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Abstract: The article describes tests of epoxy mortars after the addition of fibres. The fibres were
a substitute for sand in the amount of 0, 1, 2, 3, 4 and 5% by volume, respectively. Three types of
mortar were obtained, containing polypropylene, glass and carbon fibres, respectively. Statistical
analyses (ANOVA) were carried out to assess the impact of fibre content on the mechanical properties
of mortars. Brittle fracture toughness was also tested using the Cracked Straight Through Brazilian
Disc method. The addition of each type of fibre improved the assessed parameters. Based on the
obtained research results, and also due to availability and price, the most advantageous seems to be
the production of composites containing the addition of polypropylene fibres.

Keywords: epoxy mortars; fibres; mechanical properties; Cracked Straight Through Brazilian Disc
test; microstructural analysis

1. Introduction

Resin concretes and mortars are composites that do not contain cement. The binder in this type of
materials is a synthetic resin, most often polyester, epoxy, and less often acrylic. Bonding and hardening
occur as a result of mixing this type of resin with an appropriate amount of a properly selected
hardener [1–3]. The aggregate used to make resin composites must be durable and clean as well as
dry. Most often it is quartz sand [4], but partial sand replacement with alternative aggregates, such as
perlite [5], expanded clay [6], and waste rubber [7,8] gives good effects. Resin concretes are characterized
by very high compressive strength (over 100 MPa) and bending strength, as well as very good chemical
resistance. Their characteristic feature is also the short time needed to achieve operational efficiency
and their good adhesion to various building materials [4,9]. Their high strength-to-weight ratio, good
damping properties and ability to form complex shapes make them ideal for prefabrication [10,11].
These properties mean that resin composites can be used as anti-corrosive shields used in adverse
environmental conditions, in the construction of bridge, road, hydrotechnical, marine and urban
buildings. Resin sewer and telecommunications wells and their components can also be obtained. Resin
industrial floors and elements of bridge drainage systems (cornices, curbs, drains) and prefabricated
elements for linear drainage systems (channels, gutters, wells) are popular. Resin concretes are used
for the production of resin marble, as well as for joining structural elements and emergency repairs of
buildings. Due to the high cost of polymers, resin mortars are only used in special cases. However, their
practical properties make them appear on the market more and more often. Unfortunately, the price
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is not the only disadvantage of these materials. They are also characterized by limited heat and fire
resistance and relatively high curing shrinkage. Due to the presence of the resin matrix, these materials
exhibit quasi-fragile behaviour [12–15]. However, this feature can be improved, among others by
incorporating fibres into the composite mix. Resin mortars with the addition of fibres were obtained
by, among others, [16–21]. In most cases, it has been confirmed that fibres addition is important, as it
allows significant improvement of the mechanical properties of resin composites, and at the same time
makes them more resistant to cracking. The mechanics of resin mortar cracking were studied in detail
by Reis et al. [16,22–26]. The properties of such composites largely depend on the characteristics of
their constituent materials and the interactions between them [27]. What are important, among others,
are fibre-matrix adhesion and fibre length, internal/external diameter and structure of the fibres, fibre
treatment and dispersion in the matrix [28]. The mechanics of cracking in polymer mortar is strongly
dependent on the fibre orientation [15]. In this work, a study was undertaken on the selection of the
optimal amount of various types of fibres added to mortars, which will guarantee the obtaining of the
best physical and mechanical properties of the obtained composites.

2. Materials and Methods

2.1. Materials

2.1.1. Binder

The binder in the obtained mortars was Epidian 5 epoxy resin, CIECH Sarzyna S.A., Nowa
Sarzyna, Poland. The resin content was 36% vol. The hardener was triethylenetetramine (hardener Z-1),
added in an amount of 10% by weight based on the weight of the resin. Selected resin and hardener
parameters are presented in Tables 1 and 2.

Table 1. The physico-chemical properties of Epidian 5 resin [29].

