, WSF proved very useful in advancing the tensile
strength of HSC. An overall improvement of 32% and 42%
was noticed in fcry of HSC (containing 0% FA) at 0.5% and
1% WSF addition. Studies have shown positive effects of
WSF on form [63]. This improvement, as observed with
industrial fibers, is credited to the crack-arresting behavior
of WSF [27]. FA addition showed a negative effect on fcry of
HSC. FA higher than 10% caused a drastic decline in tensile
strength, whereas 10% replacement of cement with FA
caused a small 2% increase in fcy. In contrast, 15, 25, and
35% FA addition reduce fcrym of HSC by 8, 22, and 36%,
respectively, because the decrease in strength development
with the rising FA percentage in a binder and the filler effect
of FA particles does not contribute to tensile strength.

The combined addition of 1% WSF and 10% FA showed
an increase of 49% in fcyv of HSC compared to the reference
HSC mix. This showed using a smaller percentage of FA as
cement replacement can synergize the benefits of using FA
and WSF together. There was a certain improvement in the
bond strength of WSF with the addition of 10% FA in the
binder matrix. This has been observed with the combined
use of FA (at a small level) and industrial steel [9] and glass
fibers [58]. FA particles being spherical and smaller than
cement particles can improve the particle packing in the
binder matrix of HSC, in addition to the pozzolanicity
potential of FA. These positive effects of a small percentage
of FA reflect the improvement of the bond performance of
fibers.

WSF has shown some positive effects on high-volume
FA-HSC mixes. As we know, FA is ecofriendly and the cost
and carbon footprint of concrete significantly drops when it
replaces cement in the binder [7], but it badly affects the
tensile performance of HSC. Therefore, WSF can help in
controlling the drop of fcry due to the addition of a high
volume of FA. The more important observation here is that
HSC made with 25% FA and 1% WSF showed higher form
than the reference HSC mix. The mix made with both FA
and WSF was not just better in fory than the reference mix,
but it was also ecofriendly and cheap compared to the
reference mix. WSF addition was not just useful in in-
creasing the load at which HSC failed under splitting action.
It was also very beneficial in containing the crack-width after
the peak load, as shown in Figure 11. After the peak load,
WSEF-reinforced HSC possessed high residual strength than
the plain HSC mix.

The net effect of WSF addition on fcry of HSC was
reduced with the rising FA level in the binder. As FA de-
creased the strength of HSC, the grip of the binder over WSF
weakens. Therefore, the net increase in fory due to WSF
addition was significantly influenced by the binder
composition.

The ratio between fory and foy of each HSC mix is
shown in Figure 12. This ratio can be used to assess the
ductility of a particular concrete mix. A higher value of the
ferm/foum ratio indicates high ductility, while a lower value
shows low ductility. It can be observed that the use of fibers
increased the form/fom of HSC. The increase in form/fom of
HSC was proportional to the reinforcement index. Figure 12
also showed that fcry of HSC increased from 6.7% to 9.3%
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of fom as WSF content increased from 0 to 1%. ferm/fom of
FA mixes went on decreasing with the rise in FA content.
This showed that the brittleness of concrete increased when a
high volume of FA was used. The relationship surface be-
tween FA and WSF contents and relative or normalized fery
is shown in Figure 13. According to this surface, maximum
relative fcry of HSC was achieved within 0-15% FA and
0.5-1% WSF contents. On the contrary, the lowest relative
fcrm was shown by mixes incorporating 35% FA for a given
content of WSE.

