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Abstract: Recently, the utilization of renewable natural cellulosic materials, such as wood, plants,
and waste paper in the preparation of building materials has attracted significant interest. This is
due to their advantageous properties, low environmental impact and low cost. The objective of
this paper is to investigate the influence of recycled cellulosic fibers (in the amount 0.5 wt % of the
filler and binder weight) and superplasticizer (in the amount 0.5 wt % of the cement weight) on the
resulting properties of cement composites (consistency of fresh mixture, density, thermal conductivity,
and compressive and flexural strength) for hardening times of 1, 3, 7, 28, and 90 days. Plasticizer use
improved the workability of fresh cement mixture. In comparison to the reference sample, the results
revealed a decrease in density of 6.8% and in the thermal conductivity of composites with cellulosic
fibers of 34%. The highest values of compressive (48.4 MPa) and flexural (up to 7 MPa) strength
were achieved for hardened fiber cement specimens with plasticizer due to their significantly better
dispersion of cement particles and improved bond strength between fibers and matrix.
Keywords: waste paper fibers; cement composites; building materials; renewable material

1. Introduction
A key issue in building construction is the development of innovative construction materials,
because this sector is one of the most energy- and resource-consuming sectors and is responsible for
considerable carbon dioxide emissions. Nowadays, due to the rise of environmental consciousness
and awareness of industrial pollution, industries such as building, construction and manufacturing
must necessarily ensure production of reliable and environmentally friendly materials. One of the
ways of doing so is the reuse of industrial by-products or waste [1–4], as well as the use of natural
renewable sources, which are generally considered necessary choices in construction. The replacement
of conventional synthetic fibers by natural cellulosic fibers has occupied the attention of researchers,
as well [5,6]. Due to their physical, chemical, and mechanical properties, cellulosic fibers have the
potential to be used in the building industry [7,8], for reinforcing plasters [9].
Natural ligno/cellulosic fibers are widely available and are produced in large quantities and
various morphologies (in the form of pulp or short filament fibers), aspect ratios, and sizes across
the world. They are derived from renewable sources, such as wood, annual plants, agro-industrial
and waste material. They provide significant improvement over the characteristics of cement-based
materials or materials based on organic matrices, given their low density, their bio-renewable character,
and their availability throughout the world. They are low-cost in comparison to synthetic fibers,
have no known health hazards, have adequate stiffness and strength, are easy to process and recycle,
and are eco-friendly [7,10–12]. The physico-mechanical properties of fiber-cement-based composites
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depend on the fiber-matrix interactions. The interface controls the strength of composite materials,
because stress is transferred from fiber to fiber through the matrix [13].
There is a growing trend to incorporate considerable portions of natural, waste, or recycled
cellulosic materials in the development of new building materials. Progress in the production of
lasting cement mortar composites reinforced with fibers and especially natural fibers or waste fibers
is an interesting alternative available for the building sector in the fields of thin walls/thin-sheet
partitions, building envelope/ceilings flat sheets, roofing tiles and pre-manufactured components [12].
Many studies have described the behavior of cement composites with agricultural by-products or
waste based on ligno/cellulosic nature fibers/aggregates from bamboo [14], hemp hurds [15–17],
and coconut [18]. A review of the research results obtained in the last few years in the field of
cement-based composites/mortars reinforced with cellulosic fibers focusing on their composition,
preparation methods, mechanical properties, and strategies for improving fiber-matrix bonding and
composite durability is given in [19].
Cellulosic fibers contribute to the development of high-quality, environmentally friendly building
materials. Building materials reinforced with fibers are used in a wide range of applications,
from building, plastering and mortaring systems to non-load-bearing composites and decorative
applications [20,21]. While the properties of cement-based building materials reinforced with
the natural cellulosic fibers from plants and agricultural crops are abundantly described in the
literature sources, the implementation of cellulosic fibers coming from waste paper in cement
mortars/composites has still not been sufficiently investigated, even if waste paper is an important
source of cellulosic fibers. There are just a few of examples of a successful recycled cellulosic fiber
application in cement-based composites. Cellulosic fibers obtained from waste paper packaging [10],
waste packaging boxes, and papers [6,15,22] were used in cement composites. As shown in paper [23],
these cement-based composite systems present a tension-softening behavior with low tensile ultimate
strength, resulting in products that are more suitable for non-structural applications. The known
products manufactured with recycled cellulosic fibers are plasterboard, insulation materials for the
thermal insulation of walls and floors, sound insulation of ceilings and roofs, as well as bricks made
of waste paper fibers agglomerated with cement [24]. In the field of cement-based plaster mortars
based on the recycled cellulosic fibers the low number of literature sources is recorded. As shown
in [25], the addition of waste fibers resulted in improved mechanical properties of mortars hardened
for 28 days, compared to the control mortar. An increase of 4% was observed in tensile resistance on
