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The amount of waste rubber has gradually increased over recent years because of over-growing
use of rubber products. The disposal of waste rubber has caused serious environmental problems. The
incorporation of recycled materials into cementitious composites is a feasible alternative that has gained
ground in civil construction. The performance of such materials is much affected not only by the rubber
addition, but also the particle size which has been controversially reported in the literature. In order
to investigate the single effect of rubber particles into cement based materials, rubber cementitious
composites were prepared with no silica particle additions. A full factorial design has been conducted
to assess the influence of the rubber particle size (0.84/0.58 mm and 0.28/0.18 mm); mass fraction
used (5, 15 and 30%); and water/cement ratio (0.35 and 0.50) on the physic-mechanical properties
of the composites. The materials were characterized through apparent density, porosity, compressive
strength, flexural strength, modulus of elasticity and microstructural analysis. The interactions of
rubber particle size, rubber fraction and water/cement ratio affected significantly the density and
compressive strength of the composites. The apparent porosity was influenced mainly by the rubber
particle size. The flexural strength was affected by the main factors and the modulus of elasticity was
affected by the interaction factors rubber particle size and fraction, and rubber fraction and w/c ratio.
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1. Introduction

On a global basis between 700 million to 1 billion of
new tyres are manufactured each year and this figure is
rising due to increasing world population, vehicle ownership
and usage. Statistics show that in Brazil 300.000 tonnes of
wastes tyres are generated every year, of which only 10%
are currently recycled. In United States, with a population of
approximately 30% higher than Brazil, the amount of rubber
waste is ten times higher, of which only 5% are recycled.
Currently, more than 300 million tyres are stored in the US'2.
In the United Kingdom, approximately 46 million tyres are
disposed of each year and since European Union directives
have banned the disposal of used tyres (whole and shredded)
in landfills, this has created an urgent need to identify routes
for reuse or for recycling the component materials for new
purposes®.

With a higher calorific value than top grade coal, a
typical car tyre is equivalent to ten litres of fuel oil, and
may present a fire hazard. Even tyres accumulated in
landfills may be ignited. Once started, such fires may be
virtually impossible to extinguish; emitting atmospheric and
water-borne pollutants. Unless the tyres are shredded prior
to being landfilled, such accumulations are also structurally
unstable - tyres tend to rise to the surface, limiting options
for future land use. Public health is also affected if tyres
are dumped in water courses, roadsides or public areas by
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accumulating water and causing the proliferation of insects
which may transmit diseases such as malaria and others*>.

The interest of developing concrete from non
conventional raw materials is indispensable for the
protection of the environment and also for the economic
by reducing costs®’. Innovative solutions for recycling of
tyres have been the focus of much research, such as the
addition of the scrap tyre rubber in asphalt, concretes and
polymers®!!; as well as incineration for vapour production
and energy production®'%.

The addition of rubber to cement based materials
resulted in reduced compressive strengths and densities.
The particle size range of rubber granules used by various
investigators varied considerably. Ali et al.'® used three
gradings of rubber with a maximum size of less than
4.76 mm, and one type contained textile fibre. Topcu'*
graded the rubber used in the investigations into O to 1 mm
and 1 to 4 mm. Eldin and Senouci'’ used large rubber
granules and graded their rubber into three groups of 38,
25 and 19 mm maximum sizes. Jingfu and Yongqi'® used fine
rubber particles with average size of 1.5 mm. Correia et al'’
used rubber particles below 1.2 mm in size as replacement
of silica sand in mortar.

Jingfu and Yongqi'® observed the incorporation of the
rubber has two effects, the negative effect is the reduction of
mechanical strengths, and the positive effect is the increase
of ductility and deformation capability's, but the degrees
of positive and negative effects are different for different
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rubber fractions. The flexural strength (MPa) of mortar was
reduced by the increase of rubber fraction (%), as follows:
16% (5 MPa), 21.4% (4 MPa) and 32% (2.75 MPa). The
compressive strength decreases with the addition of rubber
particles as follows: 8% (24.1 MPa), 16% (21.4 MPa), 21.4%
(18 MPa) at 28 days.