Type of Resin Density, g/cm3 Viscosity 25 ◦C,
MPa·s

Molecular Weight,
g/mol

Epoxy Count LE,
mol/100 g

Epidian 5 1.17 30,000 450 0.49

Table 2. Selected physico-chemical properties of curing agent used in the tests [29].

Type of Curing
Agent

Density 20 ◦C,
g/cm3

Viscosity
25 ◦C, MPa·s

Amine Number,
mg KOH/g Form Main Ingredient

Z-1 0.978–0.983 20–30 min. 1100 Liquid pale
yellow triethylenetetramine

2.1.2. Aggregate

The aggregate was quartz sand, KWARCMIX, Tomaszów Mazowiecki, Poland, with a density of
2.65 g/cm3 and a grain size of 0–2 mm, in accordance with the requirements of the standard PN-EN
196: 2016 [30].

2.1.3. Fibres

Three types of 12 mm long commercially available fibres, Rozenblat Sp. z o.o., Krosinko, Poland,
were used to obtain the mortars: polypropylene (pp), glass (g) and carbon (c). Moreira et al. [16]
suggested that the addition of an amount of fibre exceeding 2% wt. no longer strengthens the resin
mortar, but in other works a positive effect of fibres was noted at 4%, 8% [1] and even 10% of the
additive [14]. In the tests described in this article, the fibres were added in an amount of 0, 1, 2, 3, 4
and 5% by volume of aggregate. Selected fibre properties are summarized in Table 3. Photographs
of fibres from a scanning microscope at 500× and 10,000× magnification are shown in Figures 1
and 2, respectively.
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Table 3. Selected properties of fibres used in the tests.

Type of Fibre Designation Length, mm Density, g/cm3 Cost

Polypropylene pp 12 0.91 Lowest
Glass g 12 2.50 Intermediate

Carbon c 12 1.60 Highest
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2.3. Methods 

2.3.1. Bending Flexural Strength Test 

Figure 2. SEM images of (a) polypropylene at 5000×magnification; (b) glass and (c) carbon fibres at
10,000×magnification.

2.2. Sample Preparation

Appropriate amounts of individual components were weighed. The resin was mixed with the
hardener and poured into the bowl of the mixer. Then sand mixed with fibres was added. The whole
composition was mixed in a laboratory mixer at a speed of 140 ± 5 rpm, maintaining a fixed mixing
time of 3 minutes. Epoxy mortars were cast into standard prismatic moulds (40 × 40 × 160 mm3) for
flexural and compressive tests and into cylindrical moulds (ø80 mm, h = 38 mm) for testing brittle
fracture toughness. The samples were ripened in the laboratory in room environment for 7 days and
then tested.



Materials 2020, 13, 1378 4 of 20

2.3. Methods

2.3.1. Bending Flexural Strength Test

The flexural strength when bending composites was tested using a three-point bending test in
accordance with PN-EN 196: 2016 [30]. Three samples from each composition were used. The sample
was loaded at a speed of 0.25 mm/min. The equipment for testing flexural strength was a universal
testing machine (Cometech Testing Machines Co., Taichung, Taiwan) with a maximum load capacity
of 50 kN,

2.3.2. Compressive Strength Test

These were carried out on the halves of samples formed after the flexural strength test (six samples
from each series). A hydraulic press (MATEST S.p.A., Arcore, Italy) equipped with test inserts ensuring
a constant compression area equal to 1600 mm2 was used. The samples were loaded at a speed
of 2.4 kN/s.

2.3.3. Brittle Fracture Toughness

This test was conducted based on the method called Cracked Straight Through Brazilian Disc
(CSTBD, Cometech Testing Machines Co., Taichung, Taiwan) which was described in detail in
articles [16,31]. This is an alternative method to the commonly used one, and its benefit is that it
allows reduction of the cost of obtaining samples, because in this case they are much smaller. Based
on the work of Moreira et al. [16,31], cylindrical samples with a diameter of 80 mm and a height of
38 mm were made, including control samples (without the addition of fibres) and for all of the types of
fibres, the amount of which in the composite was set at 2%. This approach allowed comparison of the
obtained test results. A fracture was simulated by inserting thin metal washers 25 mm wide and 2 mm
thick in the centre of the cylinder (Figure 3a).
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The stress intensity factors (KIC; KIIC) were calculated based on the formulas (1)–(4) [31]:

