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Abstract
Utilization of waste materials is of utmost importance in creating a sustainable future. Industrial waste as well as recycled 
materials are used as supplementary cementitious materials in order to preserve the environment as well as to enhance 
the properties of the construction material. In the reporting work, rice husk ash (RHA) and nylon fibers were added to 
cement mortar (a mixture of cement, sand and water) to investigate their individual, as well as combined effect on flex-
ural and compressive strengths, sorptivity, and abrasion resistance of cement mortar. Test results obtained in this study 
indicate that RHA can be blended up to 10% by weight of cement to obtain higher flexural and compressive strengths 
as the addition of RHA improves the strength of the cement paste by enhancing the production of calcium-silicate-
hydrate. Nylon fiber reinforcement with 0.5 vol% showed efficient increment in flexural and compressive strengths of the 
mortar as a result of fibers holding the elements of the composite together. Replacement of cement with 10 wt% RHA 
effectively reduced the sorptivity of mortar as the addition of RHA results in the formation of a dense calcium-silicate-
hydrate structure reducing the porosity and blocking the capillaries inside the paste. Addition of 0.5 vol% nylon fiber to 
the cement replaced with 10 wt% RHA showed an increase in abrasion resistance of the mortar as nylon fibers can retain 
during longer time period of stress due to their high elasticity. Overall results indicated that the combined addition of 
rice husk ash and nylon fibers can increase the performance of cement mortar effectively by increasing its mechanical 
as well as durability properties.
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1 Introduction

Concrete/mortar is the most widely used construction 
material because of its strength, durability, versatility and 
availability of raw materials. Engineers and scientists have 
been investigating on low cost methods for many years 
to improve the properties of concrete/mortar while main-
taining sustainability. Addition of supplementary cementi-
tious materials (SCMs) plays a significant role in this matter. 
Various SCMs such as fly ash, rice husk ash, silica fume and 
ground granulated blast furnace slag are used as a partial 
cement replacement [1, 2]. Use of SCMs conserves energy 

and has environmental benefits because of the reduc-
tion in carbon dioxide emission as a result of reduction 
in manufacture of Portland cement. At the same time, it is 
a cost-effective solution as most of the SCMs are cheaper 
when compared to cement [2].

Utilization of waste materials is an essential step in cre-
ating a sustainable future. Rice husk, which is the outer 
covering of rice grain, is one of the most widely available 
agricultural wastes in many rice producing countries. In 
majority of these countries, much of the husk produced is 
either burnt or dumped as waste after processing of rice. 
By subjecting rice husk to a simple combustion process, 
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rice husk ash can be obtained with more than 90% non-
crystalline silica; which acts as a highly pozzolanic material 
[3]. Thus, rice husk ash can be used as a SCM to improve 
the performance of concreter/mortar.

Plain concrete/mortar is characterized as a brittle 
material with low tensile strength and low tensile strain 
capacities [4, 5]. They are often crack ridden and fracture 
forming during plastic and hardened states. Therefore, 
reinforcement is needed to be done before using them 
as construction materials. From ancient times continu-
ous reinforcing bars are used as reinforcing materials. 
They could be placed in the structure at appropriate 
locations to withstand the imposed tensile and shear 
stresses. Usage of relatively short, discrete and discon-
tinuous fibers as reinforcing materials has been stead-
ily increasing in recent years. Fiber reinforcement is 
effective when compared to reinforcing bars, as they 
can be randomly distributed throughout the cementi-
tious matrix. They tend to be more closely spaced than 
conventional reinforcing bars, and thus they effectively 
control cracking [4, 5]. A wide range of fibers with dif-
ferent mechanical, physical and chemical properties are 
used as reinforcing materials. Conventional fibers such 
as steel and glass; new fibers such as carbon and Kevlar; 
and low modulus fibers, either man-made (polypropyl-
ene, nylon) or natural (cellulose, sisal, jute) stand out 
among them [4, 5].

The reporting work was carried out to improve the 
performance of conventional cement mortar by incor-
porating rice husk ash as a SCM, and nylon fiber as a 
reinforcing material.

2  Materials and methods

2.1  Materials used

Ordinary Portland cement (OPC) conforming to Sri Lanka 
Standard Specification (SLS) 107:2008 was used. Graded 
river sand passing through 2 mm sieve was used as the 
fine aggregate. Commercially available nylon fiber was 
obtained and manually cut into 2 cm pieces.

