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Abstract  Plain concrete has low tensile strength, 
therefore, it is reinforced with steel for structural use. Both 
the production of concrete and the manufacture of steel 
adversely affect the environment. Moreover, there is a new 
developing technology of 3D printing complex structural 
shapes, which makes it difficult to provide conventional 
steel reinforcement. This can be addressed partially by 
increasing the efficiency of concrete with respect to its 
properties; specifically, the tensile strength. Traditionally, 
silica fume is used for this purpose. This research is 
exploratory in nature in that it is breaking new ground by 
incorporating epoxy resin to partially replace cement in 
concrete with the fine aggregate partially replaced by silica. 
It was hypothesized that an increase, especially in the 
strength of concrete in tension, by the incorporation of 
epoxy resin will reduce the requirement of reinforcing steel, 
and thus making it a more suitable material for 3D printing 
of complex structural shapes. To test this hypothesis, a total 
of 144 concrete cubes and cylinders were made with the 
cement substituted by epoxy resin at the levels from 0 to  
30% with 10% increments. The mechanical properties of 
these samples were measured after 3, 7, and 28 days. For 
lower values of cement replacement with epoxy, both the 
compressive and the tensile strength were reduced. 
However, when the epoxy proportion was increased, a 
positive change was noticed in the mechanical properties, 
especially the tensile strength. While the results obtained in 
the present study are not comprehensive, this research is a 
significant step towards further exploration in this area. 

Keywords  Epoxy Resin, Cement Replacement, Silica, 
Aggregate Replacement, Sustainable Concrete 

1. Introduction
Conventional concrete made of cement, coarse and fine 

aggregates is a ubiquitously used material in the 
contemporary buildings [1]. The production of concrete is 
energy-intensive and also consumes a great amount of 
natural resources [2, 3, 4]. It is stipulated that the 
manufacture of cement alone is a significant participant in 
the emission of CO2 gases into the atmosphere [5, 6]. 
Several attempts have been made over the recent years to 
introduce/promote sustainability of the construction 
industry with respect to the production of concrete [7, 8]. A 
significant number of these attempts have been at 
incorporating agricultural and industrial wastes as partial 
or full replacement of concrete ingredients including 
cement, fine aggregate, and coarse aggregate [9, 10, 11]. 
The most recent notable contributions in this regard have 
been the use of palm oil fuel ash and fly ash in concrete in 
their nano particle sizes [12, 13]. Other agricultural 
by-products such as palm oil clinker have also been used 
[14]. Some attempts have also been made at replacing 
concrete in less structurally intensive situations by 
alternative materials such as adobe [15, 16]. 

The manufacture of reinforcing steel is another energy 
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intensive and environmentally expensive process [17, 18]. 
Additionally, more often than not, it requires transportation 
over large distances, which adds to its adverse 
environmental impact [19, 20, 21]. The use of reinforcing 
steel in concrete is necessary because concrete is generally 
weak at taking tensile stresses [22, 23]. To enhance the 
tensile capacity of concrete and to diminish the use of 
reinforcing steel, several alternative reinforcement 
strategies have been used over recent years [24, 25]. Some 
of these strategies include the use of steel wire mesh [26, 
27, 28], which additionally helps prevent excessive 
cracking; and the use of additional fibres such as kenaf [29, 
30, 31]. Recently, there has been a growing trend in the use 
of polymers to modify cement mortar and cement concrete 
with research focusing on both the physical and the 
chemical characteristics of such a use of polymers [32, 33, 
34]. These recent developments towards improving the 
sustainability of reinforced concrete notwithstanding, there 
is still great potential for the use of alternative materials 
and techniques in order to make this industry more 
environment friendly. A novel technique in this regard is 
the use of epoxy resin as a binding material in concrete. 

Epoxy resins are petroleum derived thermoset polymers 
[35, 36, 37]. These have been used to produce, among other 
applications, strong coatings [38, 39]. Some epoxy-bonded 
fibre-composite materials have also been used in structural 
applications such as; strengthening of RC beams [40], 
using epoxy-bonding GFRP plates to strengthen bridge 
beams [41], confining concrete with epoxy bonded fibre 
ropes [42], etc. However, the evidence found in the 
literature on the use of epoxy resin either as a binder 
replacement [43, 44, 45], or fine aggregate replacement for 
that matter, is scarce. Mostly, in the industry, polymer 
concrete is used for non-structural purposes, such as lining 
of the man-holes, sceptic tanks etc. due to its better 
resistance against adverse environmental conditions. A 
brief look at the recent developments in the use of 
polymers in concrete is presented below followed by an 
overview of the use of silica fume/nanosilica in concrete. 

2. Recent Developments in Polymer 
Concrete 

Conventionally, polymer concrete refers to a type of 
concrete in which a resin plays the role of the binder 
replacing cement [33]. While different types of resins have 
been used for this purpose; e.g. polyester, vinylester [46]; it 
has been reported that epoxy resin is the most efficient and, 
therefore, preferable despite its higher cost. Generally, to 
offset the high cost of epoxy resin, a filler is used. The 
advantages of epoxy resin over other resins include its 
relatively better thermal and mechanical properties as well 
as its durability aspects [47]. A quick scan of the available 
literature indicates that the use of other polyester and other 
resins diminished after the early 2000s in favour of epoxy 

resin. Several researchers have explored the properties of 
polymer concrete and attempted to develop design 
procedures and optimizations.  