3.2.2. Modulus of Rupture (fcram)- fcrm is another indirect
measure of the tensile capacity of cement-based composites.
The effect of different combinations of FA and WSF on fcrum
of HSC is shown in Figure 14. The variation in fcrym results
with the changing FA and WSF contents was similar to that
observed in the case of fcrym results. However, fcry was
highly sensitive to WSF addition compared to form.
Comparing the results of foum, Ecm» form, and form revealed
that WSF addition yielded maximum benefits to fcrm.
Similar to WSF, other industrial fibers (steel, coconut, glass,
polypropylene, etc.) [43, 56, 58, 64] have also shown
maximum utilization in flexural behavior.

fcrm of HSC increased by 56% and 78% due to the
addition of 0.5% and 1% WSF, respectively. This showed a
significant increment in the flexural toughness and ductility
of HSC with WSF addition. On the contrary, a significant
reduction in fcry was noticed at 15-35% FA addition. ferm
of HSC dropped by 37% at 35% replacement of cement with
FA. At high volume incorporation, FA is generally known to
aggravate the mechanical properties of HSC similarly
[5, 13, 65]. The common effect of FA addition was observed
on the reduction level of all tested mechanical strength
properties, that is, fom, Ecwms forms and fera. It is because the
change in microstructural growth is similarly reflected in
compression and tensile properties.

The combination of 10% FA and 0.5-1% WSF showed
superior results among all mixes. FIOWF1 and FIOWF0.5
showed 83% and 65% higher rupture strength than the
reference mix. The synergistic effect of FA and WSF was
noticed in FIOWF1 and F10WFO0.5. For example, the net
increase in fcry due to 1% WSF addition in 0% FA-HSC was
70%, while 1% WSF showed an improvement of about 80%
in 10% FA-HSC. The high net effect of WSF was achieved
because of the synergistic behavior of 10% FA and 1% WSE.
Improvement in the particle size distribution within HSC’s
matrix increases the pullout strength of WSF. However, the
efficiency of WSF decreased significantly in HSC mixes
containing a high volume of FA because the binder matrix
containing high FA volume showed slow development and
incomplete growth of microstructure at an early age.

It is generally known that FA incorporation shows some
detrimental effects on the tensile properties of concrete.
However, it is an ecofriendly and durable substitution of
cement. The results of this study show that mixes with up to
25% FA can show better fopy than reference mix if 0.5-1%
WSEF is used as the reinforcement. Although choosing in-
dustrial fibers, to overcome the fcrys strength loss of HSC
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FiGure 11: Splitting-tensile failure modes of HSC with (a) 0% WSF, (b) 0.5% WSF, and (c) 1% WSF.
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FIGURE 12: The ratio between fory and fou of all HSC mixes.

35 0.0

FIGURE 13: Relationship between WSF and FA contents and relative
Jerm

16 -

Flexural strength, fopy (MPa)

SN EESEESEESEESE
L o (=} =} =} (=]
MOE = = = =
CEZEEZZEFZEZ:EC
o H = o = = @ = N [ N a9 [[H O
=5 [ T =S R e S
= 2 o & 25
f=}
=

FIGURE 14: The fcrm of each HSC mix with different incorporation
levels of FA and WSF.

due to FA, is an expensive and non-ecofriendly option, WSF,
which is a waste product with minimum energy involved in
its processing, can be used with FA to produce ductile and
ecofriendly HSC. In addition to economic benefits, the HSC
composite built with FA and WSF offers high flexural
toughness and residual strength than reference HSC.

The form/fom ratio of each HSC mix is shown in Fig-
ure 15. It is noticed that plain HSC mixes made with or
without FA showed fcrm/fom ratio between 0.06 and 0.1. It
means for HSC, fcru is about 6-10% of the corresponding
fem. Fiber-reinforced HSC mixes yielded fory about 16-18%
of the foy value. High foram/fom was shown by HSCs made
with 0.5-1% WSF and 0-10% FA. The use of high-volume
FA decreased the fcrm/fom value significantly even for WSEF-
reinforced mixes. F35WF0, F35F0.5, and F35F1 showed
ferm/fom values notably lower than the plain-reference mix
(FOWFO0). These findings suggested that the strength and
development of the binder matrix substantially influence the
efficiency of WSF. A 3-dimensional plot between relative
ferm> WSE, and FA percentage is shown in Figure 16. The
highest plateau (the maximum values of relative fcrym) on
this surface belongs to 0.5-1% WSF contents and 10% FA,
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FIGURE 15: The ratio between fcry and fou of all HSC mixes.