The rubber is hydrophobic, while the mortar is
hydrophilic, the interface between the rubber and concrete
is incompatible, and so the poor interfacial adhesion between
these two phases is the main reason for the decrease of
the strength. Segre and Joekes! used saturated NaOH
solution to treat waste tire rubber powders and resulted in
an improvement in strength and toughness in waste tire
powder modified cement mortar. Ligang et al.*reported the
effect of modified rubber by sol-gel method with reactive
precursor TEOS and y-glycidyloxypropyl trimethoxysilane.
The toughness of rubber mortar was increased by adding
7 wt. (%) of ATRP, which reveals an increase of interface
adhesion. Yue et al.*! investigated the addition of interfacial
modifiers to improve the interfacial bonding strength
between the crumb rubber and Mortar, revealing the silicone
modified styrene-acryl ate-emulsion has a significant effect
on the physical and mechanical properties?. The flexural
(6.6 MPa) and compressive strength (35 MPa) of rubber
mortar increases nearly 18.9% by adding the chemical
agent at 28 days.

Fattuhi and Clark® investigated the addition of fine
and coarse rubber particles into mortar and concrete. The
reductions in the compressive strength of concrete mixes
were much larger than those for cement paste and mortar
mixes. Generally concrete containing rubber crumb had
a higher compressive strength than concrete containing
low-grade rubber for a similar rubber/cement ratio with a
maximum difference in strength of about 15%.

Correia et al.!” prepared mortar mixtures using
rubber wastes from scrap tires as fine aggregate
(10, 20 and 30 vol.%) with water/cement ratios of 0.52,
0.55 and 0.60. Although the use of waste vulcanized rubber
scrap particles as replacement for the usual natural river sand
decreases the workability of the fresh concrete and weakens
the interfacial transition zone (ITZ) between aggregates
and cement matrix of hardened mortars, a specified 28-day
compressive strength (13-17 MPa) can still be achieved
at higher water/cement ratios (from 0.52 to 0.58) and
replacement contents (<20 vol.%).

Topcu' and Eldin and Senouci® results indicated that
coarse grading of rubber granules reduced the compressive
strength more than the finer grading. However, the results
of tests carried out by Ali et al.’* and Fattuhi and Clark®
indicated the opposite.

Based on this brief review, the investigations on the reuse
of scrap tyre rubber in cement based materials have shown
that the best performance is usually achieved by using a
small rubber particle size; despite some works reveal the
opposite. In order to evaluate the single effect of rubber
particle sizes and fractions into cement paste, cementitious
composites were prepared with no silica particle additions.
The work reported in this paper however studied the
incorporation of even finer rubber particles, ranging from
0.84 mm to 0.18 mm. These fine rubber particles were
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incorporated, into a Portland cement based composite at
fractions of 5, 15 and 30% by mass of cement, and the effects
on density, porosity, modulus of elasticity, compressive
and flexural strength were investigated. A full factorial
design of experiment (DOE) has been adopted in order to
identify the effect of rubber addition on the properties of
the cementitious composites.

2. Material and Methods

The particulated ceramic composites investigated
in this work were two phase materials constituted of
a cementitious matrix phase (Portland cement) and an
elastomeric dispersive phase (rubber waste). The ordinary
Portland cement (OPC) used was supplied by Holcim SA
(Pedro Leopoldo - Brazil), and the scrap tyre rubber was
supplied by Mantiqueira Pneus company (Sdo Jodo del
Rei - Brazil). The rubber particles were obtained on the
scrape procedure during the preparation of remould tyres.
The particles were washed clean and dried at 80 °C for
24 hours and later on classified by sieving in two particle
size ranges: 0.84/0.58 mm and 0.28/0.18 mm.

The cement-rubber composites produced were
characterized by their apparent density, apparent porosity,
compressive and flexural strength (modulus of elasticity).
The physical and chemical analysis of the Portland cement
(ASTM - Type III) is shown in Table 1.