KI =
F

√
π·a·w

·

√

l·NI (1)

KII =
F

√
π·a·w

·

√

l·NII (2)

NI =
(
1− 4·(sin(θ))2

)
·[T1 + T2·

(
l
a

)2

·8·(sin(θ))2] (3)
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NII = 2· sin(2θ)·[S1 + S2·

(
l
a

)2

·

(
8·(cos(θ))2

− 5
)
] (4)

The parameters necessary for the calculations were adopted as in [31]: T1 = 1.135551, T2 = 0.533477,
S1 = 1.089702, S2 = 0.522272, sample height w = 38 mm, sample radius a = 40 mm, half the width of
the metal plate l = 12.5 mm. In formulas (1) and (2), the force causing the destruction of the sample
read from the machine was adopted as F, and θwas the angle of force application in relation to the
metal plate.

Samples were tested after 7 days of conditioning under laboratory conditions. A universal
testing machine was used with a constant head speed of 0.5 mm/min, fitted with parallel steel plates
(Figure 3b).

2.3.4. Scanning Electron Microscopy (SEM)

Scanning Electron Microscopy (SEM), secondary electrons (SE) and back scattering electron (BSE),
was performed using a VEGA 3 microscope (TESCAN, Nanolab Laboratory, Federal University of Ouro
Preto - UFOP, Ouro Preto, Minas Gerais, Brazil). The samples were obtained from crushed specimens
of the mechanical strength test. Polished and unpolished samples were assessed after coating with a
thin layer of gold. Realized this experiment to evaluate the dispersion and the behavior of the fibers
added to the produced matrices after the load application.

3. Results and Discussion

The results of the strength tests performed were subjected to statistical analysis using the Statistica
12 program (StatSoft, Kraków, Poland). Two factors were taken into account, i.e. the type of fibre
and the content of fibres. Non-parametric bidirectional ANOVA statistics of the Kruskal-Wallis rank
(available in the Nonparametric Statistics tab—Comparison of many independent samples (groups) of
the Statistica program) were used to:

• check whether each factor considered independently has a significant impact on the values of
flexural and compressive strength,

• determine the main contribution of each factor to global variance.

In all analyses performed, the impact of factors with a significance level less than or equal to 5%
(p ≤ 0.05) was considered statistically significant.

3.1. Flexural Strength

The results of the flexural strength test for epoxy mortars containing a variable amount and
different type of fibres (along with a standard deviation) are summarized in Table 4.

Table 4. List of average values of mortar flexural strength with standard deviation.

Fibre Content %
Flexural Strength, MPa

PP Fibres Glass Fibres Carbon Fibres

0 22.55 ± 0.53 22.55 ± 0.53 22.55 ± 0.53
1 23.03 ± 1.96 23.49 ± 1.00 22.77 ± 0.75
2 25.68 ± 1.57 24.60 ± 0.43 22.87 ± 1.31
3 25.15 ± 0.09 24.48 ± 1.66 23.58 ± 1.14
4 24.16 ± 2.87 23.33 ± 1.13 22.78 ± 0.15
5 23.84 ± 0.52 21.13 ± 0.92 22.55 ± 1.00

Total 24.07 ± 1.75 23.26 ± 1.49 22.85 ± 0.84

For visual assessment, these results are presented graphically in Figure 4.
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Based on the test results obtained, it can be stated that the addition of each of the three types
of fibres in an amount of up to 4% causes an increase in flexural strength compared to the control
samples. On the other hand, a 5% fibre addition results in a decrease in the determined parameter.
Similar behaviour was demonstrated by samples of polyester mortars modified by recycled glass fibre,
tested by Ribeiro et al. [1]. These authors noted an increase in strength at 4% and 8% sand substitution
with fine fibres, and at 4% modification with thicker fibres.

