	Received: Added at production
	Revised: Added at production
	Accepted: Added at production
	

	DOI: xxx/xxxx
	
	
	



	RESEARCH ARTICLE
	[image: ]



Waste Paper Pulp Ash as Partial Replacement of cement in Cement Mortar

[bookmark: _GoBack]Melaku Mulualem Zewdie*1 | Getasew Mulualem Zewdie2 | P.M. Shanmugavadivu1

	1Department of Civil Engineering, College of Architecture and Civil engineering, Addis Ababa Science and Technology University, Addis Ababa, Ethiopia.

2Department of Mechanical Engineering, School of Mechanical and Industrial Engineering, Dire-Dawa University, Dire-Dawa, Ethiopia.

Correspondence
*Corresponding Author name, Corresponding address.
Email: mele2pac@gmail.com
	
Abstract

The application of cement in various fields of construction makes it a very important engineering material. However, it is very expensive and releases carbon dioxide gas into the atmosphere. Therefore, it is crucial to find cheap and environmentally friendly alternatives to cement. Waste paper pulp ash (WPPA) was found to be one of the most mature cement substitute materials. In this work, the physical and mechanical properties of cement mortar with WPPA as partial replacement of cement were experimentally studied to ensure that the resulting mixes has appropriate mechanical properties. Cement mixes containing various percentage replacements of WPPA (5%, 10%, 15% and 20%) were prepared, and basic properties such as compressive strength, flexural strength, shear bond strength, efflorescence and water absorption were determined and compared with the control mix (0%). The basic mechanical properties of cement mortar containing WPPA are enhanced until the percentage of WPPA reaches 10%. However, a further percentage of WPPA substitution causes the mechanical strength of the mortar to decrease. It is found that the optimal level of WPPA as a cement substitute is 5%. Although the physical properties of WPPA blended paste are improved with the increase of WPPA percentage. Our research provides a typical example of how the use of cement mortar containing WPPA can aid to the development of building materials. In addition to having better mechanical strength, cement-WPPA mixed mortar is a cost effective and environmentally friendly material.
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Introduction
Currently, construction work is growing rapidly. Many road networks, infrastructure for residential and commercial projects are being developed, which has resulted in a shortage of conventional building materials such as cement, sand and aggregates. Cement is one of the best binders used in construction that sets, hardens, and adheres to other materials to bind them together. Cement mixed with fine aggregate produces mortar for masonry, or mixed with sand and gravel to produce concrete. Most developing countries mainly rely on natural resources to produce cement. For instance, Portland cement blends are usually available from cement manufacturers in the form of inter-ground mixtures, but similar formulations are often incorporated from ground ingredients at the concrete mixing plant. Concrete are currently the most widely used material and the most consuming resource on the earth, and its carbon footprint is also quite large [1, 2]. On the other hand, cement is the most expensive material and has no viable recycling potential [3]. The other big news about cement is that it is the world's main source of carbon emissions. As a result, these conventional materials need alternatives to meet the growing demand for construction projects. The cement industry is one of the two largest producers of carbon dioxide (CO2). Today, CO2 emissions from fossil fuels and industry account for approximately 90% of all CO2 emissions from human activities. Of the total global CO2 emissions, the cement industry produces about 8%, of which 50% comes from chemical processes, and 40% comes from burning fuels [4, 5]. Cement manufacturing not only produces greenhouse gases directly during the thermal decomposition of calcium carbonate (lime and CO2 produced), but also through the use of energy, especially the burning of fossil fuels. This shows that the cement industry is driving today's global concern, namely global warming. Therefore, it is necessary to find a cement substitute materials that is good for the environment and has higher strength. The researchers pointed out that industrial waste and agricultural waste can be used as building materials. Among the many alternative methods available, waste paper pulp can be used as a binding material to substitute cement. For example, the application of paper pulp in concrete can reduce the use of cement in concrete, so it can overcome the shortcomings of conventional building materials [6]. Similarly, the use of paper pulp is economically feasible, and the hazards in the cement production process can also reduce by replacing paper pulp from cement. Conversely, it is reported that the waste paper sludge obtained from paper factory is mainly composed of amorphous silicate and aluminate, mainly gehlenite (2CaO.Al2O3.SiO2) and melilite (8CaO3Al2O3MgO5SiO2) that cause pozzolanic reactions [7]. Due to these factors, paper pulp behaves like cement and can be used as a partial replacement of cement.
Waste paper pulp has been used as a building material for decades, especially in cemented matrices, and since then, extensive research has been conducted to develop the mechanical properties of composite materials. Likewise, some studies have used waste paper pulp by partially replacing cement in concrete [8] or using electronic waste as a partial replacement of coarse aggregate in concrete [9, 10], improving the effect of recycled plastics and paper in concrete [11], or using waste paper from concrete production [6]. Waste paper can be used as lightweight aggregate in concrete to increase weight strength ratio, insulation performance and toughness of concrete [12]. Similarly, when waste paper is used as a discrete reinforcement system in concrete, the improvements in restraint shrinkage crack control and impact resistance are particularly significant and comparable to those of virgin fibers [11]. According to reports [6], concrete is produced by mixing a sufficient amount of waste paper pulp and water, and then the slump value is compared with conventional concrete to check its workability. When more paper pulp content is added to the concrete, the slump decreases. However, when a larger amount of paper pulp is added to the mixture, more water is required to achieve a given slump. The slump increases to 5% of the cement replacement amount, but when it exceeds 5%, the slump decreases as the paper pulp content in the concrete mixture increases. As the added amount of waste paper pulp increases to 10%, certain mechanical properties (such as compressive, splitting tensile and flexural strength) also increase [6, 13]. By adding excess water instead of admixtures, the workability of concrete containing paper mill residues can be improved, thereby making it economical. Many factors can adversely affect the workability of paper pulp concrete, such as the amount of paper pulp replacement, the physical properties of the paper pulp and the carbon content in the paper pulp.
This experimental study showed the application of using waste paper pulp ash (WPPA) as a partial replacement of cement. We report our findings of the mechanical properties of cement-WPPA mixed mortar and compare it with a control sample (WPPA of 0%). In addition, we report the physical properties of cement, WPPA and WPPA blended cement paste. This work is organized as follows: In Section 2, the experimental technique is introduced in detail. The results and discussion of the basic physical and mechanical properties of cement mortar with waste paper pulp ash as a partial replacement of cement are presented in 3.1 and 3.2 parts of Section 3. Finally, the conclusion is given in Section 4.