The full factorial design of the type n* consisted of
investigating all possible combinations of the experimental
factors (k) and its respective levels (n). The result of the
factorial n* corresponds to the number of the investigated
experimental conditions*. The relevant controlled factors
investigated in this work were: particle size range of scrap
rubber tyres (0.84/0.58 mm and 0.28/0.18 mm), rubber
mass fraction (5, 15 and 30% by mass of cement) and the
water/cement (w/c) ratio (0.35 and 0.50). Factors maintained
constant in the experiment were the time of mixture
(5 minutes), curing time (28 days), room temperature
(~29 °C) and matrix material (Portland cement). The OPC,
rubber particles and water were mixed for 5 minutes using
a small Hobart Mixer, and being packed in plastic bags to
avoid any loss of moisture during the cure. Table 2 shows the
experimental factors and levels, establishing a full factorial
design of type 223!, supplying 12 distinct experimental
conditions.

Table 1. Physical and chemical analysis of the Portland cement.

Chemical compound Results
CO2 (%) 1.13
SO3 (%) 2.85
Si02 (%) 19.45
Al1203 (%) 4.75
Fe203 (%) 3.12
CaO (%) 64.14
MgO (%) 0.80
K20 (%) 0.66
Specific gravity (kg.m) 3040
Air permeability (Blaine) (m2.kg™") 472.9
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Two replicates and a randomization principle were
carried out to provide a basis for analyzing the experimental
results. Replication enables the estimation of the magnitude
of the experimental error against which the differences
among treatments are judged. Additionally, the experimental
treatments were also randomized in terms of its order
providing protection against unknown variables which may
influence the response®. The specimens for compression
testing were manufactured using polymeric cylindrical
moulds of 25 mm in diameter and 50 mm in height (Figure 1).
The specimens for flexural testing were manufactured using
prismatic moulds made of silicone of 4 mm in thickness,
20 mm in width and 70 mm in length (Figure 2). Tests for
compressive strength, flexural strength and apparent porosity
were conducted, with account taken for specimen size
differences, in accordance with the procedures described
in BS EN 12390-3), BS EN 658-3"% and BS EN ISO
10545-312" respectively. The modulus of elasticity of the
composites was determined using the flexural testing data
assuming linear elastic behaviour at the early portions of
loading. The apparent porosity and density were determined
using both samples for compressive and flexural testing and
these exhibited similar results. Therefore, only the results
obtained from the cylindrical samples are presented.

Twenty specimens were produced for each of the
12 experimental conditions, to allow for sufficient
replication of data for both mechanical tests. Therefore,
in total, 240 specimens were manufactured. The statistical
method of design of experiment (DOE) and the analysis
of variance (ANOVA) provide the significance of each
experimental factor on the responses. The statistical software
Minitab version 14 was used for the treatment of the data
and analysis of the results.

3. Results

The results of the analysis of variance (ANOVA) for the
investigated responses are given in Table 3. The P-values
indicate which of the effects in the system are statistically
significant, based on examination of the experimental
data from replicate 1 and replicate 2. If the P-value is less
than or equal to 0.05 the effect is considered significant.
An o-level of 0.05 is the level of significance with a 95%
probability of the effect being significant. Table 4 exhibits
the mechanical properties of the cementitious composites
for replicate 1 and 2.

The main effect of a factor must be interpreted
individually only if there is no evidence that it does not
interact with other factors. When one or more interaction
effects of superior order are significant, the interacting
factors must only be considered jointly and not separately.
All P-values less than or equal to 0.05 are underlined in
Table 3, however, the P-values which will be analyzed are
highlighted in bold letters. These results will be presented
by ‘main effect’ and ‘interaction’ plots. These graphics are
not a typical ‘scatter’ plot of data, but illustrate the statistical
analysis and provide the variation on the significant effects.

The value of ‘R? adjust’ shown in the ANOVA
indicates how well the model predicts responses for new
observations. Larger values of adjusted R? suggest models
of greater predictive ability**. From the values presented in
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Table 3, a variation ranging from 81% to 99.62% can be
observed, demonstrating that the adjustment of the models
is satisfactory.