In turn, Xie et al. [20] obtained an improvement in flexural strength of epoxy mortars with the
addition of 1.6% polypropylene fibres in relation to the weight of the resin, with the most favourable
results obtained for a content of 0.8% fibres. It can be seen in Figure 4 that the highest values of flexural
strength, at 25.68 MPa, were noted for mortars containing polypropylene fibres added in an amount of
2%. Similar behaviour was demonstrated for mortars with the addition of 2% glass fibres, for which
the flexural strength was 24.60 MPa. The flexural strength of mortars modified with carbon fibres was
characterized by the lowest variation, increasing from 22.55 MPa for 5% fibre content (the same as for
control samples) to 23.58 MPa for samples where the amount of fibres is 3%. These conclusions are
supported by the results of the non-parametric analysis of ANOVA Kruskal-Wallis variance, carried
out separately for two accepted, changing factors.

3.1.1. Statistical Analysis of Test Results Related to the First Factor (Type of Fibre)

The results of the Kruskal-Wallis ANOVA test for flexural strength and the independent
variable–the type of fibre–are given in Table 5. The Kruskal-Wallis test is essentially an analysis
of variance carried out on ranks. The test statistics in this test are not significant (p = 0.0672).

Table 5. Results of the Kruskal-Wallis ANOVA rank test for flexural strength related to the type of fibres.

Dependent Variable:
Flexural Strength, MPa

ANOVA Rank Kruskal-Wallis; Flexural Strength, MPa
Independent (Grouping) Variable: Type of Fibre

Kruskal-Wallis Test: H (2, N = 54) = 5.398859; p = 0.0672

N Important Total Ranks Average Rank

pp 18 607.50 33.75
g 18 489.00 27.17
c 18 388.50 21.58

Therefore, it can be concluded that the flexural strength of epoxy mortars modified with three types
of fibres does not differ significantly. Analysing the p-values for multiple (two-sided) comparisons
presented in Table 6, it can be concluded that only slightly insignificant (p = 0.061) differences in the
results of flexural strength of mortars containing carbon and polypropylene fibres can be assumed.
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Table 6. Values p for two-sided comparisons.

Dependent Variable:
Flexural Strength, MPa

Value p for Multiple (Two-Sided) Comparisons;
Flexural Strength, MPa

Independent (Grouping) Variable: Type of Fibre
Kruskal-Wallis Test: H (2, N = 54) = 5.398859; p = 0.0672

pp R:33.75 g R:27.17 c R:21:58

pp 0.628009031 0.0610076543
g 0.628009031 0.861035278
c 0.0610076543 0.861035278

Graphic presentation of the results is possible by generating the box and whisker plot presented
in Figure 5.

Figure 5. Box and whisker plot of flexural strength related to the type of fibres.

Another example of assessing the distribution of a dependent variable (flexural strength) within
each of the conditions (type of fibres) is the categorized histogram option. These diagrams are presented
in Figure 6.

It confirms the conclusion that for mortars containing polypropylene fibres, the flexural strength
is the highest (i.e. the distribution is shifted to the right towards higher values), lower for mortars with
glass fibres and the lowest for mortars modified with carbon fibre.

3.1.2. Statistical Analysis of Test Results Related to the 2nd Factor (Fibre Content)

The Kruskal-Wallis ANOVA test for flexural strength can also be performed in relation to the
second independent variable, which was the percentage of fibres in the composite. The results of this
test are given in Table 7.

In this case, the test statistics are significant (p = 0.0104). Therefore, it can be concluded that
the amount of fibres significantly differentiates mortars in terms of flexural strength. Analysing the
p-values for multiple (two-sided) comparisons presented in Table 8, it can be stated that the greatest
differences in flexural strength occur between control mortars (without fibres) and mortars containing
3% fibres.
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Table 7. Results of the Kruskal-Wallis ANOVA rank test for flexural strength related to fibre content.

