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ARTICLE INFO ABSTRACT

Keywords: Aggregate, sand, water and cement are the mixtures for concrete. Waste paper concrete (WPC) incorporates
Concrete waste paper (WP) in a concrete mixture. Each year, WP production increases gradually. As a result, additional
Slump

places are required for landfills, which consume energy, deplete natural resources and increase environmental
pollution. The environmental pollution could be lessened by using WP in concrete. So, this comprehensive paper
reviews the potential of WP by adding or substituting with fine aggregate, coarse aggregate and cement in
concrete at 0%, 5%, 10%, 15% and 20%. This paper also reviews the WP’s structures, physical and chemical
properties. Moreover, the fresh, structural and durability properties of WPC, such as slump, modulus of elasticity,
stress-strain and water absorption, are also reviewed in this paper. From this review, the concrete’s fresh,
structural, and durability properties increase with the incorporation of WP at 5% and 10% and decrease at more
than 10%. There are some hydrated cement particles, as observed through the SEM. At 10% WP addition, the
hydrated cement particles tend to increase the concrete strength more than the strength at 5% WP addition. It is
apparent that the incorporation of WP brings significant desirable characteristics compared to ordinary concrete,
which has no waste paper contents. WP can potentially have favourable properties to be used in concrete pro-

Modulus of elasticity
Stress-strain
Water absorption

duction by improving its properties and performance.

1. Introduction

Water, aggregate, cement and fine aggregate, called sand, are the
materials used for making a concrete mixture. A new composite material
called waste paper concrete (WPC) is created by incorporating waste
paper (WP) into a concrete mixture. Nowadays, carbon dioxide gas
(CO») is emitted from construction sites due to cement usage, a signifi-
cant concern for all nations. On the other hand, people’s desire to live in
an eco-friendly environment continues to grow. This study is conducted
to address these issues. Moreover, excessive WP disposal can cause
environmental pollution to occur. To reduce and prevent environmental
pollution is by using WP in concrete production. WPC also reduces
cement usage because it is an environmentally friendly construction
building material that reduces pollution to occur, as defined by Ref. [1].
This WPC is a durable building construction material created using WP
by combining with water and other materials, pouring them into a
mould and then drying them before curing, whether air or water curing
before experimental tests are conducted. WPC is a new material with a
limited application range due to the fact that only certain percentages
are allowed [2]. This is because higher percentages of WP are unsuit-
able, which might reduce the concrete strength, as stated by Ref. [2].

This WPC mixture is a well-insulated and durable material. Besides
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that, the previous experimental results show that WPC is a structurally
and economically viable solution [3]. Due to the significant amount of
recycled material, it is known as an environmentally beneficial material.
It is also an adobe and fibrous new invention material [4]. Moreover,
WPC could reduce the dead load of the main structure compared to
normal concrete made up of water, coarse aggregate, cement and sand
without WP content [5]. Various types of WP can replace regular WP,
such as cardboard, magazine, pamphlet and any other types. Most WP
found comes from paper mills or landfills [6-13]. Apart from that, WPC
may relate to a productive alternative to landfills, incinerators or other
waste disposal methods and also a cost-effective product [14]. WP
contains fibre material, which contributes to the mixed bulk, producing
lightweight concrete. Utilising WP in structural concrete would be wise,
contributing to reducing the adverse effects on the construction process.
It is an essential source of cellulose and fibre, as well as one of the most
prevalent types of waste found in all disposal and dump activity areas.
Thus, a concrete mixture containing WP is a possible landfill problem
solution by reducing WP disposal. Additionally [15], noted that incor-
porating WP in concrete can also lessen its density. This WP incorpo-
ration is the best way to use WP wisely and adequately. Therefore, it is
selected to do more research on WPC by evaluating its material prop-
erties and characteristics in order to evaluate the potential for replacing
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conventional concrete usage [3].

WPC would provide several benefits and a broad range of construc-
tion and civil engineering applications. Subsequently, the inner walls in
high-rise buildings in seismically active regions could use WPC because
of its lightweight nature property. In addition, by utilising WPC in
building construction, the structure’s dead weight and the foundation
depth required would increase, making it stronger, and the utilised steel
number would be reduced, lowering labour, energy and material costs
[16]. In conclusion, the production of WPC encourages WP recycling,
particularly in communities that do not practice it. Therefore, it con-
serves landfill space and reduces chemical usage in new paper
manufacturing and production processes [17]. This comprehensive re-
view paper reviews the WP structure, WP’s chemical and physical
properties and the advantages of using WPC. Besides that, the experi-
mental results of fresh, structural and durability properties of concrete
containing WP, such as slump, modulus of elasticity, stress-strain and
water absorption, are compared to conventional concrete without WP
content based on previous research stated in this paper. Based on this
comprehensive review, the novelty is the concrete strength becomes
better with the inclusion of WP at 5% and 10%.

2. Waste paper structure

The cellulose microfibrils are elastic up to the point when they are
broken with each other. Cellulose has an elastic modulus of 25 GPa,
determined by the microfibrillar helix chiral angle. The modulus of
elasticity could be estimated when the fibre is parallel strained to its
axis. The angle of microfibrils is more prone to natural variation than
any other angle, resulting in a closer mean value to the fibre axis. As a
result, the fibre’s modulus of elasticity is nearly identical to cellulose
properties [18,19]. Almost all types of wood have chiral fibres. Fig. 1
depicts the twisting and chiral curl of WP fibres resulting from the
microscopic asymmetry image.

Wood celluloses are fibrous substances of a primary constituent of
WP to make it stronger. There are long sugar molecules that bind smaller
sugar molecules together in cellulose [21,22]. B-D glucose sugar is used
to make the cellulose chain connections. Cellulose fibres are linked
together by hydrogen bonds, as delineated in Fig. 2. Furthermore, the
chains form solid, hard crystalline zones that provide better support and
balance. The hydrogen bonding between WP structures strengthens the
WP [23]. It is composed of silica, calcium oxide, alumina and magne-
sium oxide elements.