[bookmark: _Ref12836622]MATERIALS AND METHODS 
All experimental tests used in this paper are carried out in accordance with EN 196-1:2005 [14], ASTM C184 [15], ASTM C187 [16], ASTM C191 [17], EN 196-3 2005 [18] and ISS 1077-1970 [19]. Each attribute test is conducted in the laboratory of Addis Ababa Science and Technology University (AASTU) and International First Highway (IFH) laboratory located in Addis Ababa, Ethiopia. The materials used in this study mainly include: Ordinary Portland Cement (OPC), fine aggregate, shredded waste paper and water. OPC is used throughout the work. Standard sand is used according to EN 196-1 CEN [14]. This sand is naturally siliceous, preferably composed of round particles, with a silica content of ~ 98%. The moisture content is less than 0.2%, expressed as the mass percentage of the dried sample. WPPA replaces cement by weight, expressed as the weight percentage of cement in the mixture (%w/w). The waste paper used in this study was collected from schools, offices, libraries, hotels, and nearby markets in Addis Ababa, Ethiopia. WPPA used as a partial substitute for cement were in the range of 0%, 5%, 10%, 15% and 20%. The preparation method of WPPA is shown in Figure 1 below. The waste paper was shredded and soaked in water at room temperature for 3 days. Then the soaked shredded waste paper is mixed in a mixer until slurry is obtained, and then the slurry is dewatered to remove excess water for 3 days. After the waste paper pulp is obtained in a dry form in the ambient laboratory air, it is burned in a muffle furnace at a temperature of 700°C -850°C for a holding time of 2 hours to avoid the formation of crystal ash, which are less reactive with lime for production WPPA. The resulting WPPA was then sieved using a 150 μm sieve. A total of 40 prismatic mortar samples were prepared as follows. The flexural and compressive strength of the prismatic mortar samples were repeated 3 times for each percentage replacement of 0 to 20% (15 times on the 7th day and 15 times on the 28th day). The other is one repetition for each percentage of water absorption, and one repetition for the efflorescence tests.
Table 1 show the mixing ratio used to replace cement with the WPPA. 