flexural stress, and of 7% in compression strength for the mortar prepared with 1.5% cellulose pulp.
The properties of density, adhesion to the support layer, bending and compressive strength, capillary
absorption, and fire behavior of cement mortar reinforced by recycled cellulosic fibers were studied
in [24]. A technology was developed with minimal embodied energy ensuring lightweight plastering
mortars with very good thermal insulation characteristics, compressive strength assigned to class
CS I or CS II and water absorption by capillarity classified as W0 or W1. New ecological plastering
mortars based on waste cellulosic fibers (newsprint or copy paper) were produced, and their properties
were investigated [24]. As given in this paper, the study oriented towards the use of recycled fibers
in cement mortars opens the way to new recipes for the manufacture of environmentally friendly
plastering mortars and other building materials with improved technically important characteristics.
At the same time, this pathway will contribute to reducing the quantities of waste paper, as well.
On the other hand, the main drawback associated with cellulosic fibers in the application of
cement composites is their durability in cementitious matrix. Recently, the problem of their durability
was analyzed in detail in [26]. The cell structure of cellulosic fibers has good mechanical properties
with low density; this is also the reason for natural fibers’ poor durability in alkaline environments
(cement matrix) as a result of the formation of porous networks in cement during the hardening
of cement paste. Natural cellulosic fibers exposed to alkaline and the mineral-rich environment of
the cement matrix results in degradation and brittleness due to two aging mechanisms: alkaline
hydrolysis and cell wall mineralization. This significantly affects the reinforcing role of cellulosic fibers
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in cement composites [26]. Their durability is further affected by strength, but this is not the only factor.
The strength of the composites is influenced by several factors, including the strength of the matrix,
the matrix/fiber interfacial bond, and fiber strength [27]. According to [28], durability of concrete
was also dependent on the type of cement. Concrete is specified there in terms of both strength and
durability. However, [29] describes the durability improvement of ordinary cement-based composites
incorporating sisal fibers by partially replacing Portland cement by metakaolin and crushed waste
calcined clay bricks. The durability of the sisal, fiber-cement mortar laminates was determined using
wetting and drying cycles in a forced air flow chamber. The composites’ durability was evaluated by
testing the flexural toughness and the post-cracking flexural strength. The behavior of sisal fibers in
pure and metakaolin modified cement matrices was tested in work [26]. The degradation degree of
sisal fibers was determined by analyzing surface morphology, crystallinity index, and thermal and
uniaxial tensile characteristics of the fibers. Increase in the durability of fibers by reducing alkalinity of
the pore solution (metakaolin effectively mitigates the deterioration of natural fibers) was observed.
The use of various types and dimensions of cellulosic fibers into cement composites caused
reduction in the matrix brittleness and increase in the durability: this was found to be proportional to
the resistance to crack propagation, because the use of natural fibers bridged the matrix and effectively
transferred the load [12,30]. Cellulosic fibers are also known to decrease thermal conductivity [6],
improve acoustic performance by increasing sound absorption [31], reduce density, and increase the
flexural strength [32], control of the initiation, and growth of micro-cracks [30].
The aim of this paper is to investigate the influence of recycled waste paper fibers and plasticizer
on workability of fresh mixtures and on final physical, mechanical, and thermal properties of 28-day
hardened fiber-cement based composites. Development of compressive strength was observed up
to 90 days of hardening time. For comparison, a reference sample containing only cement, sand,
and water was prepared. New perspective is provided by this work in accordance with the principles
of sustainable construction on the implementation of recycled cellulosic fibers, which are not commonly
used in cement plasters (for use in interiors).
2. Materials and Methods
2.1. Materials
The cellulosic fibers (Figure 1) used in this study come from different sources of recycled waste
papers (newspapers, magazines, and cartons). Cellulosic fibers were obtained right after pulping in
raw state without further treatment. These unbleached recycled cellulosic fibers (G-3/00T) of grey
color with 80% cellulose content were provided by the Slovak Company Greencel, Ltd. (Hencovce,
Slovakia). Their properties are shown in Table 1. Cellulosic fibers were used as a 0.5 wt % addition
with reference to filler and binder weight. Portland cement type CEM I 42.5 N, from Cement Factory
Ltd. (Povazska Cementaren Ladce, Slovakia), was used for preparing cement composites. Standard
silica sand supplied by the company Filtracni Pisky Ltd. (Chlum, Czech Republic) conforming to the
standard [33] was used as filler. Water for the cement mixtures’ preparation was used in accordance
with the standard [34]. A high efficiency polycarboxylate-based superplasticizer, MasterGlenium
Sky 665, was acquired from the BASF—Chemical Company Ltd. (Prague, Czech Republic); this was
added to enhance the workability of the fiber-containing mortar and was taken according to the
standard [35]. The particular configuration of the Master Glenium SKY 665 molecules allows their
delayed adsorption onto the cement particles and disperses them effectively over a long period of time.
They leave sufficient area on the surface of the cement particles to allow a rapid hydration reaction,
resulting in high early strength development. Additionally, this superplasticizer provides powerful
water reducing capacity, high early and final strength with maintained flowability, and improves
workability of the fresh mixture.