2.1. Waste paper properties

Burgess and Binnie (2010) [24] argued that particular results and
discussions could be produced with the precise selection of test materials
and methodologies. The properties of WP, including humidity, temper-
ature, radiation and pollution, should be investigated. The surrounding

Fig. 1. Microscopic asymmetry image of WP fibres [20].
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Fig. 2. Elements in a cellulose fibre [21,22].

environment affects the hydrolysis and oxidation reactions resulting in
the crosslinking breakdown process.

2.2. Chemical properties

Lignin, a non-cellulosic component, reacts more strongly in partic-
ular particles. But ironically, the fact that chemical probes are hard to
discover and make the WP the most difficult to be monitored and
quantified. Table 1 displays the WP’s chemical composition.

2.3. Physical properties

Weight, substance or grammage is one of the essential properties of
WP. The WP weight is calculated using a density conversion factor that
changes g/m? to g/inch?. Counting g/m?, p/ft2, or kg/ream of a specific
dimension could be done. The size and weight of WP are important to
determine its properties. The space amount of WP depends on the ma-
terial weight. For example, a customer receives 1 kg of WP if he has 20
m? of space. There are several ways to represent how many reams of a
given weight are available from one pound. Basis weight is crucial for
WP in terms of production rate. Tables 2 and 3 present the WP’s grading
and physical properties.

3. Advantages of waste paper concrete

Joo et al. (2012) [28] studied lightweight concrete made up of WP. It
was concluded that WPC was lighter and more pliable than regular
concrete without WP contents. Earthquake-prone areas might use WPC
as a building material. By incorporating WP in concrete production, less
pollution and landfills will occur. An experiment on energy-saving
lightweight concrete utilising WP was conducted by (Subramani et al.,
2015) [29] in order to learn more about the properties of WPC. The
weight of each concrete sample was weighed, and it was found that WPC
had the lightest weight compared to ordinary concrete. After the
experiment was completed (Subramani et al., 2015), [29] concluded
that WPC could be utilised for any walls that did not bear any load
imposed (Ravindra et al., 2017). [30] experimented on developing and
investigating the WPC cubes’ properties. WPC cubes were made of
cement, sand and WP in various mixed proportions and were used to test
the mechanical properties. It was found that WPC was easy to work with,
lighter than standard concrete without WP contents and produced a
high-quality finishing surface. WPC was studied and showed some
interesting properties [31]. WPC had better density, water absorption
property, compressive strength and fire resistance compared to regular
concrete. Soundness and efflorescence tests were also carried out. Ac-
cording to the experimental test results, it could be concluded that WPC
could be utilised for internal partition walls, slabs, columns and beams.
Subsequently, WPC was a fantastic choice for building construction
material since it had the best sound absorption and thus, could be used
in large areas, such as halls and auditoriums, for better performance.
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Table 1
WP chemical composition [25,26].
Element Potassium Magnesium Sodium Silica Oxygen Sulphur Ferum Calcium Aluminium
Percentage (%) 0.16 3.59 0.22 60.57 15.83 1.07 0.92 14.94 2.06
to maintain the slump value possible as well.
x;le 2 ding [23 Ramesh and Chandu (2018) [34] conducted an experimental pro-
s grading [23]. gram to explore WPC fresh property with 0%, 50% and 100% replace-
Weight of passing (%) Sieve size (mm) ment of coarse aggregate with WP by performing slump tests on the fresh
100 9.51 concrete mixtures. The concrete mix will be intended to evaluate the
88 4.75 concrete having the necessary workability and characteristic strength at
18 f'fg the very least of proper strength of concrete mix and should be equiv-
0 06 alent to characteristic strength in addition to 1.65 times the standard

4. Fresh property of waste paper concrete
This section presents the slump results of WPC.
4.1. Slump

Balwaik and Raut (2011) [32] experimented on concrete containing
0%, 5%, 10%, 15% and 20% of WP to replace Portland cement partially.
The slump test was conducted according to IS 1199-1959 and increased
to 5% cement replacement with WP, while above 5%, the slump value
decreased. The slump value increased from 69 mm to 71 mm and
decreased from 71 mm to 58 mm in M — 20 concrete, while for M — 30
concrete, the slump value increased from 50 mm to 52 mm and
decreased from 52 mm to 45 mm. The high absorption limit of WP
caused the concrete workability to decline. Increasing the content of WP
required more water to achieve the targeted slump value. Adding a high
amount of water rather than admixtures can improve the WP concrete
workability. Thus, economical concrete could be achieved. The physical
properties, carbon content and the amount of WP addition affected the
concrete reduction workability. The diminishing water demand became
larger, increasing WP content to about 20%. The concrete mix propor-
tion and slump value are shown in Table 4 and Fig. 3.

In other previous research, Ilakkiya and Dhanalakshmi (2018) [33]
studied the fresh property by performing slump tests on concrete con-
taining 0%, 5%, 10% and 15% of WP contents. The slump cone was
uplifted vertically and gradually after the fresh concrete was fully
compacted. Shock and vibration-free were ensured when the slump test
was conducted. When the WP was added up to 10%, the slump value
increased, but the slump decreased when more than 10% added WP. The
increased slump values were shown by the 5% and 10% WP addition
compared to 0% addition from 75 mm to 78 mm for 5% and 80 mm for
10%. There was a decrease in the slump when the WP addition was 15%,
from 80 mm to 72 mm.