Ferdous et al. [33] investigated the optimal resin-to-filler 
and matrix-to-aggregate ratios from the point of view of 
durability and mechanical behaviour of the resulting 
concrete. The epoxy resin that they used was of the type 
diglycidyl ether of bisphenol-A (DGEBA), which has 
medium viscosity. They used a blend of 3 fillers i.e. fire 
retardant filler, micro-spheres, and fly ash. The coarse 
aggregate used was obtained in crushed form from a quarry 
and consisted of angular limestone. They concluded that 
mixes with the filler content of less than 40% showed 
significant segregation, which was averted at higher filler 
content. Higher filler content also reduced the negative 
effects of temperature. They also concluded that the tensile 
strength, flexural strength, and ductility of the resulting 
mix were decreased when matrix-to-aggregate ratio was 
lowered. They reported increased tensile as well as flexural 
strengths of the polymer concrete related to the 
conventional Portland cement concrete. In another study, 
Ferdous et al. [48] examined the influence of resin-to-filler 
ratio on the properties of epoxy polymer concrete matrix. 
The concluded that while the addition of the filler was 
helpful in controlling the temperature of the exothermic 
reaction between the resin and the hardener, excessive 
quantity of filler (>60%) reduced the workability 
significantly. The addition of the filler also increased the 
density of the polymer matrix resulting in bigger voids in 
the matrix. It was reported that the filler helped increase 
flexural stiffness while the strength was dominated by the 
polymer and decreased with the increasing filler ratio. 

Fernandez-Ruiz et al. [43] studied the behaviour of 
epoxy polymer concrete in compression both with, and 
without the hardener. They used siliceous sand as fine 
aggregate and gravel as coarse aggregate. The authors used 
Bisphenol A-type epoxy resin with and without the 
hardener to partially replace cement. They concluded that 
the performance of the epoxy with the hardener was better 
than that without the hardener. While the post-peak 
response of the epoxy polymer concrete was flatter and it 
showed greater ductility, both the flexural and the 
compressive strengths were reported to have dropped. 
When the epoxy resin was used with the hardener, the 
compressive strength was lower by approximately 14% at 
10% epoxy, and approximately 29% at 15-20% epoxy in 
comparison to the control mix. 

Jafari et al. [34] used NITOBOND-EP epoxy resin with 
a base/hardener ratio of 1.73:1 by weight for optimizing the 
mixture design of polymer concrete. They tested 
cylindrical specimens for uniaxial compression and 
splitting-tensile strength. While the researchers claimed 
that the optimal mixture design for the compressive, 
splitting-tensile, and flexural strengths was 14% polymer 
content and coarse aggregate size 9.5-19 mm tested under a 
temperature of -15oC, at the same time, they reported that, 
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“the temperature had more significant effect on destructive 
test results compared to polymer content and coarse 
aggregate size”. Jafari and Toufigh [49] also investigated 
the properties of rubberized polymer concrete. They used 
waste tyre rubber both in the form of chipped rubber to 
partially replace coarse aggregate and crumbed rubber to 
partially replace fine aggregate. They reported a reduction 
in the workability of the resulting mixes. The compressive 
strength was also significantly lower in case of rubberized 
specimens. 

Gil-Martin et al. [44] investigated the cyclic behaviour 
of beam-column joints with epoxy resin as partial cement 
replacement. They used a multipurpose bi-component 
epoxy resin available with the commercial name of 
Sikafloor® 161 to replace 15% of the cement in the mix. 
They concluded that the use of epoxy resin as partial 
cement replacement reduced the compressive strength of 
the resulting concrete, however, the load carrying capacity 
of the specimen with epoxy resin was reported to be similar 
to that of the control.  

A significant contribution was made by Shi-Cong and 
Chi-Sun [50] when they produced a polymer concrete by 
adding recycled glass aggregates, fly ash, and metakaolin. 
They used DGEBA epoxy resin and an aliphatic hardener. 
Recycled glass was used as the coarse aggregate whereas 
the fine aggregate consisted of recycled galss and fly ash, 
and, recycled glass and metakaolin. The authors compared 
the properties of the control, which consisted of polymer 
concrete with waste glass aggregates only with those of the 
concretes with fly ash and metakaolin, respectively. The 
concluded that the addition of fly ash and metakaolin 
enhances the mechanical properties of the resulting 
concrete, which has a potential to be produced at an 
industrial scale. 

Jung, Roh, and Chang [51] reported that the polymer 
concrete was able to fully cure at a very fast rate. They used 
YD-128 epoxy and KH-891 hardener, both produced by 
KUKDO Chemical, Korea as the binder and conventional 
coarse and fine aggregates. The authors did not use any 
filler for the polymer matrix. While the flexural as well as 
compressive strengths of the polymer concrete at 6 hours of 
curing were higher compared to the ordinary Portland 
cement concrete at 28 days of curing, its elasticity modulus 
was significantly lower. Furthermore, the coefficient of 
thermal expansion of the polymer concrete was 
significantly higher, which raised the author’s concerns 
about the serviceability of the polymer concrete. Because 
of the higher thermal expansion, it is also difficult to ensure 
the compatibility if different parts of a structure are 
constructed by different concretes, such as a part of a 
runway made originally with the conventional concrete 
being repaired by polymer concrete. 

Agavriloaie et al. [52] used a different kind of polymer 
to produce epoxy polyurethane acryl concrete (EPUAC). 
They found the mechanical properties of this concrete to be 
comparable with the polyester resin concrete, whereas it 

offered greater thermal comfort in terms of its insulation 
properties.  

The mechanical and physical properties of epoxy 
polymer concrete subjected to higher temperature were 
studied by Oussama et al. [53]. They used polymer along 
with cement in the ratios of 6%, 9%, 13%, and 16%. They 
found out that the polymer concrete with 13% of polymer 
resulted in the best mechanical behaviour, with 
compressive and flexural strengths higher than the 
conventional cement concrete. However, at elevated 
temperatures up to 250oC, while the two strengths of the 
conventional concrete remained virtually constant, those 
for the polymer concrete dropped significantly but still 
remained comparable to the ordinary cement concrete at 
temperatures up to 225oC.  