Table 1 Mix Proportions for partial cement replacement with WPPA
	WPPA (%)
	Weight of cement (gm)
	Weight of WPPA (gm)
	Weight of sand (gm)
	weight  of water (gm)
	Design Proportion
(cement: sand: water/cement)

	0
	450
	-
	1350
	225
	
1 : 3 : 0.5


	5
	427.5
	22.5
	1350
	225
	

	10
	405
	45
	1350
	225
	

	15
	382.5
	67.5
	1350
	225
	

	20
	360
	90
	1350
	225
	


Initially, cement plus WPPA and the required percentage of water are mechanically mixed at low speeds for 30 seconds. The sand is then steadily added for the next 30 seconds, and then mixed at high speed for another 30 seconds. The mix is then stop for 90 seconds, just to move the mortar adhering to the wall and bottom of the bowl to the middle of the bowl with a rubber scraper. The mixing continued at high speed for 60 seconds. Each batch of mortar shells was mechanically mixed using a mixer. These mixing processes and timings have been performed automatically using automated devices.
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Figure 1 Schematic diagrams of waste paper pulp ash (WPPA) processing steps
The specimens were then moulded into a prismatic mould with an internal size of 40 mm × 40 mm × 160 mm. To find the shear bond strength of the masonry specimen, brick triplet specimens of size 230 mm × 110 mm × 50 mm were prepared. In the results and discussion section, the mechanical property tests of cement mortar with WPPA are compared with normal cement mortar.

RESULTS AND DISCUSSIONS 
This section is divided into two subsections. The first part describes the physical properties test results of cement, WPPA and WPPA blended cement paste. In the second subsection, the mechanical properties of cement-WPPA mixed mortars are discussed, such as water absorption, Efflorescence, shear bond strength, flexural strength and compressive strength.

physical properties
All the physical properties test results of cement and WPPA are shown in Table 2, and the physical properties of WPPA blended with cement slurry are shown in Table 3.  

Table 2 Physical Properties of cement and waste paper pulp ash (WPPA)
	Physical properties
	Materials

	
	Cement
	WPPA

	
	Present results
	Requirement
	Present results

	Specific gravity
	3.14
	3.1 to 3.16  [20]
	2.03

	Fineness (%)
	2%
	not exceed 10% [15]
	3%



Table 3 Physical properties of WPPA blended cement paste
	Physical properties
	WPPA Replacement (%)

	
	0
	5
	10
	15
	20

	
	Present results
	Requirement 
	Present results

	Consistency (%)
	28.5
	26-33 [16]
	31
	32.5
	36
	39

	Initial setting time (min)
	179
	> 45 [17]
	211
	223
	231
	266

	Final setting time (min)
	310
	< 600 [17]
	345
	359
	372
	402

	Soundness (mm)
	1.0
	< 10 [18]
	1.5
	2.0
	3.0
	3.5



The fineness of cement and WPPA are both lower than 10% as specified in [15]. Compared with OPC, WPPA has a lower specific gravity (2.03). The WPPA fineness measured by the dry sieve method is 4% (residue percentage) and 2% for cement (residue percentage). As the replacement percentage of WPPA increases, the consistency, setting time and soundness of the WPPA mixed paste value also increase (Table 3). The control paste or paste without WPPA has a normal consistency of 28.5%. All pastes containing WPPA showed a higher normal consistency than the control paste. The usual range of water-cement ratio of normal consistency is 26% to 33% [16]. Pastes with a replacement rate of up to 10% show consistency in this standard range. However, for the 15% and 20% substitutes, the results showed higher consistency values. According to the standards specified in [17], the initial setting time of cement should not be less than 45 minutes, and the final setting time should not exceed 10 hours. The results of the setting time (Table 3) show that the addition of WPPA slows down the setting; however, this delay is within the range specified by the standard [17]. It is observed that WPPA prolongs the setting time of the blended cement paste. This may be due to the fineness of cement, because the setting time of cement decreases as the fineness of cement increases. 