Zaki et al. (2018) [21] conducted slump tests following ASTM
C143-12 on five WPC mixes containing 0%, 5%, 10%, 15% and 20% of
WP as partial addition by weight of cement. One of the significant
highlights characterising fresh concrete properties was the workability
which could be described as concrete measurement ability to be trans-
ported, handled and mixed with fewer air voids. The slump value
increased at 5% WP partial addition and decreased at above 5%, as
delineated in Fig. 4. The water demand rose to about 20% in addition of
WP content. The concrete slump value and fresh density decreased
because of the WP’s high water absorption property due to the high
content of WP. More water is needed to acquire a similar slump as well
as adding superplasticiser improved the concrete workability containing
WP. More addition of paper will lower the density value. The percent of
superplasticiser used is affected by the WP content. The superplasticiser
percentage used depended on the WP content. It had been affirmed that
including WP has an apparent opposing effect on the slump and fresh
density, which demanded higher water or chemical admixture quantity

deviation. The fresh concrete uniform workability was checked by
conducting slump tests from batch to batch. In this study, an experi-
mental activity of concrete was conducted, where coarse aggregate was
replaced with WP. This undertaking contained a test perception where
the correlation between conventional concrete, WPC 50% and WPC
100%. As the results obtained, the slump value increased by 47.06%
with WPC 50%, while for WPC 100%, the slump value increased by
88.24% compared to the slump of conventional concrete. The slump
value of fresh concrete increased as well as increased WP, which was
replaced with coarse aggregate. The higher the coarse aggregate
replacement with WP, the higher the slump value.

Malik (2013) [35] researched M — 25 concrete behaviour with a 0.45
water-to-cement ratio by replacing cement with 0%, 5%, 10%, 15% and
20% WP and performing slump tests according to IS 1199-1959 on each
concrete mixture. The WP disposal issue might decrease from time to
time and enhance concrete performance by using WP in concrete. A high
level of silicon dioxide (SiO2) in WP might strengthen the concrete. 0.45
water-to-cement ratio was used in M — 25 concrete grade. Increasing WP
content affected the concrete workability by decreasing the slump value.
5% cement replacement with WP recorded the highest slump value and
above 5% replacement gradually decreased the slump value. The fresh
concrete workability decreased due to cement’s lower water absorption
than WP particles. Table 5 and Fig. 5 show the concrete mix proportion
and slump value.

Gallardo & Adajar (2006) [9] investigated the workability of con-
crete containing 0%, 5%, 10% and 15% of WP replacement with fine
aggregate. The concrete mix proportion was a procedure by which one
shows up at the correct combination of cement, aggregate and water to
make concrete according to the specifications. One reason for mix
proportioning was to get a product that would play out the most
fundamental prerequisites for the workability of fresh concrete. 75-100
mm (3-4 inches) is the desired slump range of all mixes. The mixes that
did not fall in the slump range were remixed and more water was added.
Using an alternative material known as WP was studied by observing the
feasibility. Based on the study results, the concrete workability reduced
with above 10% partial fine aggregate replacement with WP, but the
concrete workability increased with 5% and 10% replacement compared
to 0%. Percentage replacement higher than 10% resulted in the slump
value reduction. The presence of silica compound in WP was essential
because of its main role in structuring and bonding the concrete bond.
During experimental procedures, there was a problem with the concrete
mix workability caused by the high water absorption rate of WP. Extra
water was the permanent solution for this sort of issue as well as the
higher water content will reduce the concrete strength. The type of
superplasticiser used in the concrete mixtures containing WP was ASTM
Type D/G. This superplasticiser played roles by producing higher con-
crete strength and workability and producing lower density at a lesser
water content. The validation of this experiment was valid and approved
for 0% replacement of WP in a concrete mixture. The slump value of
concrete containing WP decreased as the replacement percentage
increased along with the admixture addition. WP could be used in
concrete by replacing partial fine aggregate, producing low-cost housing
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Table 3

WP’s physical properties [21,27].

Value of Value of Organic Density Inorganic Specific
gravity

Absorption

(%)

Moisture

Value of

Coefficient of Value of tear

Coefficient of

Strength of

materials (%)

(kg/m>)

materials (%)

moisture (%)

thickness
(uM)

smoothness (mls/ content (%)

min)

friction kinematic resistance (mN)

friction static

bursting value

(kPa)

(SSD)

0.98

30

70 800

4-45

105-110

89

0.35-0.5 500-600 100-300 2.67

0.5-0.65

250-300
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Table 4
Concrete mix proportion for M — 20 and M — 30 [32].

Mix WP (%)  Cement (kg/m®)  CA (kg/m®)  FA (kg/m®)  W/C Ratio

M-20 0 383 1220 550 0.5
5 364 1220 550 0.5
10 345 1220 550 0.5
15 326 1220 550 0.5
20 307 1220 550 0.5
M-30 0 426 1220 550 0.5
5 405 1220 550 0.5
10 383 1220 550 0.5
15 362 1220 550 0.5
20 341 1220 550 0.5
80
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Fig. 3. Slump value [32].
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Fig. 4. Slump value [21].
Table 5
Mix proportion [35].
WP WP w/C Water Cement Fine Coarse
(%) (kg/ Ratio (kg/ (kg/m>) Aggregate Aggregate
m?) (kg/ m?) (kg/m®) (kg/m*)
m3)
0 0 0.45 191.6 425.80 543.5 1199.36
5 21.29 0.45 191.6 425.80 543.5 1199.36
10 42.58 0.45 191.6 425.80 543.5 1199.36
15 63.87 0.45 191.6 425.80 543.5 1199.36
20 85.16 0.45 191.6 425.80 543.5 1199.36

projects. Table 6 and Fig. 6 show the specimen mix proportion and
slump value.