Dependent Variable:
Flexural Strength, MPa

ANOVA Rank Kruskal-Wallis; Flexural Strength, MPa
Independent (Grouping) Variable: Amount of Fibre, %
Kruskal-Wallis Test: H (5, N = 54) = 15.00301; p = 0.0104

N Important Total Ranks Average Rank

0 9 160.50 17.83
1 9 213.00 23.67
2 9 339.00 37.67
3 9 351.00 39.00
4 9 248.50 27.61
5 9 173.00 19.22

Table 8. Values p for two-sided comparisons.

Dependent
Variable:
Flexural

Strength, MPa

Value p for Multiple (Two-Sided) Comparisons;
Flexural Strength, MPa

Independent (Grouping) Variable: Amount of Fibre, %
Kruskal-Wallis Test: H (5, N = 54) = 15.00301; p = 0.0104

0 R:17.83 1 R:23.67 2 R:37.67 3 R:39.00 4 R:27.61 5 R:19.22

0 1.000000 0.112319 0.064736 1.000000 1.000000
1 1.000000 0.885873 0.580241 1.000000 1.000000
2 0.112319 0.885873 1.000000 1.000000 0.193212
3 0.064736 0.580241 1.000000 1.000000 0.114854
4 1.000000 1.000000 1.000000 1.000000 1.000000
5 1.000000 1.000000 0.193212 0.114854 1.000000

Graphic presentation of these results is possible by generating the Box and whisker plot presented
in Figure 7.

The categorized histograms shown in Figure 8 also confirm the analyses performed. For mortars
containing 2% and 3% fibres, the flexural strength is the highest–these distributions are shifted to the
right towards higher values.
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Figure 8. Categorized histograms of flexural strength related to related to fibre content.

3.2. Compressive Strength Test

The results of the compressive strength test for epoxy mortars containing a variable amount and
type of fibres together with a standard deviation are summarized in Table 9.

Table 9. List of average values of mortar compressive strength with standard deviation.

Fibre Content, % Compressive Strength, MPa

PP Fibres Glass Fibres Carbon Fibres

0 93.85 ± 2.55 93.85 ± 2.55 93.85 ± 2.55
1 94.37 ± 2.64 98.87 ± 2.53 96.87 ± 2.36
2 100.00 ± 1.55 99.55 ± 1.46 98.13 ± 1.81
3 100.38 ± 1.02 100.03 ± 2.66 97.72 ± 2.07
4 100.98 ± 1.40 99.10 ± 3.22 96.20 ± 1.11
5 96.07 ± 2.01 97.62 ± 3.26 93.03 ± 2.98

Total 97.61 ± 3.49 98.17 ± 3.25 95.97 ± 2.82

To facilitate interpretation, these results are presented graphically in Figure 9.
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The data summarized in Table 9 and presented in Figure 9 confirm that, as in the case of flexural
strength, that the addition of fibres allows the obtaining of higher compressive strength values of
epoxy mortars in comparison to control samples (without fibres). At low fibre content (1%), the highest
increase in compressive strength (compared to the control samples) of 5.35% was noted for glass fibre
mortars, slightly lower (3.22%) for carbon fibre mortars and the lowest (0.55%) for samples containing
polypropylene fibres. However, a larger proportion (2–4%) of polypropylene fibres resulted in mortars
with the most favourable compressive strength values ranging from 100.00 MPa to 100.98 MPa,
respectively. Among the mortars containing fibres, the lowest values of compressive strength were
characterized by those that were modified with carbon fibres. Comparing these results to the studies
described in the literature, whose authors [20] stated that the addition of polypropylene fibres to
epoxy mortars gives the best effects at a content of 0.8% and allows the obtaining of compressive
strength at a level of 69.4 MPa, it can be stated that they are much lower than those recorded in our
research. Lower compressive strength, not exceeding 86 MPa (with 8% addition of recycled fibres),
compared to the results presented in this article, was also characteristic of polyester mortars obtained
by Ribeiro et al. [1].