FIGURE 16: Relationship between WSF and FA contents and relative
Jerm-

while the lowest valley on the surface (the minimum values
of relative fcgy) is related to HSC mixes with 25-35% FA
and 0-0.5% WSF contents.

3.3. Chloride Permeability Test Results

3.3.1. Rapid Chloride Permeability (RCP). RCP test is used
for rapid assessment of chloride-ion permeability resistance
of cementitious concretes. The representative RCP value of a
mix largely depends on the microstructural density and
development. Moreover, it is also affected by the ability of
concrete to conduct electrical charges. The effect of WSF and
FA was determined on RCP resistance of HSC at 28 and 120
days. The results are presented in Figure 17.

The RCP values of all HSC mixes are lower than
2000 coulombs, which means RCP of all mixes comes under
the category of “low” chloride-ion permeability, according to
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FiGUre 17: RCP of each HSC mix with different incorporation
levels of FA and WSF.

Table 4. Moreover, plain mixes made with and without FA
showed RCP values significantly lower than those noticed for
WSF-reinforced mixes. RCP values of plain HSC mixes are
lower than 1000, which indicates that plain mixes have “very
low” chloride-ion permeability.

Very low RCP values of plain mixes are mainly because
of a small water-binder ratio (i.e., 0.3). RCP of concrete
further decreased with the rise in FA content; see Figure 18.
The use of 10, 15, 25, and 35 FA decreased the RCP by 15%,
34%, 42%, and 40%, respectively. The decrease in RCP with
FA inclusion in the binder is mainly credited to the filling
effect of FA particles. Moreover, an increase in the tricalcium
aluminate content of concrete increases the chloride binding
capacity of concrete [10]. The inverse relationship between
FA and RCP has also been observed in past research [67]. A
decrease in the electrical conductivity of concrete has also
been reported with the addition of slag in the binder of HSC
[43].

The high electrical conductivity of WSF increased the
RCP of HSC. About 50% and 100% increase of RCP was
observed at the addition of 0.5 and 1% volume fraction of
WSEF in HSC. This immense increase in RCP indicates that
WSE-HSC is more vulnerable to corrosion attacks. Not only
are the main steel bars vulnerable to corrosion attack but also
the filaments of WSF can degrade over time in HSC.
Degradation of both WSF and main reinforcement will
eventually lead to a decrease in the capacity of structural
elements. The small increase in the permeability of HSC due
to fiber addition may also contribute to an increase in RCP
since permeability also favors the rapid penetration of
chloride ions. A significant increase in the electrical con-
ductivity of HSC has been observed due to the incorporation
of industrial steel fiber [57]. The directly-proportional re-
lationship between RCP and WSF contents is shown in
Figure 19.

The use of FA significantly decreased the RCP of WSEF-
reinforced HSC. This means that FA can be used to com-
pensate for the loss in chloride durability of HSC due to WSF
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FIGURE 18: Relationship between FA content in binder and cor-
responding RCP values of HSC.
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FIGURE 19: Relationship between WSF content and corresponding
RCP values of HSC.

addition. To obtain RCP values of WSF-reinforced HSC in
the range of the “very low” category, the use of 10-15% FA is
necessary. The use of the high volume of FA showed high
RCP resistance, but it reduced the strength, which would
probably be the main drawback considering the application
of high-volume FA in HSC. However, it is not possible to
achieve an RCP value similar to the reference mix when
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using 1% WSF without considering the use of the high
volume of FA.

3.3.2. Chloride Penetration Depth (CPD). The CPD is a
reliable and more realistic measurement of chloride pene-
trability of cementitious material than RCP, which is not
affected by the electrical conductivity of the material. It
largely depends on the porosity, saturation of pore-solution,
and microstructural growth of concrete. The CPD of each
HSC mix after immersion in chloride solution for 28 and 120
days is shown in Figure 20.