Buildings 2018, 8, 43

4 of 12

Buildings 2018, 8, x FOR PEER REVIEW

4 of 12

(a)

(b)

Figure 1.
1. Recycled
G-3/00T
Greencel:
(a) macro
view;
(b) SEM
imageimage
at 1500
Figure
Recycledwaste
wastepaper
paperfibers
fibers
G-3/00T
Greencel:
(a) macro
view;
(b) SEM
at times
1500
magnification.
times magnification.
Table 1.
1. Properties
Properties of
of recycled
recycled waste
waste paper
paper cellulosic
cellulosic fiber
fiberGreencel.
Greencel.
Table
Dry
Max.
Bulk
Characteristic of Max.
Bulk
Dry
Characteristic
Matter
Length Density
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0.0595
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20
of 20
°C). Each parameter value is the average of three measurements of the prismatic bodies.
2.3. Methods of Testing Prepared Fiber Cement Composite Specimens
2.3. Methods of Testing Prepared Fiber Cement Composite Specimens
Flow behavior of the freshly prepared fiber cement specimen (indicating its workability) was
Flow behavior of the freshly prepared fiber cement specimen (indicating its workability) was
estimated by a flow table test in accordance with standard [36]. Densities of fiber cement composites
estimated by a flow table test in accordance with standard [36]. Densities of fiber cement composites
were calculated after 28 days of hardening [37]. The coefficients of thermal conductivity of hardened
were calculated after 28 days of hardening [37]. The coefficients of thermal conductivity of hardened
fiber cement composites were measured on surface specimens by using the commercial device ISOMET
fiber cement composites were measured on surface specimens by using the commercial device
2114 (Figure 2). Three specimens were prepared to measure thermal conductivity (140 × 40 × 160 mm).
ISOMET 2114 (Figure 2). Three specimens were prepared to measure thermal conductivity (140 × 40
Each measurement was repeated five times, and the mean value was reported. The compressive
× 160 mm). Each measurement was repeated five times, and the mean value was reported. The
strength of fiber cement composites was also tested according to standard [38] by using a compression
compressive strength of fiber cement composites was also tested according to standard [38] by using
test machine (FORM+TEST Seidner & Co. GmbH, Riedlingen, Germany) with a loading rate
a compression test machine (FORM+TEST Seidner & Co. GmbH, Riedlingen, Germany) with a
2400 ± 200 N/s after 1, 3, 7, 28, and 90 days of hardening. Three-point bending test was used for
loading rate 2400 ± 200 N/s after 1, 3, 7, 28, and 90 days of hardening. Three-point bending test was
used for the determination of flexural strength on the aforementioned testing machine with a loading
rate of 50 ± 10 N/s.
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Density and thermal conductivity were determined on the basis of fiber cement composites after
Density and thermal conductivity were determined on the basis of fiber cement composites after
28 days of hardening. Densities of composites contained in the cement matrix cellulosic fibers were
28 days of hardening. Densities of composites
contained in the cement matrix cellulosic fibers were
within the range of 2090–2244 kg/m33 . While the RF sample had the highest value of density, RPC and
within the range of 2090–2244 kg/m . While the RF sample had the highest value of density, RPC and
RPCP specimens showed lower densities. The maximum reduction in density (6.8%) was observed in
RPCP specimens showed lower densities. The maximum reduction in density (6.8%) was observed
RPC fiber cement composite when compared to the reference sample.
in RPC fiber cement composite when compared to the reference sample.
Figure 4 shows the measured coefficient of thermal conductivity of the prepared fiber cement
Figure 4 shows the measured coefficient of thermal conductivity of the prepared fiber cement
composites. It can be seen that the thermal conductivity coefficient of RPC and RPCP cement
composites. It can be seen that the thermal conductivity coefficient of RPC and RPCP cement
composites decreases with the incorporation of cellulosic waste paper fibers.
composites decreases with the incorporation of cellulosic waste paper fibers.
The range of thermal conductivity values was 1.78–2.70 W/m·K. The RPC composite achieved the
The range of thermal conductivity values was 1.78–2.70 W/m∙K. The RPC composite achieved
best value of thermal conductivity (1.78 W/m·K). In comparison with the RF sample, a 34% decrease
the best value of thermal conductivity (1.78 W/m∙K). In comparison with the RF sample, a 34%
was observed after 28 days of hardening.
decrease was observed after 28 days of hardening.
Fiber implementation into mixture has a positive effect on the investigated properties such as
Fiber implementation into mixture has a positive effect on the investigated properties such as
density and thermal conductivity of fiber cement composites. Figure 4 illustrates a linear relationship
density and thermal conductivity of fiber cement composites. Figure 4 illustrates a linear relationship
between the density and thermal conductivity of tested fiber cement composites after 28 days of
between the density and thermal conductivity of tested fiber cement composites after 28 days of
hardening. In Figure 4, each point represents the average of 5 measurements of the individual variables.
hardening. In Figure 4, each point represents the average of 5 measurements of the individual
The thermal conductivity of fiber cement composites decreases with decreasing density. Data set
variables. The thermal conductivity of fiber cement composites decreases with decreasing density.
in linear, logarithm, exponential, and polynomial trend forms were statistically tested. The value
Data set in linear, logarithm, exponential, and polynomial trend forms were statistically tested. The
calculated for the correlation coefficient R2 was 0.9466;
this was found, among others, to be appropriate.
value calculated for the correlation coefficient R2 was 0.9466; this was found, among others, to be
This R2 value is approximately
the
same
as
the
critical
value of the correlation coefficient (0.9500) for a
appropriate. This R2 value is approximately the same as
the critical value of the correlation coefficient
set of measured values at elected significance level p = 0.05.
(0.9500) for a set of measured values at elected significance level p = 0.05.
In accordance with [38], the incorporation of cellulosic fibers into the matrix creates voids
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Figure 4. Relationship between density and thermal conductivity of prepared composites.
Figure 4. Relationship between density and thermal conductivity of prepared composites.