Table 4 The chemical composition of ordinary Portland cement (OPC) and Waste paper pulp ash (WPPA)
	Investigated chemicals
	Chemical compositions (%)

	
	OPC [21, 22]
	 WPPA

	CaO
	60-70
	50.48

	SiO2
	17-25
	28.04

	Al2O3
	3-8
	2.01

	MgO
	0.5-4.0
	1.38

	MnO
	-
	<0.01

	Fe2O3
	0.5-6.0
	1.44

	CaSO4
	0.1-0.5
	-

	SO3
	2.0-3.5
	-

	Alkalis (Na2O and K2O)
	0.3-1.2
	0.72 and < 0.01

	P2O5
	-
	0.13

	TiO2
	-
	0.03

	H2O
	-
	0.04

	LOI
	-
	14.68



In order to determine the presence of unbound lime in the cement, a soundness test was performed. The test is performed according to the standard [18]. As the replacement percentage of WPPA increased, the soundness increased (Table 2), but the volume of all blended cements remained unchanged. All percentage replacement WPPAs are within the limits specified in the standard[18]. 
Table 4 lists the chemical composition test results of WPPA. The chemical composition of the OPC used meets the value requirements ​​specified in the references [21, 22]. Our findings indicate that, the main elements present in WPPA are lime (CaO) and silica (SiO2). When combined with alumina, it is the most critical compound required for cement hydration to increase strength. According to the result of Table 4, the content of silica in WPPA is higher than that of OPC. This compromise shows that WPPA will produce reasonable results in terms of strength. However, the content of alumina (Al2O3) is lower than OPC. Alumina has a slight direct effect on the strength of Portland cement, and excessive alumina will weaken the strength of the cement. Other trace elements such as MnO, P2O5, TiO2 and H2O are less than 1% and have no effect on the strength and performance of cement products. It was found that the loss on ignition (LOI) value of WPPA was higher than the loss on ignition (10%) specified by the standard. In this study, the higher LOI value of WPPA is due to the exposure of the muffle furnace to the atmosphere during combustion.

mechanical properties
Water absorption test were performed for all blends. Table 5 lists the water absorption test results of prismatic specimens in tabular form. The water absorption percentage of the mortar prism increases with the increase of WPPA content, as shown in Figure 2. The 28th day water absorption rate is in between 6.76% and 17.57% as compared with the control mix. According to ISS 1077-1970 [22], the allowable limit for various class designations is 20%. Therefore, the WPPA of all percentage replacement (including the control mix) meets the water absorption standard. 

Table 5 Water absorption test results for prismatic specimens
	WPPA replacement (%)
	Dry weight
of prism (gm)
	Wet weight
of prism (gm)
	Water
absorbed (gm)
	Water absorption (%)

	0
	586
	625
	39
	6.66

	5
	577
	618
	41
	7.11

	10
	574
	615
	41
	7.14

	15
	564
	607
	43
	7.62

	20
	549
	592
	43
	7.83




Figure 2 Percentage of water absorption for prismatic specimens
For the efflorescence, qualitative tests were carried out on some prismatic cement mortars replaced by WPPA. The discoloration after the water dries indicates the formation of efflorescence. Figure 3 shows the visual examination of efflorescence at different percentage of WPPA. Even after repeated wetting with 0% and 5% nil, no salt deposition can be seen. However, a small amount of salt deposition was detected for 10% and more. The salt only covers a very thin sticky layer, covering less than 10% of the surface area. According to ISS 1077-1970) [22], the allowable limit for various class designations is should be nil or slight, so the WPPA of all percentage substitutes (including the control mix) meets the efflorescence standard.
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Figure 3 Visual examination of efflorescence: (a) 0%, (b) 5%, (c) 10%, (d) 15% and (e) 20%
The flexural strength and compressive strength of the measurement results were recorded on the 7th and 28th days. The average of three samples replicates is used for flexural, and the average of six samples replicates is used for compression. The shear bond strength measurement was recorded on the 28th day only. Figure 4, Figure 5 and Figure 6 respectively show the relationship between the measured values of shear bond strength, flexural strength and compressive strength of prismatic specimens and the percentage of WPPA. The results of shear bond strength, flexural strength and compressive strength in tabular form are shown in Table 6, Table 7 and Table 8, respectively. Compared with the control sample (WPPA of 0%), the shear bond strength, flexural strength and compressive strength of the mortar increases as the percentage of WPPA increases from 0% to 10%, and the strength decreases when the replacement amount exceeds 10% of WPPA. However, the increase in strength seems to be highly dependent on the level of cement substitution.