Based on research by Ravindra et al. (2015) [36], the amount of WP
increased in four preliminaries as T-1, T-2, T-3 and T-4, corresponding to
0%, 10%, 15% and 20% addition of WP in M — 25 concrete mixtures. WP
had naturally high water absorption characteristic and thus, needed
preliminary testing to achieve a workable mix. The slump value was
recorded between 70 mm and 80 mm and declined with the rising of WP
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Fig. 5. Slump value [35].

content. 10% of WP addition reduced the slump value by 6.3% and
stayed consistent at 6.3% with 15% addition compared to 0% but
diminished at 20% addition by 12.5%. It could be concluded that 10%
utilisation of WP in the concrete mix might be conveniently permitted.
Compared with the control mix, the expense of concrete production was
reduced by 1.5%, 2.2% and 3.0% with 10%, 15% and 20% addition of
WP, respectively. Table 7 shows the optimum percentages of WP for the
slump.

5. Mechanical properties of waste paper concrete

This section presents the mechanical properties of WP concrete, such
as compressive strength, flexural strength and splitting tensile strength.

5.1. Compressive strength

Jung et al. (2015) [37] evaluate the suitable WP replacement on
cement mortar replaced with WP at 0%, 5%, 10%, 15% and 20%
replacement against the cement weight. The cement mortar explored
different avenues regarding the WP to find an optimum mixing ratio of
different W/C ratios and the impact of compressive strength as per WP
replacement ratio. The trials were separated into 45%, 60%, 75% of
W/C ratios to evaluate the mortar mechanical and physical properties
with the change of W/C ratio, replacement rate and type of WP. Mortar
using waste newspaper recorded the highest compressive strength
compared to mortar using waste advertisement flyer and waste copying
paper. This highest strength was due to the high absorption rate of the
newspaper and the best combination of the cement composite. The 5%
replacement to cement weight showed the highest compressive strength
compared to 0%, 10% and 15% replacement because hydrate formations
actively occurred when the WP was replaced in a small amount.

In a separate study, Jung et al. (2015) [37] investigated the signifi-
cance of the interaction between the strength change graph in the
mortar test and the concrete brick test value. The compressive strength
of concrete containing WP with 0%, 10%, 15% and 20% of cement
weight was measured with three different W/C ratios of 60%, 70% and
80%. The concrete size was based on the Korean brick size standard as

Results in Engineering 16 (2022) 100740

60% and 80% W/C ratios. The higher absorptive force of WP caused the
bond strength between the WP and cement paste to weaken.

Asha et al. (2017) [38] examined the effect of replacing coarse
aggregate replaced with WP by volume in concrete ranging from 0%,
2.5%, 5%, 7.5%, 10% and 12.5%. The IS 10262: 2009 standard was used
to produce two types of concrete grades comprising the M20 and M25
concrete mixes. Additionally, concrete’s toughened properties were also
investigated. The WP replacement of aggregates was deemed acceptable
as the percentage limit for replacing aggregates was under an acceptable
range for both M20 and M25 concrete grade mixes. Although the gov-
ernment did not approve this concrete type, the proposed mixes could be
used in the construction industry and also serve as an excellent option to
apply affordable WP for construction purposes.

5.2. Flexural strength

Meanwhile, Selvaraj et al. (2015) [39] investigated the flexural
strength of eight concrete mixes at 7 and 28 days with water curing
comprising one control and seven concrete mixes with 0%, 2.5%, 5%,
10%, 15%, 20%, 30% and 35% addition of WP by weight of OPC. The
ratio of the mix was 1:1.5:2 (cement:sand:coarse aggregate) with a W/C
ratio of 0.4. The study found that the demand for water mixing increased
with the increasing WP addition, which was due to the cellulosic fibre
materials leading to high water permeability characteristic. At 28 days, a

100
90
g 80
- 70
S 60
2 0% 5% 10% 15%
Waste paper (%)
Fig. 6. Slump value [9].
Table 7
Optimum percentages of WP for the slump.
References Percentages of WP (%) Optimum

percentages (%)

Balwaik & Raut (2011) 0%, 5%, 10%, 15%, 20% of WP as 5%
[32] partial replacement of cement

Ilakkiya 0%, 5%, 10%, 15% of WP addition
&Dhanalakshmi
(2018) [33]

Zaki et al. (2018) [21]

5%, 10%

0%, 5%, 10%, 15%, 20% of WP as 5%
partial addition by weight of
cement

0%, 50%, 100% replacement of
coarse aggregate with WP

5%, 10%, 15% and 20% 5%
replacement of WP with cement

Ramesh & Chandu
(2018) [34]
Malik (2013) [35]

50%, 100%

. - llardo & Adaj %, 5%, 10%, 15% of WP %, 10%
per KS F 4004. All the compressive strength were over 8 MPa, which Gallardo & Adajar 0%, 5%, 10%, 15% of W 5%, 10%
X R X (2006) [9] replacement with fine aggregate
were in accordance with the KS standard. At 28 days, the best W/C ratio Ravindra et al. (2015) 0%, 10%, 15%, 20% addition of 0%
was 70% with a mixture containing 10% WP, which also recorded the [36] WP
highest compressive strength compared to 0%, 15% and 20% WP and
Table 6
Specimen mix proportion [9].
WP (%) WP (kg) Cement (kg) White Sand (kg) 3/4 Gravel (kg) Water (kg) Water Adjustment (kg) Total Water (kg) Superplasticizer (ml)
0 0 20.80 28.28 42.08 7.20 —0.50 6.70 208
5 0.74 20.80 27.02 42.08 7.20 1.50 8.70 208
10 1.50 20.80 25.76 42.08 7.20 1.50 8.70 208
15 2.24 20.80 24.48 42.08 7.20 2.0 9.20 208
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drastic increase of flexural strength was recorded for all mixes except for
the control (0%), 2.5% and 5% WP mixes. The cellulose fibre contrib-
uted to the sufficient bending stress and upsurged flexural strength.