The quick scan of literature as presented above reveals 
that the technology of polymer concrete is yet nascent and 
needs much investigation before it graduates into a 
standard practice. It can be cautiously concluded that 
epoxy resin when used in conjunction with a hardener 
performs better as a binder in concrete compared to other 
polymers. Polymer concrete with only the polymer as the 
binding agent shows enhanced compressive as well as 
flexural strength, however, its modulus of elasticity is 
lower. Furthermore, polymer concrete, as is the case with 
polymers in general, is highly susceptible to rising 
temperatures and tends to lose its strength at elevated 
temperatures. Another issue to be considered in regards to 
the polymer concrete, especially when using epoxy resin, is 
its relatively high cost. Some researchers have tried a 
workaround by adding some filler in the polymer matrix. 
This strategy helps reduce the cost as well as increase the 
modulus of elasticity. However, the addition of a filler 
material in the polymer matrix reduces the compressive 
and flexural strengths of the resulting concrete. Among the 
various fillers used in polymer concrete, fly-ash and the 
ordinary Portland cement are the ones most commonly 
used. Researchers have also used alternate aggregates such 
as waste glass and ground tyre rubber as alternate 
aggregates in polymer concrete. 

3. Use of Silica in Concrete 
Traditionally silica fume [54], and more recently 

nano-silica [55] has been used as a filler in concrete mostly 
with cement, and in a very few cases, polymer, as the 
binder. Silica, in any of its forms, is primarily used in 
concrete due to its pozzolanic properties that help enhance 
the mechanical properties of the resulting concrete [56].  

Binici and Aksogan [57] studied the durability of 
concrete partially/full replacing fine aggregate with silica 
sand at the replacement levels of 10%, 20%, 30%, 40%, 
50%, and 100%. They used standard crushed stone as the 
coarse aggregate. They reported that the unit weight of 
silica sand was higher than the conventional fine 
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aggregates while its water absorption was lower. The 
capillary permeability coefficients for all levels of silica 
sand replacement were lower than the control, reduced by 
10%, 25%, 40%, 55%, 60%, and 65%, respectively. The 
28-day compressive strength was also reported to be higher 
for all the silica sand replacement levels ranging from 13% 
increase for 10% replacement level to 42% increase for  
100% replacement level. 

Mazloom, Ramezanianpour, and Brooks [54] 
investigated the short- and long-term mechanical 
properties of high-strength concrete containing different 
levels of silica fume ranging from 0 to 15%. They reported 
that the compressive strength and the secant modulus 
increased at the cost of reduced workability with the 
increase in the silica fume proportion. While the proportion 
of silica fume did not affect the total shrinkage, it increased 
the autogenous shrinkage. They also stated that the basic 
creep of concrete was lower with the increasing proportion 
of silica fume. 

Murthi et al. [58] used silica mineral waste, terming it as 
eco sand, as aggregate in their effort to produce 
environment friendly high strength concrete. They reported 
that the strength properties were boosted with the 
incorporation of silica mineral waste, whereas, the slump 
and compacting factors were low in all the concrete mixes. 
The optimum level of the replacement of the conventional 
fine aggregate with silica mineral waste was determined to 
be at 25%. 

Said et al. [55] studied the properties of concrete after 
incorporating nanosilica with and without fly ash as partial 
binder replacement. They reported that the specimen with  
6% nanosilica had approximately 25% higher compressive 
strength and approximately 30% higher tensile strength 
than the control specimens. When 30% of cement was 
replaced with fly ash, both the compressive and tensile 
strength were reduced, however, adding nanosilica still 
produced the similar effects on compressive strength. The 
tensile strength was optimal at 3% nanosilica only and it 
dropped slightly at 6% nanocilica. 

Du, Du, and Liu [59] evaluated the durability 
performance of concrete containing nanosilica at 0.3% and 
0.9% replacement levels. They reported that the 
microstructure of the resulting concrete became 
homogeneous with a reduced porosity due to nano-filler 
effect and the pozzolanic reaction provided by nanosilica. 
They reported increased compressive strength at early age 
as well as resistance against water and chloride ions for 
concrete containing nanosilica, even at the lower 0.3% 
amount.  

Xie et al. [60] studied the coupling effects on the fracture 
behaviour of concrete using steel-fibre recycled aggregate. 
They used silica fume in the concrete mixture according to 
the Chinese standard as 10% cement replacement and, 
secondly, as additional ingredient equal to 3% of the 
cement mass. Sand was partially replaced by rubber at the 
volumetric fractions of up to 20% with 5% increments. 
They reported that while the addition of silica fume 

increased the compressive strength of concrete with steel 
fibres by about 44% as 10% cement replacement and by 
about 31% as 3% additional ingredient, the addition of 
rubber and the recycled aggregates had the opposite effect. 
As a general conclusion, it could be claimed that recycled 
aggregate concrete with 10% cement replaced by silica 
fume but without any rubber content was at par with new 
aggregate concrete without silica fume. 

Guo et al. [61] attempted to produce sustainable 
self-compacting concrete with recycled aggregate and fly 
ash, slag, and silica fume as partial binder replacements. 
They tested mechanical as well as durability properties. 
They reported that the use of recycled aggregate reduced 
the mechanical properties, which was compensated when 
the binder replacements including silica fume were used. 
Similar behaviour of recycled aggregates and binder 
replacements was noted towards durability properties such 
as dry shrinkage. While the authors did not explicitly 
compare the performance of the three binder replacements 
i.e. fly ash, slag, and silica fume; looking at the results, it 
can be easily seen that silica fume performed better 
compared to the other two. 