The incorporation of FA leads to a drop in CPD, indi-
cating that chloride durability of concrete increases with FA
addition. As already explained in Section 3.3.1, FA improves
the distribution of particle sizes in the matrix of HSC. The
decrease in pore size slows the movement of the chloride-
bearing medium into the concrete. Moreover, alumina sil-
icate particles of FA have chloride binding capacity. The
minimum CPD was shown by HSC containing 25% FA. The
relationship between FA (%) and CPD of HSC is shown in
Figure 21. The CPD value of HSC kept decreasing until 25%
FA, while a small increase in CPD was observed at 35% FA.
This can be explained by a decline in the microstructural
growth of the binder matrix at a high volume of FA addition.
However, still, all FA mixes showed notably lower CPD
values than the reference mix.

Contrary to RCP test results, CPD test results show a
small effect of WSF on the chloride permeability of concrete;
see Figure 22 because the high conductivity of WSF-rein-
forced concrete does not affect the penetration of chloride
ions in natural conditions. CPD was increased only by 2-7%
at 0.5-1% addition of WSEF. The small increase in porosity
due to WSF addition is responsible for a slight rise in the
CPD. A study has shown that chloride diffusion of concrete
is not significantly affected by the electrical conductivity of
the material [68]. Therefore, steel fiber addition did not
increase the chloride diffusion in the concrete. HSC mixes
made with the combined FA and WSF addition show CPD
values significantly lower than the reference mix. A small
increase in CPD caused by WSF is substantially suppressed
by FA addition.

3.3.3. Relationship between CPD and RCP. The relationship
between CPD and RCP values of all HSC mixes is shown in
Figure 23. Since RCP is significantly influenced by electrical
conductivity, it does not find a strong correlation with CPD,
as CPD is not affected by the conductivity of the material.
For plain mixes (made with or without FA), it is possible to
find a strong correlation between CPD and RCP values, but
for WSEF-reinforced mixes, it is difficult to correlate these
two parameters without considering the effect of fiber.
Figure 24 shows the relationship between CPD, RCP, and
WSF content of HSC at each level of FA. The relationship is
derived in the format of equation (1), where CPD is cal-
culated as a function of RCP and volume of WSF (Vyygg). A
and B are constants of the linear equation. RCP is taken as an
independent variable because it is determined quickly
compared to CPD. Therefore, CPD can be estimated from
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Figure 20: CPD of each HSC mix with different incorporation
levels of FA and WSF.
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FIGURE 21: Relationship between FA content in the binder and
corresponding CPD values of HSC.

RCP for WSF-reinforced concretes. As shown in Figure 24,
CPD and RCP can be correlated strongly if Viygg is con-
sidered. These relationships have important implications for
applications of steel fiber-reinforced concretes, as CPD
values, which are found after a long time, can be accurately
estimated from RCP as a function of Vyyg:

CPD = RCP x (A X Vg + B). (1)

3.4. Sulfuric Acid Attack Resistance (AAR). Cementitious
concretes often experience acidic environments in their
application. In most cases, acidic solution dissolves both
hydrated and unhydrated cementitious compounds, leading
to the deterioration of the mechanical performance of
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concrete. If calcareous aggregates are used, they are also
dissolved by acidic action. Therefore, the measurement of
AAR becomes a related durability parameter. In this study,
the durability of HSC mixes was measured in an artificial
acidic medium created by a 5% solution of sulfuric acid in
tap water. The results of all HSC mixtures are shown in
Figure 25.