Rice husk was washed well with water and burnt in 
fire to obtain black color rice husk ash. Then this ash was 
burnt in the furnace at a temperature of 700 °C for 6 h to 
obtain white color RHA [3]. For the sample preparation, 
RHA were ball milled and sieved using 32 μm sieve.

2.2  Sample preparation

Plain mortar was prepared by mixing cement: water: 
sand at a ratio of 1:0.5:3, according ASTM C305 stand-
ard mortar mixing procedure [6]. Nylon fiber was 

mixed with plain mortar by hand for about 15  min. 
Nylon fiber percentages were varied from 0.25 to 3.0% 
by volume of mortar. The cement was replaced with 
RHA from 5 to 25% by weight of cement to study its 
effect on properties of mortar.

2.3  Characterization

Flexural strength, also known as the modulus of rup-
ture is the ability of a material to resist deformation 
under a load. According to standard method speci-
fied in ASTM C348, flexural strength of mortar cubes 
is obtained by three-point loading test [7]. In this 
method, a load is applied to the sample as shown in 
Fig. 1 and flexural strength is calculated using Eq. 2.1.

where Sf is the flexural strength, P is the total maximum 
load, L is the support span, b is the width and d is the thick-
ness of the block [8].

According ASTM C348, 4 × 4 × 16  cm3 blocks were 
moisture cured for 7 days and tested using the universal 
testing machine [7]. A load was applied until the sam-
ple was broken, and the flexural strength was calculated 
using Eq. 2.1 [9, 10].

Compressive strength is the maximum compressive 
stress that a given solid material can sustain without 

(2.1)Sf =
3PL

2bd2

Fig. 1  Schematic diagram of the three-point loading test

Fig. 2  Schematic diagram of the compressive strength test
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fracture, under a gradually applied load [8]. Applica-
tion of force was done as shown in Fig. 2. According to 
standard method specified in ASTM C349, compressive 
strength of mortar cubes was determined by Eq. 2.2 
[11].

where Sc is the compressive strength, P is the total maxi-
mum load and A is the area perpendicular to the load.

According ASTM C349, portions of prisms broken in 
flexure were tested using the Universal testing machine 
[11]. Sample was compressed until the sample was bro-
ken, and the compressive strength was calculated using 
Eq. 2.2.

Coefficient of water absorption was estimated by 
measuring the rate of uptake of water by dry mortar 
in a period of 1 h in order to determine the sorptivity. 
Mortar samples of 5 × 5 × 5 cm3 were preconditioned 
by keeping in a moisture tight container for 7 days and 
then drying in an oven at 105 °C for 24 h until a constant 
weight was reached. Then the samples were allowed to 
cool in a sealed container for about 2 h and they were 
kept partially immersed to a depth of 3  mm on the 
casted surface. The quantity of water absorbed during 
the first 60 min was then determined and the Coefficient 
of water absorption values of mortar samples were cal-
culated using Eq. (2.3) [12, 13].

where Ka is the coefficient of water absorption, Q is the 
quantity of water absorbed in time t, A is the surface area 
through which water penetrates and t is the time period 
at which block is in contact with water.

Rate of water absorption was determined according 
to the standard method specified in ASTM C1403 [14].

Abrasion resistance was investigated using a home-
made apparatus which was prepared by attaching 
a grinding disc to a drilling machine. Prior to testing, 
the 5 × 5 × 5 cm3 mortar blocks were moisture cured for 
7 days and then kept in a moisture tight container for 
3 days. Then the casted surfaces of samples were ground 
for about 10 and 20 min and the mass reduction were 
determined according to the Eq. (2.4) after each time 
period.

(2.2)Sc =
P

A

(2.3)Ka =
(

Q

A

)2

×

(

1

t

)

(2.4)

(

Mass

reduction

)

=

(

Initial mass

before grinding

)

−

(

Final mass

after grinding

)

3  Results and discussion

3.1  Physical analysis of Materials

3.1.1  Ordinary Portland cement (OPC)

Particle size distribution curve of OPC obtained using the 
Cilas Nano DS Dual Light Scattering Particle Size Analyzer 
is shown in Fig. 3. According to the graph, OPC particle 
size is about 1–3 μm.

Fig. 3  Particle size distribution curve of OPC

Fig. 4  Particle size distribution curve of sand
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Particle size distribution curve of sand obtained using 
sieve analysis is shown in Fig. 4. Sand particle sizes were 
ranging from 0 to 2 mm.