3.3. Mechanical Properties of Fiber-Reinforced Cement Mortar
Strength properties, such as compressive strength and flexural strength, were observed over a
hardening time ranging from 1 day to 90 days. Figure 5 presents the compressive strength
development of cement-based composites containing recycled waste paper fibers. As can be seen, the
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assumed that superplasticizer molecules are adsorbed on the cement particles in order to develop
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material properties such as consistency of the fresh mixture, density, thermal conductivity,
compressive and flexural strength was also investigated.
Waste paper cellulosic fibers were added to the mixture as components of cement mortars at
0.5% by weight of binder and filler. From the results presented above, it could be concluded that
cellulosic fibers have a positive effect on the physical properties of fiber cement composites.
Incorporating cellulosic fibers into the cement matrix caused a decrease in density (6.8%) and an
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properties such as consistency of the fresh mixture, density, thermal conductivity, compressive and
flexural strength was also investigated.
Waste paper cellulosic fibers were added to the mixture as components of cement mortars at 0.5%
by weight of binder and filler. From the results presented above, it could be concluded that cellulosic
fibers have a positive effect on the physical properties of fiber cement composites. Incorporating
cellulosic fibers into the cement matrix caused a decrease in density (6.8%) and an increase in the
coefficient of thermal conductivity (34%) of cement mortars as compared to specimens without
cellulosic fibers after 28 days of hardening.
Superplasticizer use resulted in higher mixture quality, which was due to adsorption of
superplasticizer molecules on the cement particles. Consequently, the performance of the hardening
fresh mixtures was improved. RPCP fiber composites containing superplasticizer exhibited the best
mechanical properties in early hardening times, as well as with regard to the prolongation of the
hardening time due to significantly better dispersion of cement particles and improved bond strength
between fibers and matrix. RPCP fiber composites containing a superplasticizer exhibited the best
mechanical properties in early hardening times, as well as with prolongation of the hardening time up
to 90 days (for compressive strength 48.4 MPa and for flexural strength up to 7 MPa) due to significantly
better dispersion of cement particles and improved bond strength between fibers and matrix.
For this application of fiber cement plaster, further research will lead to additional data related
to determination of the adhesion of the mortar to the support layer. Based on the presented results,
it could be said that the use of waste cellulosic fibers in building materials is an efficient solution with
environmental benefit for the construction industry because of saving the natural sources such as trees,
energy and water needed for the production of cellulosic fibers. The key aspect of the use of recycled
cellulosic fibers in comparison to produced fibers from wood is the environmental protection against
the toxic pollutants released in the atmosphere and wastewater treatment is not necessary.
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Gola, L.; Václavík, V.; Valíček, J.; Harničárová, M.; Kušnerová, M.; Dvorský, T. Drainage concrete based on
cement composite and industrial waste. Adv. Struct. Mater. 2015, 70, 155–165. [CrossRef]
Václavík, V.; Dvorský, T.; Dirner, V.; Daxner, J.; Št’astný, M. Polyurethane foam as aggregate for thermal
insulating mortars and lightweight concrete. Teh. Vjesn. 2012, 19, 665–672.
Vaclavik, V.; Valicek, J.; Novosad, M.; Stankova, H.; Bendova, M.; Daxner, J. Monitoring of deformation
of thermal insulating plaster with fillers from recycled polyurethane foam using conventional geodetic
methods. In Proceedings of the International Multidisciplinary Scientific GeoConference: SGEM: Surveying
Geology & Mining Ecology Management, Albena, Bulgaria, 17–23 June 2012; Volume 4, p. 719.
Stevulova, N.; Vaclavik, V.; Junak, J.; Grul, R.; Bacikova, M. Utilization possibilities of selected waste kinds in
building materials preparing. In Proceedings of the 8th International Scientific Conference-SGEM2008, Sofia,
Bulgaria, 16–20 June 2008.
Wei, J.A.; Meyer, C. Degradation mechanisms of natural fiber in the matrix of cement composites.
Cem. Concr. Res. 2015, 73, 1–16. [CrossRef]
Bentchikou, M.; Guidoum, A.; Scrivener, K.; Silhadi, K.; Hanini, S. Effect of recycled cellulose fibres on the
properties of lightweight cement composite matrix. Constr. Build. Mater. 2012, 34, 451–456. [CrossRef]
Onuaguluchi, O.; Banthia, N. Plant-based natural fibre reinforced cement composites: A review.
Cem. Concr. Res. 2016, 68, 96–108. [CrossRef]