The plain HSC or reference mix showed the maximum
loss in mass compared to all other HSC mixtures at both ages
of testing. The AAR of HSC substantially increased due to the
addition of both FA and WSF. As FA content increased in
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the concrete, the total alumina-silica content of the binder
increased. The rise in FA causes a reduction in the calcium
oxide content of the binder. The reduction in calcium hy-
drates and unhydrates makes the HSC resistant to acid
attack. Similar observations were observed due to the ad-
dition of rice husk ash into the binder [68]. The increase in
silica content and decline in lime content is the major reason
responsible for the high durability of HSC in the acid attack.
Another reason is that the low permeability of FA mixtures
slows the movement of acidic solution into the matrix of the
concrete.

The relationship between FA, WSF contents, and relative
loss in mass (LIM) under acid attack are shown in Figure 26.
This relationship shows that high AAR or low LIM under acid
attack is achieved with high-level incorporation of WSF and
FA. WSF increases AAR by its capability to hold crack
propagation. Sulfate attack is accompanied by the formation of
expansive salts and water. It exerts the pressure inside the
binder matrix to disintegrate the microstructure of concrete
and finally deteriorate the mechanical strength of HSC. WSF
controls such disintegration and degradation of mechanical
strength; as a result, low LIM was observed in mixes with fibers.
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FIGURE 26: Relationship between FA, WSF, and relative loss in mass-LIM values of HSC: (a) 28 days and (b) 120 days.

Improvement in the AAR of concretes with industrial steel and
glass fibers has been reported in previous studies due to their
crack-bridging effects [9, 58, 69]. Mixes made with 10-35% FA
and 0.5-1% WSF showed almost half disintegration under acid
attack compared to the reference mixture. WSF also improved
the residual strength of HSC exposed to an acidic solution.

4. Conclusions

In the present study, the combined effect of fly ash (FA) and
waste tire steel fiber (WSF) was investigated on the durability
and mechanical performance of high-strength concrete
(HSC). The main theme of this research is the advancement
in knowledge about ecofriendly and ductile cementitious
composites. The following are the key findings of the present
research:

(1) HSC made with low-to-medium levels of FA
(10-15%) and WSF (0.5%) showed optimum fcu.
High-level incorporation of FA lessened the efficacy
of WSF on fcy. For all incorporation levels of FA, the
optimum dosage of WSF is 1%. Ecy of HSC did not
change considerably due to WSF. Lessening in Ecy
was observed with the rising FA and WSF contents in
HSC. HSC made with 0.5% WSF and 10% FA
showed higher Ecy than the reference mix.

(2) fcrm of HSC was considerably sensitive to WSF
addition. The HSC made with 10% FA and 1% WSF
showed maximum fcry, about 50% higher than the
reference HSC mix. The splitting-tensile efficiency of
WSF decreased with the rising FA percentage in the
binder. Similar to foram, fcrm Was also sensitive to
WSF addition. Maximum fcry was shown by HSC
incorporating 10% FA and 1% WSF, which was 83%
higher than the reference mix.

(3) The RCP of HSC was increased drastically with WSF
addition. 1% WSF addition caused about a 100%
increase in the RCP of HSC mainly because of the
high electrical conductivity. FA caused a decrease in
RCP with each rising level. FA minimized the neg-
ative effect of WSF on RCP. However, RCP should
not be taken as a good measure of chloride per-
meability capacity of steel fiber-reinforced concretes.
On the contrary, CPD test results gave realistic values
of chloride permeability capability of WSF-rein-
forced concretes.

(4) The CPD results are not affected by the electrical
conductivity. Therefore, WSF addition did not show
a drastic increase in CPD. All WSF-reinforced mixes
incorporating FA showed lower CPD than the ref-
erence HSC mix. HSC made with 25% FA and 0.5%
WSEF showed 50% lower CPD than the reference mix.
A strong mathematical correlation between CPD and
RCP can be derived if the volume of WSF is
considered.

(5) Both FA and WSF were extremely useful in AAR.
Increased integrity of concrete due to the fibers and
decline in calcium content of the binder is ac-
countable for excellent acid attack durability of HSC
incorporating FA and WSF.
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