The flexural test was also conducted to determine the high strength
concrete mixes of 20% and 40% replacement with 100% of Recycled
Coarse Aggregate (RCA) [40]. Concrete grade of M25 was prepared
consisting of tested beam specimens at 7, 14 and 28 days of water curing.
The load was applied with a suitable loading rate and tested to
maximum stress until rupture. The fracture was demonstrated on the
tension surface within one-third of the mid-span. At 7, 14 and 28 days,
there was an improvement of the flexural strength in 20% concrete with
RCA compared to the control concrete with 100% RCA and 40% con-
crete with RCA. In short, lightweight concrete could be produced by
using 20% concrete with RCA replacement.

Apart from that, a study was conducted to investigate the concrete
performance by replacing 20% concrete and sand with 6%, 8%, 10%,
12% and 14% glass fibre [41]. All the materials were added by weight to
the respective of tested under flexural test. The flexural strength was
calculated based on the modulus of rupture, bend strength and fracture
strength. The result showed that the flexural strength of 20% concrete
containing 12% glass fibre was higher than control concrete and
considered the optimum level to achieve high flexural strength at 7, 14
and 28 days. The addition of glass fibre to the mix composition can in-
crease the fracture energy of cement-based material and reduce the
concrete self-weight.

5.3. Splitting tensile strength

Furthermore, the splitting tensile strength tests on the high strength
concrete mixes of 20% and 40% of concrete with RCA Subramani and
Shanmugam (2015) [40] showed that the concrete strength was
increased in 20% concrete with RCA compared to 100% RCA and 40%
concrete with RCA. In another study, Raghuwanshi et al. (2018)
replaced cement with WP accordingly in the range of 0%, 5%, 10%, 15%
and 20% by weight for the M — 25 mixture. Cylinders with a size of 300
mm x 150 mm (I x d) were casted to conduct the splitting tensile
strength test at 14 and 28 days following the IS 5816-1999 standard. The
load was applied to the upper surface of the specimen. The result showed
that 5% WP addition was the ideal mix proportion to achieve the highest
splitting tensile strength and a further increase of WP reduced the
strengths continuously for the M — 25 mixture at both 14 and 28 days.

Besides the compressive and flexural strengths, Ilakkiya and Dha-
nalakshmi (2018) [33] reported the splitting tensile strength of the WP
concrete. 1500 mm x 300 mm (w x I) of cylinder concrete was used. The
specimens were dried outdoors and placed on the steel jig with a
balanced rate of loading range of 0.11-0.023 MPa/s following ASTM
C496-90. During testing, two plywoods were placed with one at the top
of the specimen and the other at the bottom of the specimen. The
splitting tensile strength was higher for the mix with 10% addition of WP
than the reference mix, which subsequently diminished with an
increased WP content. Overall, the splitting tensile strength increased
for the concrete mixtures containing 5% and 10% WP compared to the
control mixture but reduced with 15% addition of WP.

Zaki et al. (2018) [21] also studied the splitting tensile strength of
concrete containing 0%, 5%, 10%, 15%, 20% WP. The test was based on
the ASTM C496-11 standard at 7, 28 and 56 days. According to the
result, the splitting tensile strength of concrete mixtures with WP was
less than the mixture without WP for all test ages, except for the concrete
containing 5% and 10% addition of WP, to exhibit slightly higher
splitting tensile strength than 0% WP addition. The splitting tensile
strength decreased with the increasing WP content due to cohesion loss
and fragile binding. Adding WP in the concrete mixture proved to hold
the concrete volume. Thus, the concrete strength was reduced by any
development or expansion of the WP chemical reaction with cement.

Results in Engineering 16 (2022) 100740
6. Structural properties of waste paper concrete

This section presents the structural properties of WP concrete, such
as modulus of elasticity and stress-strain.

6.1. Modulus of elasticity

Seyyedalipour et al. (2014) [42] determined the structural property
of M — 25 and M — 40 concrete cylinders by investigating the modulus of
elasticity by 0%, 10%, 20%, 30% and 40% cement replacement with WP
obtained following IS 10262:2009 at 56 days water curing. The modulus
of elasticity difference was generated solely by the various percent
replacement of WP, as the mix proportion of all different concretes was
constant. The deflection of the concrete samples containing varying
concentrations of fly ash was accessed by performing experimental tests
of modulus of elasticity at 56 days. The modulus of elasticity was
calculated by measuring the difference between stress and strain on the
upper and lower levels. Thus, the disposal cost could be saved, and
greener concrete could be produced using WP M — 25 and M — 40
concrete mixtures with 10% replacement of WP recorded a higher
modulus of elasticity than M25 and M — 40 conventional concrete
mixtures with 0% replacement of WP with 56 days of water curing. The
modulus of elasticity diminished with higher than 10% replacement of
WP like 20%, 30% and 40%.

Even though WPC has a mixing design ratio, it was not certified for
use in residential buildings. Thus, two testing steps were conducted to
determine the original mixing design ratio and the mechanical param-
eters of WPC, including its strength of modulus of elasticity and failure
mode. First, the paper-cement and sand-cement ratios were maintained
at 0.6 and 0.7, respectively. At the same time, 1 to 16 was the varied
water-cement ratio used to determine the water-cement ratio impact.
The second stage test determined the material’s suitable mixing design
ratio and mechanical properties by varying water-cement, paper-cement
and sand-cement ratio parameters. Chung et al. (2015) [43] described
that the paper-cement ratio changed the mechanical properties of WPC
and was closely related to the specimen modulus of elasticity and failure
mode. Several WPC specimens with different mixing design ratios were
tested. Based on the test result, the paper-cement ratio influenced the
structural properties of WPC by proving that the ductile failure mode
occurred and the modulus of elasticity increased with increasing of the
paper-cement ratio.