The mechanical properties of mortars are significantly influenced by the length, diameter as well as
the internal and external structure of the fibres. Larger diameter fibres usually have weaker mechanical
properties. The obtaining of the lowest strength parameters for mortars based on carbon fibres may
be due to the fact that with more fibres in the process of mixing and forming, the agglomeration of
fibres could occur (due to the strong fibre-fibre interaction), which in turn could hinder the ideal
homogenization of the mixture. The carbon fibres used for the research were hand cut from rovings. In
this process, impurities could be formed on the surface of the fibres. With a larger number of fibres in
the composite, the number of micro-pores increases, which also reduces the mechanical parameters.

3.2.1. Statistical Analysis of Test Results Related to the First Factor (Type of Fibre)

Also, in the case of compressive strength, the Kruskal-Wallis ANOVA test was carried out. The
results of this test for the independent variable—the type of fibre—are given in Table 10.
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Table 10. Results of the Kruskal-Wallis ANOVA rank test of compressive strength related to the type
of fibres.

Dependent Variable:
Compressive Strength,

MPa

ANOVA Rank Kruskal-Wallis; Compressive Strength, MPa
Independent (Grouping) Variable: Type of Fibre

Kruskal-Wallis Test: H (2, N = 108) = 9.134187 p = 0.0104

N Important Total Ranks Average Rank

pp 36 2112.50 58.68
g 36 2266.50 62.96
c 36 1507.00 41.86

This test showed statistical significance (p = 0.0104). Therefore, it can be concluded that the
compressive strength of epoxy mortars modified with the three types of fibres is significantly different
from each other. Analysing the p-values for multiple (two-sided) comparisons presented in Table 11,
it can be concluded that the differences in the compressive strength results of mortars containing glass
and carbon fibres can be considered significant (p = 0.012799).

Table 11. Values p for two-sided comparisons.

Dependent Variable:
Compressive Strength,

MPa

Value p for Multiple (Two-Sided) Comparisons;
Compressive Strength, MPa

Independent (Grouping) Variable: Type of Fibre
Kruskal-Wallis Test: H (2, N = 108) = 9.134187 p = 0.0104

pp R:58.68 g R:62.96 c R:41.86

pp 1.000000 0.068124
g 1.000000 0.012799
c 0.068124 0.012799

It can also be assumed that the differences in the compressive strength values of mortars with carbon
and polypropylene fibres are slightly statistically significant (p = 0.068124). Graphical presentation of
the results is possible by generating the box and whisker plot presented in Figure 10.
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The assessment of the distribution of the dependent variable (compressive strength) within each
of the conditions (type of fibres) was also carried out based on a categorized histogram. These graphs
are shown in Figure 11.
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Figure 11. Categorized histograms of compressive strength related to the type of fibre.

Here, the conclusion is confirmed that for mortars containing glass fibres, the compressive strength
is the highest (i.e. the distribution is shifted to the right towards higher values), slightly lower for
mortars with polypropylene fibres and the lowest for mortars modified with carbon fibres.

3.2.2. Statistical Analysis of Test Results Related to the 2nd Factor (Fibre Content)

The Kruskal-Wallis ANOVA test for compressive strength was also carried out in relation to the
second independent variable, which was the percentage of fibres in the composite. The results of this
test are given in Table 12.

Table 12. Results of the Kruskal-Wallis ANOVA rank test of compressive strength related to fibre content.

Dependent Variable:
Compressive Strength,

MPa

ANOVA Rank Kruskal-Wallis; Compressive Strength, MPa
Independent (Grouping) Variable: Amount of Fibre, %

Kruskal-Wallis Test: H (5, N = 108) = 44.22612; p = 0.0000

N Important Total Ranks Average Rank

0 18 400.50 22.25
1 18 869.00 48.28
2 18 1344.50 74.69
3 18 1371.50 76.19
4 18 1219.00 67.72
5 18 681.50 37.86

In this case, the test statistics are highly significant (p = 0.0000). Therefore, it can be concluded that
the amount of fibres significantly differentiates mortars in terms of compressive strength. Analysing
the p-values for the multiple (two-sided) comparisons presented in Table 13 it can be stated that
the greatest differences in compressive strength occur between control mortars (without fibres) and
mortars containing 2% and 3% fibres.