3.1.2  Nylon fiber

Figure 5 shows a Polarization microscope image indicating 
the average diameter of nylon fiber. The diameter of nylon 
fiber is about 40 μm. 

3.2  Strength of nylon fiber reinforced cement 
mortar

3.2.1  Flexural strength

Results obtained for the flexural strength of fiber rein-
forced mortar samples with changing fiber percentage are 
shown in Fig. 6. As fiber content was increased, the flexural 

strength of mortar decreased significantly. This reduction 
can be due to fibers not being well bound with mortar 
after 7 days. As a result, fibers can de-bond from mortar 
easily at lower loads.

Although the failure occurred at higher load values, 
unreinforced mortar specimen exhibited brittle behavior 
in breaking due to a sudden rupture on reaching the peak 
load. On the other hand, fiber reinforced mortar specimens 
showed a more ductile failure mode, holding the elements 
of the fractured composite together, reducing the poten-
tial for catastrophic failure as well as the danger of frag-
ments flying away at a variety of directions from the face 
of the composite [15].

3.2.2  Compressive strength

The variation of the compressive strength of mortar blocks 
with changing nylon fiber volume percentage is shown in 
Fig. 6. As the fiber percentage was increased, the compres-
sive strength of mortar blocks increased up to 0.5 vol% 
fiber and then it started to decrease. The increase in com-
pressive strength is possible since, as the blocks are well 
compacted with fibers, they can resist higher loads than 
plain mortar under compression. After 0.5%, the compres-
sive strength of mortar samples decreased with increas-
ing Nylon percentage. This may be due to the incom-
plete compaction which may have occurred as a result 
of reduced workability of the mixture with the increasing 
amount of fibers [16].

By considering both flexural and compressive strength 
behavior of mortar with changing fiber percentages, 
0.5 vol% fiber was selected as the optimum reinforcement 
level.

3.3  Strength of RHA blended cement mortar

3.3.1  Flexural strength

Figure 7 shows the variation of flexural strength of mortar 
with the increase in RHA perecentages. Flexural strength 
did not show any significant change up to 15% replace-
ment of cement with RHA. But after 15%, it decreased sig-
nificantly. This can be due to many reasons. The addition 
of RHA makes the cement paste more denser by forming 
more C–S–H gel, thus decreasing the porosity and block-
ing capillaries inside the paste [15, 17]. This may block 
the water transfer to the un-hydrated particles for more 
hydration. Reduction in amount of calcium silicate supply 
for the hydration process with the reduction of amount of 
cement may be another reason for the decrement of flex-
ural strength of mortar. Also, due to high specific surface 

Fig. 5  Polarization microscope image of nylon fiber

Fig. 6  Variation of flexural and compressive strength with varying 
nylon fiber volume percentage
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area of RHA, they are likely to stick together through a 
physical bonding rather than contributing for the hydra-
tion process. This can also reduce the strength of mortar.

3.3.2  Compressive strength

The inclusion of RHA as a partial replacement of cement 
enhanced the compressive strength of mortar blocks. 
Maximum strength was obtained at 10% RHA as shown 
in Fig. 7. After 10% RHA, compressive strength started to 
decrease. However, compressive strength values were 
higher than that of plain mortar up to 20% of RHA. Higher 
compressive strength observed for RHA blended mortar 
could potentially be due to enhancement of the formation 
of C–S–H gel by finer RHA.

When water is added to cement, each of the com-
pounds undergo hydration. Calcium in cement reacts with 
sand and water to produce calcium silicate, dicalcium sili-
cate and tricalcium silicate. But only calcium silicates con-
tribute to strength of the paste. Tricalcium silicate, which is 
highly reactive, is responsible for the early stage strength 
of mortar and dicalcium silicate, which is less reactive, con-
tributes only to the strength at later times [18]. The hydra-
tion process of tricalcium silicate is shown by reaction 3.1.

In the hydration process, tricalcium silicate rapidly 
reacts with water to release calcium ions, hydroxide ions, 
and a large amount of heat. As a result of the release of 
alkaline hydroxide (OH–) ions, the pH value of the paste 
quickly rises over 12. This initial hydrolysis slows down 
quickly after it starts resulting in a decrease in the heat 
evolved. The reaction slowly continues producing calcium 

(3.1)
2
(

3CaO ⋅ SiO
2

)

+ 6H
2
O → 3CaO ⋅ 2SiO

2
⋅ 3H

2
O + 3Ca(OH)2

and hydroxide ions until the system becomes saturated. 
Once the saturation is reached, calcium hydroxide starts 
to crystallize and the formation of a dense structure called 
calcium silicate hydrate (also called C–S–H gel) begins.