Table 6 Shear bond strength of OPC-WPPA blended mortar
	WPPA replacement (%)
	Specimen dimension (mm)
	Breaking
load (N)
	Bond 
Strength (Mpa)
	
Increment (%)

	0
	230*110*50
	11810
	0.233
	-

	5
	230*110*50
	13040
	0.258
	10.41

	10
	230*110*50
	12430
	0.246
	5.25

	15
	230*110*50
	10150
	0.201
	-14.06

	20
	230*110*50
	8770
	0.173
	-25.74



Figure 4 Shear bond strength of OPC-WPPA blended mortar
Compared to the 28th day shear bond strength of the control mix, 5% and 10% WPPA replacements were observed to increase by 10.73% and 5.58% respectively. When 5% and 10% of WPPA were replaced, the increase percentage of flexural strength on the 7th day was 4.0% and 1.3%, respectively. In the case of the 28th day, the increase in flexural strength was 3.4% and 2.3% when replacing 5% and 10% of WPPA, respectively. Likewise, for the 5% and 10% replacement of WPPA, the compressive strength on the 7th day increased by 5.3% and 2.2%, respectively, and the 28th day by 5.6% and 1.6 respectively. These results may be due to higher silica content in WPPA than cement content (Table 4). Compared with control prismatic specimens, the highest shear bond strength, flexural strengths and compression strengths are 0.258b, 9.1MPa and 43.38MPa, respectively on the 28th day. 

Table 7 Flexural strength result for prismatic specimens
	WPPA replacement (%)
	Average Flexural strength (MPa)

	
	7th day
	Increment (%)
	28th day
	Increment (%)

	0
	7.5
	-
	8.8
	-

	5
	7.8
	4.0
	9.1
	3.4

	10
	7.6
	1.8
	9.0
	2.7

	15
	7.4
	-1.3
	8.5
	-3.4

	20
	7.2
	-4.0
	8.1
	-7.2



Figure 5 The 7th and 28th days of flexural strength

Table 8 compressive strength result for prismatic specimens
	WPPA replacement (%)
	Average Compressive strength (MPa)

	
	7th day
	Increment (%)
	28th day
	Increment in %

	0
	27.32
	-
	41.08
	-

	5
	28.78
	5.34
	43.38
	5.60

	10
	27.93
	2.23
	41.73
	1.58

	15
	25.58
	-6.37
	37.29
	-9.23

	20
	23.78
	-12.96
	35.41
	-13.80



Figure 6 The 7th and 28th days of compressive strength
The maximum value of these mechanical strengths is found at 5% of WPPA substitution, which can be considered as the optimal percentage. The shear bond strength of clay brick masonry prisms and triplets constructed with OPC-WPPA blended mortar (1:3:0.5) shows different shear bond strength values with a failure at the brick mortar joint interface, as shown in Figure 7. Furthermore, both flexural and compressive strength Failures mode are also observed at the middle of the prismatic mortar specimen for all percentage of WPPA replacements including the control sample (Figure 8). 
Brick
Mortar
Mortar
Brick










	
Figure 7 Shear bonding failure modes (failure mode at the brick mortar joint interface)
[image: ]
Figure 8 Failure mode of prismatic specimens after samples tested for (a) flexure and (b) for compression

CONCLUSIONS
Cement is very expensive, especially in developing countries. In addition, the use of cement in the construction of buildings can affect the environment. Conversely, in terms of cost, better mechanical properties and environmentally friendly materials, WPPA has become the most advantageous material as a partial replacement for cement. This experimental study shows the findings on the mechanical properties of cement mortar with WPPA as a partial replacement of cement for construction applications. The study has shown that the physical properties of cement and WPPA are within the range of standard values. In addition, as the proportion of WPPA increases, the basic properties such as soundness, consistency, setting time and water absorption also increase. The flexural, compressive and shear bond strength increases until the replacement amount of WPPA reaches 10%, but further increases in WPPA reduce the mechanical strength. It is showed that the optimal percentage of WPPA to replace cement is 5%, which shows the maximum strength. It can be concluded that if the level of substitution of WPPA is properly adjusted, WPPA can be used as a good substitute for cement and can reduce the harmful effects of the cement industry.
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