Graphic presentation of these results is possible by generating the Box and whisker plot presented
in Figure 12.
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Table 13. Values p for two-sided comparisons.

Dependent
Variable:

Compressive
Strength, MPa

Value p for Multiple (Two-Sided) Comparisons;
Compressive Strength, MPa

Independent (Grouping) Variable: Amount of Fibre, %
Kruskal-Wallis Test: H (5, N = 108) = 44.22612; p = 0.0000

0 R:22.250 1 R:48.278 2 R:74.694 3 R:76.194 4 R:67.722 5 R:37.861

0 0.189998 0.000008 0.000004 0.000199 1.000000
1 0.189998 0.170968 0.112452 0.938116 1.000000
2 0.000008 0.170968 1.000000 1.000000 0.006281
3 0.000004 0.112452 1.000000 1.000000 0.003615
4 0.000199 0.938116 1.000000 1.000000 0.063511
5 1.000000 1.000000 0.006281 0.003615 0.063511
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The categorized histograms shown in Figure 13 also confirm the conclusions resulting from the
analyses. For mortars containing 2% and 3% fibres, the compressive strength is the highest - these
distributions are shifted to the right towards higher values.
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3.3. Brittle Fracture Toughness

Taking into account the results of the strength tests and economic considerations, a brittle fracture
toughness test was carried out for samples containing 2% fibres. In order to assess the impact of the
presence of fibres on the ductility and stiffness of epoxy mortars, Figures 14–16 contain typical load
curves as a displacement function for mortars modified with three types of fibres and control samples,
for force angles 0◦, 10◦ and 20◦ respectively.
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It can be seen in Figures 14–16 that the curves obtained have a very similar shape before reaching
the peak load. After peak load, unstable crack propagation occurs. After this point, it can be seen
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that samples reinforced with glass fibres show post-peak resistance probably due to composite mode
failures still in progress, but failure has already occurred. Similar conclusions for epoxy mortars with
the addition of glass fibres were noted by the authors of [16]. This behaviour is particularly evident in
mortars containing carbon fibres for 0◦ and 10◦ angles. At an angle of 20◦, the curve is slightly different
after the peak load, but the destruction for samples with carbon and glass fibres occurred at a much
higher force than that for controls and with polypropylene fibres. The highest breaking load for each
type of fibre occurred for the crack angle of 0◦.

Figures 17 and 18 summarize, respectively, the KIC and KIIC coefficients calculated for control
samples and those with fibres, for various angles of application of force in relation to the arrangement
of the metal plate.
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Taking into account the first cracking model and the values of the obtained KIC coefficients
(Figure 17), it can be noted that the addition of fibres causes an increase in the KIC coefficient, and thus
improves the brittle fracture toughness of epoxy mortars. For the angles 0◦ and 10◦ the values of this
coefficient for mortars containing polypropylene and carbon fibres are very similar. When changing
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the angle to 20◦, KIC for samples containing carbon fibre the value of this coefficient was only slightly
reduced by 6.2%, but for those with polypropylene fibres a decrease of over 30% was noted, compared
to the results obtained for the angle 10◦. The KIC coefficient for mortars with glass fibres for all angles
remains at a very similar level and its values are in the range from 1MPa·m1/2 to 0.96 MPa·m1/2.

The KIIC factor is similar to KIC for an angle of 10◦. The highest value of 0.76 MPa·m1/2 was
recorded for mortars containing polypropylene fibres. A slightly lower value of this parameter
(0.74 MPa·m1/2) was obtained using carbon fibres. For mortars containing glass fibres and control
samples, the KIIC parameters were 0.63 MPa·m1/2 and 0.54 MPa·m1/2 respectively. When changing the
angle to 20◦ this factor is higher than at 10◦, this time the highest value was found for mortars modified
with carbon fibres (KIIC = 1.30 MPa·m1/2).