Buildings 2018, 8, 43

8.

9.

10.
11.

12.
13.
14.
15.
16.

17.
18.
19.
20.
21.

22.

23.

24.
25.
26.
27.
28.

10 of 12

Xie, X.; Zhou, Z.; Jiang, M.; Xu, X.; Wang, Z.; Hui, D. Cellulosic fibers from rice straw and bamboo
used as reinforcement of cement-based composites for remarkably improving mechanical properties.
Compos. Part B Eng. 2015, 78, 153–161. [CrossRef]
Dalmay, P.; Smith, A.; Chotard, T.; Sahay-Turner, P.; Gloaguen, V.; Krausz, P. Properties of cellulosic fibre
reinforced plaster: Influence of hemp or flax fibres on the properties of set gypsum. J. Mater. Sci. 2010, 45,
793–803. [CrossRef]
Tonoli, G.H.D.; Rodrigues Filho, U.P.; Savastano, H.; Bras, J.; Belgacem, M.N.; Lahr, F.R. Cellulose modified
fibres in cement based composites. Compos. Part A Appl. Sci. Manuf. 2009, 40, 2046–2053. [CrossRef]
Mármol, G.; Santos, S.F.; Savastano, H.; Borrachero, M.V.; Monzó, J.; Payá, J. Mechanical and physical
performance of low alkalinity cementitious composites reinforced with recycled cellulosic fibres pulp from
cement kraft bags. Ind. Crop. Prod. 2013, 49, 422–427. [CrossRef]
Anju, T.R.; Ramamurthy, K.; Dhamodharan, R. Surface modified microcrystalline cellulose from cotton as a
potential mineral admixture in cement mortar composite. Cem. Concr. Compos. 2016, 74, 147–153. [CrossRef]
Mohammadkazemi, F.; Doosthoseini, K.; Ganjian, E.; Azin, M. Manufacturing of bacterial nano-cellulose
reinforced fiber-cement composites. Constr. Build. Mater. 2015, 101, 958–964. [CrossRef]
Ghavami, K. Bamboo as reinforcement in structural concrete elements. Cem. Concr. Compos. 2005, 27, 637–649.
[CrossRef]
Stevulova, N.; Schwarzova, I.; Hospodarova, V.; Junak, J. Implementation of waste cellulosic fibres into
building materials. Chem. Eng. Trans. 2016, 50, 367–372. [CrossRef]
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