0%, 1%, 2.5%, 5%, 7.5% and 10% of WP replacing cement for
preparation of M25 concrete cylinders was designed according to IS
10262-2009 with a total of 6 specimens with 28 days of water curing
performed by Ramachandru & Natarajan (2018) [44] (see Table 8). The
workability was acquired by adding a superplasticiser. The mix and
water-cement ratios used for M25 were 1:1.9:3.5 and 0.52. The super-
plasticiser was mixed for 2 min in order to obtain a homogenous mix. All
specimens should be tested at a moisture content to obtain the best re-
sults. The test results showed that at 7.5% replacement, the value of
WPC’s modulus of elasticity was 25563.8 Mpa, 8% greater than ordinary
concrete, which was 23164.98 MPa. When more paper was replaced,
there was a reduction in the concrete strength for many reasons.

Table 8
Optimum percentages of WP for modulus of elasticity.
References Percentages/Ratios of WP (%) Optimum
percentages/ratios

(%)

0%, 10%, 20%, 30% & 40% of 10%
WP as partial replacement of

Seyyedalipour et al.
(2014) [42]

cement
Chung et al. (2015) [43] paper:cement, sand:cement = 0.6
0.6, 0.7
Ramachandrudu & 0%, 1%, 2.5%, 5%, 7.5%, 10% 1%, 2.5%, 5%,
Natarajan (2018) [44] of WP replacing cement 7.5%
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6.2. Stress-strain

Fig. 8 shows the stress-strain curves of WPC based on various re-
placements of WP contents. It illustrates that the WP replacement con-
tent had remarkably influenced the stress-strain curves of WPC
According to Yun et al. (2011); Seyyedalipour et al. (2014) [1,42], the
stress-strain curves demonstrate that the ultimate strain ranges were
0.002-0.003, 0.005-0.007 and 0.008-0.010 when the WP replacement
contents of WPC were 5%, 10% and 15%, respectively. Higher WP
replacement contents caused higher ultimate strain of the stress-strain
curves. The graph showed that group PB, which had 10% replacement
content of the WP, was more ductile after the peak load than group PA,
which contained 5% replacement content. Group PC containing 15%
replacement content was more ductile than group PB The highest
ductility was shown by 15% replacement content of the WP, followed by
10% and 5%. Based on the experimental results, WPC’s ductile ability
increased due to the combination of WP and cement paste cellulose fi-
bres. The paper-cement ratio influenced WPC'’s stress-strain and higher
percentages of the paper-cement ratio produced higher stress-strain
values.

WPC consisting of Portland cement and additional additives was
studied by Santamaria et al. (2007) [45]. The experimental procedures
utilised only two mixes tested in different ratios. Low cost of production
and ease of fabrication were the criteria used for the choice. In conclu-
sion, from the stress-strain graph, the large deformation could be sus-
tained by WPC, a ductile material. The cementitious building products
that used cellulose fibres recovered from wastewater paper recycling
were examined [46]. Fig. 7 shows the compression of Phase 1 and Phase
2 materials for stress-strain behaviour. Both phases have WP in their
mixtures. Phase 2 (cement addition prior to dewatering) had higher
compressive stress than Phase 1 (cement addition after dewatering).
This proved that water acted as a chemical binder assister between the
WP and other materials in the concrete mixture. The water, together
with WP, helped to increase the concrete strength.

7. Discussion

Balwaik & Raut (2011) [32] concluded that the high absorption limit
of WP caused the concrete workability to decline. The increasing content
of WP requires more water to achieve the targeted slump value. Adding
a high amount of water rather than admixtures can improve the WPC’s
workability. Thus, economical concrete can be achieved. The dimin-
ishing in water demand becomes larger. Possible unfavourable conse-
quences could include failure of the WP concrete and trouble adhering
the WP concrete to the substrate. The concrete workability is reduced
due to too much higher WP inclusion and primarily due to the change in
the WP’s carbon content, replacement amount and physical properties.
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Fig. 7. Phase 1 and Phase 2 materials in compression for stress-strain behav-
iour [46].
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Fig. 8. 28 days water absorption [36].

As the percentage of WP increases, the water demand will decrease from
time to time.

The slump decreases when the percentage of WP increases because of
the low silica content [47]. Additionally, using WP in concrete is
intended to keep the building cost as low as possible while simulta-
neously minimising pollution. Therefore, this WP usage is the most
effective technique to be disposed of. Zaki et al. (2018) [21] stated that
the concrete slump value decreases because of the high WP water ab-
sorption property due to the high percentage of the WP. More water is
needed to acquire a similar slump as well as adding superplasticiser
improves the concrete workability containing WP However, more
addition of WP will reduce the density value. The percent of super-
plasticiser used is affected by the WP content. It has been affirmed that
including WP has an apparent opposing effect on the slump and fresh
density, which demands higher water or chemical admixture quantity to
maintain the slump value as much as possible.

The presence of silica compounds in the WP is essential because of
their main role in structuring and bonding the concrete bond [9]. There
is a problem with the concrete mix workability caused by the high water
absorption rate of WP during experimental procedures. Extra water is
the permanent solution for this sort of issue as well as the higher water
content will reduce the concrete strength. The type of superplasticiser
used in the concrete mixtures containing WP was ASTM Type D/G. This
superplasticiser plays a role by producing higher concrete strength,
workability and lower density at a lesser water content. The validation
of this experiment is valid and approved for 0% replacement of WP in
the concrete mixture. The slump value of concrete containing WP de-
creases as the replacement percentage increases along with the admix-
ture addition. Therefore, the WP can be used in concrete production by
addition or partial replacement either with cement, sand or aggregate.

8. Durability properties of waste paper concrete

This section presents the durability property of WP concrete specially
for water absorption, carbonation, fire resistance and efflorescence test
results.