In order to reduce restrained shrinkage and compensate 
the loss of strength in cementitious mortars, Lefever et al. 
[62] used nanosilica along with superabsorbent polymers. 
The superabsorbent polymers that they used are 
copolymers of acrylamide and sodium acrylate. The 
nanosilica used was a type of colloidal silica. They 
observed that at initial stages, the mix containing both the 
superabsorbent polymers and nanosilica showed higher 
compressive strength but at 28 days, while all the mixes 
gained strength, the mix containing only nanosilica gained 
the most and reached about 90 MPa. The mix with only 
superabsorbent polymers started losing compressive 
strength after 28 days from about 73 MPa to 71 MPa at 90 
days. A similar behaviour was observed in terms of flexural 
strength except that at 28 days, the mix with only the 
polymers showed the greatest strength at an average of 9 
MPa. 

Keerio et al. [63] investigated the properties of the 
resulting concrete when they used silica fume to partially 
replace the binder and waste glass to partially replace fine 
aggregate. They replaced up to 15% of cement by silica 
fume with the increments of 5% and up to 40% of fine 
aggregate with waste glass with the increments of 10%. 
They reported a significant loss in the workability as well 
as water absorption of the resulting mixture when silica 
fume and glass fine aggregate were used. The optimum 
replacement levels for silica fume and glass fine aggregate 
were reported as 10% and 30%, respectively. 

Verma et al. [64] used stone dust as partial fine 
aggregate replacement and silica fume as partial binder 
replacement in their attempt at producing sustainable 
concrete. They replaced up to 40% of fine aggregate with 
stone dust. After finding out that the optimal replacement 
level for stone dust is 30%, the authors used that proportion 
and replaced the binder with silica fume at 5, 10, and 15% 
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replacement levels. The optimum replacement levels were 
thus identified as 30% stone dust replacing the fine 
aggregate and 10% silica fume replacing the binder. 

This brief look at the literature on the use of silica fume 
as well as nanosilica as binder replacement in concrete 
indicates that it improves the mechanical behaviour of 
concrete. Therefore, silica has traditionally been used to 
produce high strength concrete in the form of silica fume or 
nanosilica. Conversely, in order to save precious resources 
and control he CO2 emissions, when the use of 
recycled/waste aggregates is attempted, it generally 
compromises the mechanical properties of the resulting 
mix. The strategy to compensate that by the combined use 
of silica fume/nano silica and the recycled/waste 
aggregates seems to be promising. It is, however, noted that 
few, if any, researchers have used silica as fine aggregate 
replacement recently. It would be worth investigating as to 
how does the use of silica as partial fine aggregate 
replacement affect the mechanical properties of the 
resulting mix. 

The present study, therefore, aims to test the hypothesis 
that including epoxy resin as a binder replacement will 
increase the tensile strength of silica concrete for structural 
purposes, especially for 3D printing of structures. It is 
expected that such an increase in the tensile strength 
without significantly compromising on the compressive 
strength can potentially reduce the use of cement, but more 
importantly, the reinforcing steel. The above hypothesis 
was tested experimentally. An initial and brief report on the 
findings of this study was presented elsewhere [65]. The 
present paper reports the study and its findings in entirety 
along with a contextual literature review and the ensuing 
discussion. 

4. Methodology 
This is an experimental research in which cube 

specimens were examined for compressive strength and 

cylinder specimens were used to measure splitting-tensile 
strength; with the purpose of determining the effects of the 
use of epoxy resin along with silica sand in concrete. The 
description of the materials used, the specimens prepared 
and the tests conducted are as follows. 

4.1. Materials 

The materials used in this investigation consisted of 
Ordinary Portland Cement (OPC), common river sand as 
fine aggregate, ordinary crushed stone as coarse aggregate, 
epoxy resin as partial binder replacement, and silica sand as 
partial fine aggregate replacement. The chemical as well as 
physical properties of OPC are well known and quoted 
several times in literature. The chemical analysis of the 
silica sand revealed the presence of the various metal 
oxides in its composition as presented in table 1 along with 
that of the river sand used in the present study. 

Table 1.  Metal oxide values in the two types of sand used 

Metal oxide %Wt in silica sand % Wt in river sand used 

SiO2 93.2 56.23 

CaO 0.9 2.82 

MgO 0.6 1.97 

Al2O3 0.8 19.43 

Fe2O3 0.7 4.65 

K2O 0.5 - 

Loss on Ignition 3.3 14.9 

The sieve analysis was carried out for the gradation of 
the common river sand as well as the silica sand used in 
these experiments. The gradation charts for the common 
river sand and the silica sand are presented in figure 1. Two 
sizes of coarse aggregate i.e. 10mm and 20mm were used 
in equal proportion. 

  

Figure 1.  The gradation chart for the river sand and silica sand used as fine aggregate in this study 
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Table 2.  Details of the mix proportions used for sample preparation (All quantities are in g/kg). 

Mix Name Cement Epoxy Resin Common River Sand Silica Sand 

S0E0 137 0 343 0 

S25E0 137 0 257 86 

S50E0 137 0 172 171 

S75E0 137 0 86 257 

S100E0 137 0 0 343 

S100E10 123 14 0 343 

S100E20 110 27 0 343 

S100E30 96 41 0 343 

Note: 88 g of water, 144 g of 10 mm size coarse aggregate, and 288 g of 20 mm size coarse aggregate were used per kg of mix for all proportions 

The epoxy resin used in this study was the Crystal Clear 
type resin manufactured by East Coast Resin®, which 
came in two parts; A, and B. The two parts were mixed in 
equal volume, as recommended by the manufacturer, for 
use in this study. It is worth noting here that other brands of 
such resin are available in the market and that this research 
did not intend to test any particular brand. The resin used in 
this study was obtained from the usual supplier of the 
laboratory materials without informing the manufacturer. It 
is assumed that the performance of any other brand of resin 
with the similar chemical composition and physical 
characteristics will also be the same as the one used here. 