The C–S–H crystals grow thicker making it more diffi-
cult for water molecules to reach the un-hydrated trical-
cium silicate. The speed of the reaction is now controlled 
by the rate at which water molecules diffuse through 
the calcium silicate hydrate coating. This paste thickens 
over time causing the production of C–S–H to become 
slower and slower. The C–S–H gel hardens with age to 
form a continuous binding matrix with a large surface 
area and it is the main strengthening constituent in the 
cement paste [18].

Due to high specific area of RHA, a more homogenous 
and a denser paste is created with lesser porosity and 
lesser width of interfacial zone between the paste and 
the aggregate [19]. Thus, the strength is increased. After 
20% replacement of cement with RHA, the water transfer 
to the un-hydrated particles for more hydration would 
have been blocked and with the reduction of amount of 
cement, amount of calcium silicate supply for the hydra-
tion process may be reduced. Also sticking of RHA particles 
together due to their high specific surface area can occurr 
and hence the strength can be decreased.

By considering both flexural and compressive strength 
test results, 10% replacement of cement by RHA was cho-
sen as the optimum RHA replacement level.

3.4  Strength of fiber reinforced mortar with RHA

3.4.1  Flexural strength

By keeping the reinforced fiber percentage at 0.5 vol% 
which was chosen as the optimum fiber percentage, RHA 
weight percentage was changed from 0 to 25% for further 
investigation of the effect of RHA on nylon fiber reinforced 
mortar. The variation of flexural strength of fiber reinforced 
mortar with the replacement of cement with RHA is shown 
in Fig. 8.

With the increase of replacement of cement with RHA, 
the flexural strength of 0.5% fiber reinforced mortar did 
not show a significant change up to 5%. After 10% of RHA, 
the flexural strength was decreased. The fine RHA particles 
with high specific surface area can reach small pores in 
between the cement and fibers to produce more C–S–H 
gel. This resuts in reduction of the width of the interfa-
cial transition zones between the aggregate, fibers and 
cement paste [4]. This may decrease the flexural strength 
by disturbing water transfer for the unhydrated calcium 
silicate products for further hydration. On the other hand 
due to the high specific surface area of RHA they are likely 

Fig. 7  Variation of flexural and compressive strength of mortar with 
varying RHA percentage
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to stick together through a physical bond rather than 
contributing for the hydration process. The reduction of 
amount of cement with increasing RHA also may be a rea-
son for the reduction in strength of mortar.

3.4.2  Compressive strength

Addition of RHA to fiber reinforced mortar up to 10% of 
RHA increased the compressive strength slightly as seen in 
Fig. 8. However, it showed a significant reduction beyond 
replacement by 10%. With the increase in replacement 
level of RHA strength may decrease due to blocking of 
water transfer to the un-hydrated particles.

3.5  Comparison of optimized RHA and fiber 
incorporated mortar samples

Considering the results obtained for flexural and compres-
sive strengths of all these mortar samples, 0.5 vol% fiber 
and 10 wt% RHA were selected as the optimum incorpo-
ration levels. Then plain mortar, mortar with optimized 
nylon fiber (0.5%), mortar optimized with RHA (10 wt%) 
and mortar optimized with with both nylon fiber (0.5 vol%) 
and RHA (10 wt%) were tested for their flexural strength, 
compressive strength, water absorption and abrasion 
resistance.

3.5.1  Flexural strength

Flexural strength values of (a) plain mortar, (b) fiber 
reinforced mortar, (c) RHA blended mortar and (d) RHA 
blended fiber reinforced mortar, after 7 and 21 days are 
given in Fig. 9.

Although nylon fiber reinforcement decreased the flex-
ural strength of mortar after 7 days, it effectively increased 
the strength after 21 days. This may be because of proper 
bonding of fibers with mortar after 21 days. This can be 
justified by the SEM images seen in the Fig. 10, which 
shows how the addition of RHA has improved bonding 
between fibers and the cement paste. Addition of RHA also 
increased the flexural strength, indicating its efficient poz-
zolanic activity. Mortar with combined nylon fiber and RHA 
showed a reduction in strength to some extent than mor-
tar with RHA and nylon fiber alone. This may be because 
of blocking water transfer through the paste.