8.1. Water absorption

WP was replaced with cement in a range of 5%-20% by weight for
concrete cubes with 150 mm all sides length for M — 20 and M — 30
concrete grades [32]. The concrete water absorption increased with
increasing WP percentages. This phenomenon was normal for most WP
in terms of its quantity for the hydration process. The standard solution
to this problem was that the cement hydration required additional water
amount. However, the concrete strength will be reduced due to the high
content of water. Zaki et al. (2018) [21] studied the water absorption
property of 100 mm all sides length concrete cubes containing 0%, 5%,
10%, 15% and 20% of WP as partial addition by weight of cement. ASTM
C642-13 complied with the test of water absorption. The water ab-
sorption of the concrete mixtures was prompted and the density was
reduced by adding more WP in the concrete mixtures except for the 5%
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WP mixture. Subsequently, lightweight concrete could be produced
based on the results exhibited by the dry density of concrete containing
WP.

Ghani & Mohammad Shukeri (2008) [14] prepared four concrete
mixes with a ratio of 1:2:3 by weight of cement, sand and aggregate
separately containing WP, which are controlled mix (0%), 5%, 10% and
15% by weight as additional material in concrete. The higher WP con-
tent influenced the increase in water absorption. 13.9%-62.3% was the
water absorption rate for 7 days, while 10.8%-118.4% was the water
absorption rate for 28 days compared to the control mixture. Based on
research by Malik (2013) [26], M — 25 concrete mixtures with 0%, 5%,
10%, 15% and 20% partially cement replacement with WP were tested
for water absorption tests at 28 days with 0.45 w/c ratio. After removing
the cube specimens from the mould, the average dry weight was
measured and the weight of the cube specimens at 28 days was
measured after being completely submerged in water for 28 days. Each
concrete cube specimen measured the water absorption percentage and
gave an indirect measure of durability. The water absorption percentage
increased with 5%, 10% and 15% fly ash contents. 5% WP content
recorded the lowest waste absorption value, while 15% recorded the
highest value.

M — 25 concrete grade consisted of four concrete mixtures with 0%,
10%, 15% and 20% of WP as additional material in concrete prepared by
Ravindra et al. (2015) [36]. The higher the amount of WP, the lower the
concrete water absorption, as shown in Fig. 8. 12.93%-13.34% was the
value of the water absorption rate recorded at 28 days. 0.1%, 0.2% and
0.4% were the ceaselessly diminished percentages of concrete water
absorption with 10%, 15% and 20% of WP addition compared to 0%.

Akinwumi et al. (2014) [48] studied the appropriateness of WPC
made up of waste newspaper and waste office paper to be used as ma-
terial in building construction by determining the water absorption ca-
pacity with ratios of 1:1:0.2, 1:1:0.4, 1:1:0.6 and 1:1:0.8 for cement:
sand: WP for each of the concrete mixtures. After 24 h of water curing,
each cube mass before curing was deducted from its mass to calculate
the water mass absorbed. The ratio of sand to cement used was chosen
and 1.0 sand-binder ratio had the best mechanical properties and pro-
duced economic concrete obtained by Yun et al. (2011) [1].

Akinwumi & Gbadamosi (2014) [49] said that increasing WP content
will increase the water absorption of concrete. WPC made up of news-
paper commonly absorbed more water than WPC made up of office
paper, aside from 60% of newspaper-cement ratio. The newspaper has
lower grams per square metre (grammage), so it absorbs more water
than office paper. The inter-fibre bonding of cellulose fibre in newspaper
became simpler to get loosed and debilitated and this will cause it to
absorb more water. WPC showed better structural properties made up of
newspaper compared to office paper. Nevertheless, external and
near-ground walls should not use WPC made up of newspaper and office
paper because of its high water absorption property.

The wet pulp in the fibrous cement form was used to prepare the
WPC samples. The total samples were twelve, which comprised ten
cement mix samples and different WP percentages. The others were WP
only and cement only without adding WP with 0.4 w/c ratios used for all
samples. Office paper was used for the water absorption test. Water
absorption increased with the immersion time. There was an increase
from 41.4% to 146.9% of water absorption when the WP content rose
from 50% to 83.3% [50]. The WPC sample with WP without cement
showed the highest percentage of moisture content, which value was
7.231% and the WP content affected the moisture content of WPC
samples by decreasing it with decreasing WP content. WP demonstrated
fast water take-up over the initial few minutes because of its cellulosic
material naturality, sanctioning it to take up more and more water. The
capillary action reacted to water molecules in the material and voids
were also filled when WP was immersed in water for a long time. WP
particles could absorb water, which could be clarified because they were
porous material characteristics, so the increased WP content would in-
crease the porosity. The particles tended to clump together while mixing
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was the cause for the high value of porosity, increasing the WP content,
and entrapping water to occupy the spaces, thus transforming into voids.
The high content of WP might be ascribed to the water percentage
absorbed by cellulose fibres in WP, which was impacted by cellulose
material and void volume presented.

Selvakumar et al. (2018) [51] studied the WPC cubes’ durability
property by conducting water absorption tests at 14 and 28 days with
0%, 10%, 20% and 30% of WP addition by weight of cement. The ratio
used was 1:3:6 of cement:sand:coarse aggregate. The highest water ab-
sorption value of WPC was recorded at 30% of WP addition by cement
weight, while the lowest water absorption was recorded at 0% addition.
Therefore, 10% addition of WP by weight of cement produced the op-
timum water absorption values at both 14 and 28 days. 0%, 5%, 10%,
15%, 20%, 25% and 30% of WP were added in concrete to study the
durability property of concrete by performing water absorption tests at
7, 14 and 28 days [52]. The longer the curing period, the higher the
water absorption of concrete. This is because, from the SEM, WP con-
tains many fibres with high water absorption properties. That’s why
more water is absorbed when a longer curing period is applied. Based on
the experimental results, the more percentage of WP used the more
water absorption and increasing the percentage of WP could produce
more lightweight concrete. Fig. 9 and Table 9 show the water absorption
at 14 and 28 days and the optimum percentages of WP for water
absorption.