4.2. Mix Proportions and the Preparation of Specimens 

A total number of 144 specimens were prepared. Out of 
the 144, 72 were cubes with the side dimension of 100 mm 
and the other 72 were 300 mm long cylinders with a 150 
mm diameter. The cubes were tested for the compressive 
strength whereas the cylinders were used to measure the 
splitting tensile strength. Besides the control, 4 proportions 
of the fine aggregate replacement with silica sand were 
used i.e. 25%, 50%, 75%, and 100%. Moreover, 3 
proportions (10%, 20%, 30%) of the replacement of binder 
with epoxy resin were used. The water-to-binder ratio (0.64) 
and the proportion of each of the two sizes of coarse 
aggregate (14.4% 10mm size, and 28.8% 20mm size) were 
kept constant for all the mix proportions. The water/binder 
ratio was kept relatively high with the aim of attaining the 
required workability without the use of any plasticizer. 
Since the objective of the present experimental program 
was to make a comparison between the strengths rather 
than achieving a high strength, it was deemed more 
appropriate to remove a potential further parameter in the 
form of an admixture. The nomenclature used for the 
resulting 8 mixes and the relevant aggregate proportions 
are given in table 2. For each one of these 8 mixes, 18 
specimens i.e. 9 cylinders and 9 cubes were prepared. For 
each proportion under investigation, 3 cylinders and 3 
cubes each were tested after 3, 7, and 28 days after casting. 

The concrete mixes were produced using a concrete 
mixer. The ingredients except water and epoxy resin were 
first dry-mixed in the appropriate proportions to obtain a 

homogenous mix. This was followed by the addition of 
water gradually until a homogenous paste was obtained. 
The two parts of the epoxy resin were mixed at this stage 
and added to the concrete mix. Once the epoxy resin was 
added and mixed well, the concrete was swiftly poured into 
moulds. In order to make sure there were no voids inside 
the specimens, a mechanized vibrating tray was used. All 
the specimens were demoulded 24 hours after pouring and 
placed in a water tank at room temperature (about 25oC) at 
a depth of about 1 meter for wet curing until the test day. 

4.3. Tests Conducted 

The testing methods used in the present study consisted 
of the compressive strength test as per ASTM C39 and the 
tensile splitting test as per ASTM 496. The details of the 
testing methods used have been provided in the following 
subsections: 

4.3.1. Compressive Strength Test 
The compressive strength of the cubic specimens was 

measured using the Universal Testing Machine by 
adopting the ASTM C39 testing standard. The compressive 
load was applied to the specimens at a rate of 0.25 MPa per 
second until failure. Figure 2 shows a specimen under 
compressive strength test. 

 

Figure 2.  A cubic specimen under compressive strength test. 
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4.3.2. Splitting Tensile Strength Test 

The splitting tensile strength of the cylinder specimens 
was also measured using the Universal Testing Machine. 
For this purpose, the ASTM C496 testing standard was 
adopted. The standard recommends a load rate of 0.7 to 1.4 
MPa per minutes. In the present study, a load rate of about 
1 MPa per minute was used until the specimen failed. 
Figure 3 shows a specimen being subjected to the splitting 
tensile strength test. 

 

Figure 3.  A cylinder specimen under splitting tensile strength test 

 

5. Results and Discussion 

5.1. The Effects of Silica Sand as Fine Aggregate 
Replacement 

5.1.1. On Compressive Strength 
In view of the positive influence of silica 

fume/nanosilica on the behaviour of concrete as reported in 
the literature briefly reviewed above, it was expected that 
the addition of silica sand as partial/full replacement of fine 
aggregate would have a similar effect. The results obtained 
in this study, in the limit, validate this hypothesis. Table 3 
presents the results of the compressive strength test with 
varying proportions of silica sand after 3, 7, and 28 days. 
This is followed by a single factor analysis of variance 
(ANOVA) for the effect of silica sand at 3, 7, and 28 days 
of curing age as presented in Table 4. The P-value of 
0.0084 and the F value of 6.32 against an Fcrit value of 
3.48 indicate that the inclusion of silica as fine aggregate 
replacement has a significant effect on the compressive 
strength of concrete at 3 days of curing age. For the 7 days 
of curing age, the P-value is 0.000194 and the F value is 
16.82, which show that the effect of silica sand has become 
more significant as the curing age increases. Continuing to 
28 days of curing age, the effect of silica sand remains 
significant with a P-value of 0.0008 and an F value of 12.05. 
The average values of compressive strength for the 3 
curing ages and the various replacement levels of silica 
sand have been plotted as in Figure 4. Figure 5 presents the 
visual representation of the fitting of linear models for 
various proportions of fine aggregate replaced by silica 
sand at different curing ages. 

Table 3.  Results of the compressive strength test for various proportions of silica sand (All strength values are in MPa). 

Mix 
Name 

3 Days 7 Days 28 Days 

Avg. Std. 
Dev. % Increase Avg. Std. Dev. % Increase Avg. Std. 

Dev. % Increase 

S0E0 13.11 0.012 - 16.55 0.675 - 25.95 0.57 - 

S25E0 14.15 0.325 7.93 17.76 0.11 7.31 27.57 0.63 6.24 

S50E0 14.92 1.86 13.81 18.94 1.32 14.44 29.4 2.43 13.29 

S75E0 15.7 0.365 19.76 19.91 0.39 20.3 30.92 0.65 19.15 

S100E0 16.37 0.42 24.87 20.83 0.46 25.86 32.24 0.95 24.24 

Table 4.  Single factor ANOVA for compressive strength test results for various proportions of silica sand. 