3.5.2  Compressive strength

Figure 9 shows the compressive strength values of the 
mortar samples after 7 and 21 days. Compressive strength 
has efficiently increased with the addition of RHA and 
nylon fibers. Results after 21 days show significant incre-
ment in strength, indicating a continued increase of 
strength at the later ages due to the hydration and C–S–H 
gel formation of cement and the efficient bonding of fibers 
to the paste with time [15, 17].

3.5.3  Coefficient of water absorption and the rate of water 
absorption

The graphical interpretation for the variation of coefficient 
of water absorption with type of mortar is given in Fig. 11. 
This variation indicates a reduction in the sorptivity of 
mortar with the incorporation of nylon fibers. This may 

Fig. 8  Flexural strength and compressive strength versus RHA per-
centage for (0.5 vol%) fiber reinforced mortar

Fig. 9  Flexural and compressive strength of selected mortar after 7 
and 21 days
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be because the addition of fibers can aid in disrupting or 
breaking the continuity and interconnectivity of porous 
channels existing in the composite, thus resulting in lower 
sorptivity. Also, addition of RHA significantly reduces the 
water absorption compared with the plain mortar sample, 
because of the formation of dense C–S–H gel structure 
reducing the porosity, blocking the capillaries inside the 
paste [13, 19].

The Fig. 12 shows the SEM images of the plain mortar 
and RHA blended mortar. It clearly shows how the addition 
of RHA results in a denser structure with less porosity. In 
the sample incorporated with both RHA and nylon fiber, 
water absorption coefficient is reduced even more; prob-
ably because of RHAs capability of reaching small pores 
and hence allowing fibers to produce more C–S–H gel, 
reducing porosity [13].

Fig. 10  SEM images showing the bonding of nylon fiber with mortar, a without RHA; b with RHA

Fig. 11  Variation of coefficient of water absorption with the type of 
mortar

Fig. 12  The SEM images showing the, a plain cement paste and b cement paste with RHA



Vol:.(1234567890)

Research Article SN Applied Sciences (2020) 2:379 | https://doi.org/10.1007/s42452-020-2198-1

3.5.4  Abrasion resistance

Mass reduction gives a clear idea about abrasion resist-
ance where higher mass reduction is an indication of lower 
resistant of a surface to abrasions. The four types of mor-
tar samples were subjected to brushing over a period of 
10 and 20 min respectively, and the mass reduction was 
obtained. The results obtained are listed below in Table 1 
and Fig. 13. Lower reduction of mass after brushing was 
observed for the nylon fiber reinforced mortar blocks indi-
cating their high abrasion resistance. This may be because 
nylon fibers can retain during longer time period of stress 
due to high elasticity. Also, as the frictional coefficient of 
Nylon is less than that of cement, dragging and abrasions 
due to the frictional forces may also be less in nylon rein-
foreced mortar than in plain mortar.

4  Conclusion

In this study, the combined effects of nylon fibers and RHA 
on the mechanical properties and durability of cement 
mortar were evaluated experimentally. From the results, 

it can be concluded that, addition of 0.5 vol% nylon fib-
ers can effectively increase the flexural and compressive 
strengths of mortar in 21 days as the addition of fibers 
makes the elements of the composite hold more effec-
tively than plane mortar. But, increasing the amount of 
fibers more than 0.5 vol% tends to decrease the strength 
due to the reduction of the workability of the paste. Also, 
nylon fibers can increase the abrasion resistance of mortar 
due to the high elasticity of nylon fibers. Mechanical prop-
erties of mortar such as compressive and flexural strength 
were found to increase with the increase of replacement of 
cement with RHA up to 10 wt%. The increase in strength 
is because of the high pozzolanic activity of RHA and the 
enhancement of the formation of the C–S–H gel. The 
decrement of strength beyond 10% of RHA is due to the 
reduction of formation of C–S–H gel, as increase of RHA 
make the paste denser which blocks the water transfer 
through the paste. Sorptivity of mortar can be decreased 
efficiently with the replacement of cement with 10 wt% 
RHA, and was found to be due to the formation of dense 
C–S–H structure by RHA. Mortar with combined RHA and 
nylon fibers showed a significant reduction in sorptiv-
ity as the water transfer through paste is blocked by the 
dense C–S–H gel and nylon fibers blocking the capillar-
ies in the paste. An efficient increment in abrasion resist-
ance was found in mortar with combined RHA and nylon 
fibers when compared to plain mortar. Hence, it can be 
concluded that, combined addition of RHA and nylon fib-
ers can increase the performance of conventional mortar 
efficiently.
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