8.2. Carbonation, fire resistance and efflorescence

This study tested the density, water absorption and fire resistance of
paper made from waste paper and office paper to see if it would suit
building materials. Journal paper was found to have superior properties
over office paper in every mixing ratio tested, including higher bulk
density, water absorption, and fire resistance. Bulk density and
compressibility decreased with increasing WP content, whereas water
absorption and fire resistance rose. It was proposed that WP could be
utilised to create lightweight, fire-resistant hollow or solid concrete that
could be used efficiently and sustainably as a construction material.

The impacts of WP on operational capability, strength, and transport
parameters like water absorption, diffusiveness, permeability, and
conductivity are conducted. It showed that replacing 12% of the Port-
land cement with WP increased fire resistance and conductivity by 84%
and 86%. Some samples were mixed up at a water-to-cement ratio of
0.38, let dry for up to 28 days, and then conditioned at a constant mass
temperature of 50 °C. Concrete’s carbonation strength can be signifi-
cantly weakened by several factors, such as pressure, temperature, and
concentration. A speeded carbonation chamber sped up the carbonating
process, and the carbonation strength of concrete was analysed by
measuring the carbonation depth. The experiment results showed that as
tensile stress was raised, both types of WPC’s resistance to carbonation
strengthened. Increasing the WPC’s exposure temperature significantly
increased its compression strength and carbonation resistance. The
higher the temperature, the deeper the carbonation.

Chlorine and chlorine-based compounds, sulphur, hydrogen sul-

phide, and sulphur dioxide are the primary contributors to
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Fig. 9. Water absorption of WP at 14 and 28 days [51].
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Table 9
Optimum percentages of WP for water absorption.
References Percentage/ratio of WP (%) Optimum
percentages/ratios

(%)

Balwaik & Raut (2011) 0%, 5%, 10%, 15%, 20% of WP as  20%
[32] partial replacement of cement
Zaki et al. (2018) [21] 0%, 5%, 10%, 15%, 20% of WPas  20%
partial addition by weight of
cement
Ghani & Mohammad 0%, 5%, 10%, 15% addition of WP 15%
Shukeri (2008) [14]
Malik (2013) [26] 0%, 5%, 10%, 15%, 20% as partial ~ 20%
cement replacement with WP

Ravindra et al. (2015) 0%, 10%, 15%, 20% of WP as 0%
[36] addition

Akinwumi et al. (2014) cement:sand:WP = 1:1:0, 1:1:0.2, 1:1:0.8
[48] 1:1:0.4, 1:1:0.6, 1:1:0.8

Salem & Al-Salami
(2016) [50]

0%, 50%, 83.3% addition of WP 83.3%

Selvakumar et al. 0%, 10%, 20%, 30% of WP 30%
(2018) [51] addition by weight of cement
Tantray (2019) [52] 0%, 5%, 10%, 15%, 20%, 25%, 30%

30% addition of WP

environmental pollution occurring from WP mills. The efflorescence test
aims to identify the deposits of soluble salts formed near the surface of
porous material when the water is dissolved. No efflorescence, minimal
efflorescence, moderate efflorescence, heavy efflorescence, and severe
efflorescence are the five characteristics used to identify the WPC con-
dition. The curing age was 28 days. The efflorescence test data for the
various percentages of replacement types are summarised in Fig. 10. A
small film of less than 10% salts was presented on the control concrete
brick, the same for 20% and 30% of the WP replacement. 40% of the WP
replacements are in moderate condition for the deposition of salts on the
concrete brick surface area.

9. Discussion

These results can be explained through the adhesion bonding be-
tween water molecules and paper structure. Adhesion is the attraction of
one molecule to other molecules of different particle types and can be
desirable to water [53]. High-quality concrete has a water absorption
percentage of less than 10% [54]. According to Castro et al. (2011) [55],
a significant laboratory investigation is essential to determine the
cementitious system’s durability by performing a water absorption test.
Moreover, Bozkurt and Yazicioglu (2010) [56] stated that the curing
regime influences concrete absorption. Past researchers have discussed
and concurred that the best curing regime method is the immersion of
samples in water [57-68]. Thus, it is essential to provide proper curing
to produce less permeable concrete, higher strength and greater resis-
tance to physical or chemical attacks in an aggressive environment.

10. Conclusion

In conclusion, many previous studies on WPC were carried out. It is
apparent that the incorporation of WP brings significant desirable
characteristics compared to ordinary concrete without WP contents. It
can also be concluded that WP has the potential for its favourable
properties. 5%-10% replacement of WP with cement and 5%-10%
addition of WP in concrete increased the fresh property and mechanical
properties such as compressive strength, flexural strength and splitting
tensile strengths, which were proved by many previous experimental
investigations. Many studies before this also reported that the replace-
ment of cement with WP benefits the structural property of concrete by
increasing its modulus of elasticity compared to plain concrete with 0%
WP. Subsequently, the structural property of concrete is also investi-
gated by determining the stress-strain and ultimate strain values. They
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Sample A : 0 %

Nil
When there is no noticeable deposit of
efflorescence.

Sample B : 10%

Slight
When thin deposit of salts is covered over
exposed area of the brick is less than 10 %

Sample C : 20%

Slight
When thin deposit of salts is covered over
exposed area of the brick is less than 10 %

Sample D : 30%

Slight
When thin deposit of salts is covered over
exposed area of the brick is less than 10 %

Sample E : 40%

Moderate

When there is a greater deposit than under ‘slight” and covering up to 50 % of the exposed
area of the brick surface but unaccompanied by powdering or flaking of the surface.

Fig. 10. Efflorescence test for concrete [52].
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concluded that the higher the paper-cement ratio, the higher the stress-
strain and ultimate strain values, except for 15% WP addition or
replacement. Same for carbonation, fire resistance and efflorescence test
results. The results increase with the inclusion of WP at 5% and 10%.
Generally, it is determined that using WP in concrete production is
warranted and technically feasible, although considerations shall be
taken to ensure adequate performance.
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