Curing Age Source of Variation SS df MS F P-value F crit 

3 Days 

Between Groups 19.64 4 4.91 6.32 0.0084 3.48 

Within Groups 7.77 10 0.777    

Total 27.41 14         

7 Days 

Between Groups 34.55 4 8.64 16.82 0.000194 3.48 

Within Groups 5.14 10 0.514    

Total 39.69 14     

28 Days 

Between Groups 76.43 4 19.11 12.05 0.0008 3.48 

Within Groups 15.86 10 1.586    

Total 92.287 14     
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Figure 4.  Average compressive strength test results for various proportions of silica sand.  

 

Figure 5.  The compressive strength linear model fit for fine aggregate replacement with silica sand at various curing ages 

It is noted that the y-intercepts for the linear models, 
displayed in Figure 5, have been set as the average strength 
of the mix S0E0 at the respective curing ages. With the 
statistical significance established through ANOVA results 
presented in Table 4, it can be stated with confidence that 
the replacement of fine aggregate with silica sand produces 
better compressive strength of concrete with the effect 
becoming more prominent as the curing age advances. The 
percent increase in the average compressive strength for 
each silica sand replacement level for the different curing 
ages can be read from Table 3. At 28 days, the % increased 
compressive strength at silica sand replacement levels of 
25%, 50%, 75%, and 100% was approximately 6%, 13%, 
19%, and 24%, respectively. These outcomes are in accord 
with prevailing literature, e.g. [58]. 

5.1.2. On Splitting Tensile Strength 
Generally, the splitting tensile strength in concrete is 

much smaller than the compressive strength, which is true 
for the results obtained in this study as well. However, in 
terms of the influence of silica sand as fine aggregate 
replacement, the results follow, in the limit, a similar trend 
as the compressive strength with the effects being 

comparatively less significant. Table 5 presents the 
splitting tensile strength test results for the cylinder 
specimens with varying proportions of silica sand 
replacement at the different curing ages. This is followed 
by a single factor analysis of variance (ANOVA) for the 
effect of silica sand at 3, 7, and 28 days curing age as 
presented in Table 6. The P-value of 0.044 and the F value 
of 3.65 against an Fcrit value of 3.48 indicate that the 
inclusion of silica as fine aggregate replacement has a 
slightly significant effect on the splitting tensile strength of 
concrete at 3 days of curing age. For the 7 days of curing 
age, the P-value is 0.045 and the F value is 3.62, which 
show that the effect of silica sand remains marginally 
significant as the curing age increases. Continuing to 28 
days of curing age, the effect of silica sand is relatively 
more significant with a P-value of 0.016 and an F value of 
5.14. The average values of splitting tensile strength for the 
3 curing ages and the various replacement levels of silica 
sand have been plotted as in Figure 6. Figure 7 presents the 
visual representation of the fitting of linear models for 
various proportions of fine aggregate replaced by silica 
sand at different curing ages. 
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Table 5.  Splitting tensile strength test results for various proportions of silica sand (All strength values are in MPa). 

Mix 
Name 

3 Days 7 Days 28 Days 

Avg. Std. Dev. % 
Increase Avg. Std. Dev. % 

Increase Avg. Std. Dev. % 
Increase 

S0E0 1.15 0.089 - 1.52 0.085 - 2.42 0.172 - 

S25E0 1.18 0.05 2.9 1.56 0.086 3.08 2.56 0.137 5.64 

S50E0 1.26 0.072 9.57 1.65 0.118 8.79 2.64 0.105 9.08 

S75E0 1.32 0.075 14.78 1.72 0.05 13.62 2.81 0.112 15.82 

S100E0 1.43 0.173 24.35 1.78 0.135 17.36 2.95 0.232 21.87 

Table 6.  Single factor ANOVA for splitting tensile strength test results for various proportions of silica sand. 

Curing Age Source of Variation SS df MS F P-value F crit 

3 Days 

Between Groups 0.1503 4 0.0376 3.6529 0.0439 3.48 

Within Groups 0.1029 10 0.0103    

Total 0.2532 14     

7 Days 

Between Groups 0.1425 4 0.0356 3.6213 0.045 3.48 

Within Groups 0.0984 10 0.00984    

Total 0.2409 14     

28 Days 

Between Groups 0.517 4 0.1293 5.136 0.0164 3.48 

Within Groups 0.2517 10 0.0252    

Total 0.7687 14     

 

Figure 6.  Average splitting tensile strength test results for various proportions of silica sand 
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Figure 7.  The splitting tensile strength linear model fit for fine aggregate replacement with silica sand at various curing ages 

Similar to the compressive strength linear models, the 
y-intercepts for the splitting tensile strength linear models, 
displayed in Figure 7, have also been set as the average 
strength of the mix S0E0 at the respective curing ages. 
With the marginal statistical significance evaluated 
through ANOVA results presented in Table 6, it can be 
stated that the replacement of fine aggregate with silica 
sand increases the splitting tensile strength of concrete. 
The % escalation in the average splitting tensile strength 
for each silica sand replacement level for the different 
curing ages can be read from Table 5. At 28 days of curing 
age, the % increases in the splitting tensile strength for 
silica sand replacement levels of 25%, 50%, 75%, and  
100% are approximately 6%, 9%, 16%, and 22%, 
respectively. 