The obtained coefficients have higher values if we compare them with the results obtained in [16].
This may be due to the fact that the fibres were 12 mm long, i.e. they were twice as long as those used
in the research conducted by Moreira et al. [16]. As demonstrated by the authors of [15], the adhesion
between fibre and matrix strongly depends on the orientation of particularly short fibres. There are
differences in the distribution of stresses along the fibre-matrix border in the case of short fibres.

3.4. Scanning Electron Microscopy (SEM)

Through the images obtained by SEM, it was possible to verify the incorporation in the resin,
the dispersion in the matrix and the behaviour of the fibre after the application of the tensile and
compression loads.

In the matrix of epoxy resin and glass fibre, there was uniform dispersion of the fibres, in addition,
it is observed that the fibres were well incorporated in the resin. The fracture surface had a wavy
behaviour, indicating that plastic deformation occurred during load insertion [13] (Figure 19a). As
shown in Figure 19b,c it can be observed that the glass fibres acted as a matrix skeleton, supporting the
load applied to the composite. When applying the loads, the fibres can absorb and resist part of the
load, preventing the matrix from being damaged.
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of the epoxy matrix. With this analysis, carbon fibre was not as easily evident compared to 

polypropylene and glass fibre resins. 

Figure 19. Flexural (a) (51×magnification) and lateral (b) (50×magnification), (c) (200×magnification)
surface of the matrix of epoxy resin and glass fibre.

Figure 20a,b show that the samples with carbon fibre, in the fracture regions, fibres oriented
perpendicular to the rupture were not identified. Figure 20c presents a carbon fibre within the pore of
the epoxy matrix. With this analysis, carbon fibre was not as easily evident compared to polypropylene
and glass fibre resins.

Figure 21a shows the SEM images of fracture surface of samples of mortars containing
polypropylene fibres had a homogeneous dispersion in the matrix. Figure 21b shows a part of
the fractured surface of the specimen with 5% polypropylene fibres, where there is a concentration
of fibres in the direction perpendicular to the break. Figure 21c,d are close-ups of 21b, indicating a
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break in the adhesion between epoxy resin and polypropylene fibre. The holes in Figure 21d suggest
that the fibres were pulled out from the other part of the specimen instead of breaking the fibre. This
corroborates the drop in mechanical strength from 4% to 5% fibre replacement.Materials 2020, 13, x FOR PEER REVIEW 17 of 20 
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In Figure 22, in the matrix of epoxy resin with polypropylene fibre, it is possible to observe
non-dispersed fibres oriented towards the crack. With the accumulation and orientation of the fibres,
a fragile region appears, where the crack propagation occurs.
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4. Conclusions

For this article, tests of epoxy mortars with the addition of three types of fibres were performed
to assess the effect of modifications on the mechanical properties of mortars and their brittle fracture
toughness. The following conclusions can be drawn:

• Addition of each of the three types of fibre in an amount of up to 4% wt. allows the obtaining of
mortars with higher flexural and compressive strength compared to control mortars. The highest
values of flexural strength (25.68 MPa) were obtained at 2% substitution of sand with polypropylene
fibres. The most favourable compressive strength, equal to 100.98 MPa, was also noted for mortars
with polypropylene fibres (addition at the level of 4%).

• Replacing sand 2% by weight with one of three types of fibres, respectively, increases the stress
intensity factors and, compared to the control mortars, improves crack resistance.

• Analysing the graphs depicting the force-displacement relationship, it can be observed that at the
time of breaking, cracking in mortars reinforced with polypropylene fibres spreads faster than
with mortars containing glass and carbon fibres. The SEM analysis confirmed that in the matrix
of epoxy resin with polypropylene fibre, it is possible to observe non-dispersed fibres oriented
towards the crack. With the accumulation and orientation of the fibres, a fragile region appears,
where the crack propagation occurs.

• Based on the obtained research results, and also due to availability and price, the most favourable
seems to be the production of composites containing the addition of polypropylene fibres.
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