5.2. The Effects of Epoxy Resin as Binder Replacement 

5.2.1. On Compressive Strength 
The influence of utilizing epoxy resin to partially replace 

the binder is not as linear as that of the silica sand as fine 
aggregate replacement. This is in agreement with the brief 
literature review presented above. The average 
compressive strength test results for cube specimens at 
different levels of binder replacement with epoxy resin are 
presented in table 7. It was observed that the compressive 
strength of concrete dropped drastically when epoxy resin 
replaced 10% of the binder with the drop ranging from   
68% to 75% for various curing ages. The strength 
continued to drop further as more epoxy resin replaced the 

binder with the greatest drop of approximately 79% was 
observed at 28 days of curing age at 20% binder 
replacement level. However, the concrete started regaining 
strength as further epoxy resin was added. 3 days after 
casting, a gain of 3.75% in compressive strength was noted 
for 30% binder replaced by epoxy resin. The regain didn’t 
enter the positive range after 7 and 28 days post-casting. At 
28 days of curing age, the strength remained approximately 
32% below the control. The statistical significance of the 
effect of binder replacement by epoxy resin is evident from 
the single factor ANOVA as presented in Table 8. The 
P-values for 3, 7, and 28 days remain of the order of 10-9, 
10-11, and 10-10, respectively; which indicate a very strong 
statistical significance. The F values of 576, 1614, and 853, 
for 3, 7, and 28 days of curing age, respectively; are also 
considerably larger than the Fcrit value of 4.066. The plots 
of the average compressive strength for various epoxy resin 
proportions are presented in Figure 8 with linear models 
fitted to the data. With the y-intercept being irrelevant here, 
the linear models show that the effect of curing age 
diminishes as epoxy resin is added. For all the proportions 
of epoxy resin, the slope of the linear model remains in the 
range of 0.08 to 0.17, whereas the same for the control 
sample is 0.6. The same is evident from the trend in Figure 
9, where it can be observed that the difference between the 
strengths at different curing ages is considerably smaller 
for specimens with some portion of the binder replaced by 
epoxy resign. The trend apparently indicates that higher 
proportions of epoxy resin will result in greater concrete 
strength. 
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Table 7.  Compressive strength test results for various proportions of epoxy resin (All strength values are in MPa). 

Mix 
Name 

3 Days 7 Days 28 Days 

Avg. Std. Dev. % 
Change Avg. Std. Dev. % 

Change Avg. Std. Dev. % 
Change 

S100E0 16.37 0.42 - 20.83 0.46 - 32.24 0.95 - 

S100E10 5.13 0.664 -68.65 6.58 0.5 -68.43 7.94 0.73 -75.39 

S100E20 4.35 0.33 -73.43 5.72 0.11 -72.54 6.76 0.33 -79.04 

S100E30 16.97 0.513 3.75 19.46 0.12 -6.56 21.95 0.73 -31.92 

Table 8.  Single factor ANOVA for compressive strength test results for various proportions of epoxy resin. 

Curing Age Source of Variation SS df MS F P-value F crit 

3 Days 

Between Groups 429.06 3 143.02 575.76 1.11E-09 4.066 

Within Groups 1.987 8 0.2484    

Total 431.043 11         

7 Days 

Between Groups 591.76 3 197.25 1614.49 1.82E-11 4.066 

Within Groups 0.977 8 0.122    

Total 592.74 11     

28 Days 

Between Groups 1331.39 3 443.797 852.9 2.32E-10 4.066 

Within Groups 4.163 8 0.52    

Total 1335.55 11     

 

Figure 8.  Average compressive strength test results for various proportions of epoxy resin at different curing ages along with the linear models fitted to the data 
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Figure 9.  Average compressive strength test results for various proportions of epoxy resin 

Figure 9 shows that the compressive strength drops as 
epoxy resin is added in lower portions. The average 28-day 
compressive strength for 10% epoxy resin is only 
approximately 25% of that with no epoxy resin. This 
further drops to approximately 21% when 20% epoxy resin 
was used. However, for epoxy resin proportion of 30%, the 
compressive strength seems to have bounced back to reach 
approximately 68% of that of the control specimen. It is 
postulated that the addition of epoxy resin adversely affects 
the effectiveness of cement as a binder and the low amount 
of epoxy does not produce enough of its own binding force. 
For larger proportion, the increase in the compressive 
strength may be attributed to epoxy resin. This hypothesis, 
however, requires further investigation to be validated. In 
case this hypothesis is validated, it might be desirable to 
use a more environment friendly filler material along with 
epoxy resign instead of cement. 

5.2.2. On Splitting Tensile Strength 
The effects of the use of epoxy resin as partial binder 

replacement on splitting tensile strength are quite similar to 
those on the compressive strength. The average splitting 
tensile strength test results for cylinder specimens at 
different levels of binder replacement with epoxy resin are 
presented in Table 9. It was detected that the splitting 
tensile strength dropped drastically when epoxy resin 
replaced 10% of the binder with the drop ranging from   
56% to 66% for various curing ages, with the greatest drop 
of approximately 66% at 7 days of curing age at 10% 
binder replacement level. Similar to the compressive 
strength, which continued to drop for 20% replacement 
level, the splitting tensile strength also continued to drop, 

which remained in the range of approximately 53% to 63% 
for 20% binder replacement level. The concrete continued 
regaining strength as further epoxy resin was added. A gain 
of approximately 14%, 11%, and 4% in splitting tensile 
strength was noted for 30% binder replaced by epoxy resin 
at 3, 7 and 28 days of curing age, respectively. The 
statistical significance of the effect of binder replacement 
by epoxy resin is evident from the single factor ANOVA as 
presented in Table 10. The P-values for 3, 7, and 28 days 
remain of the order of 10-6; which indicates a very strong 
statistical significance. The F values of 33, 63, and 68, for 3, 
7, and 28 days of curing age, respectively; are also 
considerably larger than the Fcrit value of 4.066. The plots 
of the average splitting tensile strength for various epoxy 
resin proportions are presented in Figure 10 with linear 
models fitted to the data. The linear models show that the 
effect of curing age diminishes for lower binder 
replacement levels but it emerges again for 30% 
replacement level. For the 10% and 20% proportions of 
epoxy resin, the slope of the linear model remains in 
approximately 0.03, whereas the same for the 30% 
proportion and the control sample is approximately 0.06. 
This result is by no means conclusive, however, it 
necessitates an investigation if epoxy resin continues to 
gain tensile strength over time. The trend depicted in 
Figure 11 apparently indicates that higher proportions of 
epoxy resin will result in greater concrete strength. While 
the difference in the splitting tensile strength at 3 days and 
7 days diminishes for 10% and 20% binder replacement 
levels, it re-emerges at 28 days. This warrants further 
investigation, preferably with a larger range of binder 
replacement levels and filler materials other than cement. 
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Table 9.  Splitting tensile strength test results for various proportions of epoxy resin (All strength values are in MPa). 

Mix 
Name 

3 Days 7 Days 28 Days 

Avg. Std. Dev. % 
Change Avg. Std. Dev. % 

Change Avg. Std. Dev. % 
Change 

S100E0 1.43 0.173 - 1.78 0.135 - 2.95 0.232 - 

S100E10 0.571 0.147 -60.1 0.61 0.22 -65.65 1.28 0.18 -56.72 

S100E20 0.675 0.172 -52.82 0.663 0.152 -62.75 1.39 0.194 -52.9 

S100E30 1.64 0.149 14.38 1.979 0.102 11.18 3.06 0.205 3.56 

Table 10.  Single factor ANOVA for splitting tensile strength test results for various proportions of epoxy resin. 

Curing Age Source of Variation SS df MS F P-value F crit 

3 Days 

Between Groups 2.565 3 0.855 33.002 7.45E-05 4.066 

Within Groups 0.207 8 0.026    

Total 2.772 11     

7 Days 

Between Groups 4.69 3 1.56 63.07 6.555E-06 4.066 

Within Groups 0.198 8 0.025    

Total 4.892 11     

28 Days 

Between Groups 8.42 3 2.81 67.64 5.015E-06 4.066 

Within Groups 0.332 8 0.0415    

Total 8.747 11     

 

Figure 10.  Average splitting tensile strength test results for various proportions of epoxy resin at different curing ages along with the linear models 
fitted to the data 
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Figure 11.  Average splitting tensile strength test results for various proportions of epoxy resin 

A similar trend for the splitting tensile strength to that of 
the compressive strength can be observed in Figure 11. 
However, the drop in the splitting tensile strength is 
slightly less as it drops to about 43% and 47% of the 
splitting tensile strength of the control specimen for the 
epoxy proportions of 10% and 20%, respectively. While 
the compressive strength for 20% epoxy proportion was 
less than that for 10%, the splitting tensile strength is 
higher for 20% epoxy proportion. More importantly, the 
splitting tensile strength for the epoxy resin proportion of 
30% went higher than the control specimen by about 4%. It 
is postulated that a higher proportion of epoxy resin may 
further increase the splitting tensile strength of concrete. 
This inference is subjected to further investigation and 
validation. 

6. Conclusions 
The present study was exploratory in nature. The focus 

of the present research was on the effects of partial binder 
replacement with epoxy resin on the compressive and 
splitting tensile strength of concrete with silica sand as fine 
aggregate. Following conclusions have been drawn: 
 The addition of silica sand as partial/full fine 

aggregate replacement in concrete enhances its 
compressive strength. After 28 days of curing, the % 
increases in the compressive strength at different 
silica sand replacement levels of 25%, 50%, 75%, and 
100% were approximately 6%, 13%, 19%, and 24%, 
respectively. This behaviour is accompanied by 
strong statistical significance. 

 When the silica sand replaces fine aggregate, it 
increases the splitting tensile strength of concrete, 
however, the statistical significance of this behaviour 
is marginal. At 28 days of curing age, the % increases 
in the splitting tensile strength for silica sand 

replacement levels of 25%, 50%, 75%, and 100% are 
approximately 6%, 9%, 16%, and 22%, respectively. 

 The compressive strength drops as epoxy resin is 
added in lower portions. The average 28-day 
compressive strength for 10% epoxy resin is only 
approximately 25% of that with no epoxy resin. This 
further drops to approximately 21% when 20% epoxy 
resin was used. However, for epoxy resin proportion 
of 30%, the compressive strength reaches 
approximately 68% of that of the control specimen.  

 The addition of epoxy resin adversely affects the 
effectiveness of cement as a binder and the low 
amount of epoxy does not produce enough of its own 
binding force. For larger proportion, the increase in 
the compressive strength may be attributed to epoxy 
resin.  

 It might be desirable to use a more environment 
friendly filler material along with epoxy resin instead 
of cement. 

 The splitting tensile strength dropped to about 43% 
and 47% of the splitting tensile strength of the control 
specimen with epoxy proportions of 10% and 20%, 
respectively. However, the splitting tensile strength 
for the epoxy resin proportion of 30% was higher than 
the control specimen by about 4%.  

 A higher proportion of epoxy resin may further 
increase the splitting tensile strength of concrete. 

The above conclusions are based on the small size of 
data observed in the present study. It is recommended that 
further investigation in this regard be carried out to 
ascertain the validity of these conclusions. It would 
especially be of interest to find out how the higher 
proportions than those used here may affect the 
compressive and the splitting tensile strength of concrete. 
Furthermore, the present study did not investigate the 
economic or environmental aspects of the use of epoxy 
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resin in concrete. Future research in these areas is also 
recommended. The present study was partially inspired by 
the need for the development of sustainable materials 
suitable for the emerging 3D printing technology. For that 
purpose, not only the mechanical properties are important. 
Therefore, it is recommended that fresh properties as well 
as durability of the concrete incorporating epoxy resign and 
silica sand may be investigated. 
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