The ‘residual plots’ can be useful in comparing the plots
in order to determine whether the model used meets the
assumptions made in the analysis. The normal probability
plot indicates whether the data are normally distributed,
whether other variables influence the response, or whether
outliers exist in the data. The residual plots for the responses
investigated in this work are normally distributed following
a straight line, validating the ANOVA analysis.

3.1. Apparent density

The apparent density of the composites varied from
1.54 to 1.91 g.cm™depending upon the size of rubber used,
the rubber fraction and the w/c ratio of the composite, since
the P-value of 0.028 written in bold in Table 3, shows that the

Table 2. Experimental conditions, full factorial design (2%3").

Setups Particle size Rubber mass w/c ratio
range fraction (%)
Cl 0.84/0.58 mm 5 0.35
C2 0.84/0.58 mm 5 0.50
C3 0.84/0.58 mm 15 0.35
C4 0.84/0.58 mm 15 0.50
Cs5 0.84/0.58 mm 30 0.35
C6 0.84/0.58 mm 30 0.50
Cc7 0.28/0.18 mm 5 0.35
C8 0.28/0.18 mm 5 0.50
C9 0.28/0.18 mm 15 0.35
C10 0.28/0.18 mm 15 0.50
Cl1 0.28/0.18 mm 30 0.35
C12 0.28/0.18 mm 30 0.50

Cl1 Cc2 C3

Figure 1. Samples produced for compression test under different
experimental conditions.

C5 C6

Figure 2. Samples produced for flexural test under different
experimental conditions.
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all three parameters interact of “rubber particle size, rubber
fraction and w/c ratio” has a significant effect.

Figure 3a shows the interaction effect of the factors
“rubber particle size and rubber fraction” on the apparent
density. It can be observed that the rubber particle size

Table 3. Analysis of variance (ANOVA).
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range of 0.84/0.58 mm gave a higher apparent density in
comparison to the particle size range of 0.28/0.18 mm for all
rubber fraction levels studied. This was probably due to the
packing of the smaller rubber particles (0.28/0.18 mm) being
superior to the larger particles (0.84/0.58 mm), because of

ANOVA P-value < 0.05
Experimental factors Apparent Apparent Compressive Flexural Modulus of
density porosity strength strength elasticity
Rubber particle size 0.000 0.002 0.000 0.000 0.000
Main factors Rubber fraction 0.000 0.099 0.000 0.000 0.000
w/c ratio 0.000 0.358 0.000 0.047 0.005
Rubber particle size * Rubber fraction 0.246 0.242 0.001 0.531 0.014
Rubber particle size * w/c ratio 0.161 0.495 0.497 0.903 0.994
Interaction . .
factors Rubber fraction * w/c ratio 0.004 0.283 0.000 0.313 0.028
Rubber particle size * Rubber fraction * w/c ratio ~ 0.028 0.705 0.000 0.452 0.077
R2 (adjunt) 98.56% 81.00% 99.62% 86.81% 87.83%

Table 4. Mechanical propeties, Replicate 1 and 2.

Compressive strength (MPa)

Flexural strength (MPa)

Flexural modulus (GPa)

Replicate 1 Relicate 2 Replicate 1 Relicate 2 Replicate 1 Relicate 2
Mean SD Mean SD Mean SD Mean SD Mean SD Mean SD
Cl  33.11 5.48 34.84 2.34 3.25 0.41 3.64 2.09 16.38 0.19 16.55 0.74
C2  26.04 3.33 23.87 3.84 2.53 0.42 2.83 1.24 13.52 0.11 13.48 0.19
C3 2138 0.69 19.67 1.24 2.87 0.40 2.12 0.29 14.23 0.20 14.98 0.10
Cc4 1057 1.29 10.32 2.57 3.11 0.42 1.60 0.69 11.38 0.36 10.33 0.17
C5  10.88 0.67 11.18 1.32 1.99 0.22 1.22 0.50 11.64 0.13 4.66 0.10
C6 7.74 0.72 6.19 1.39 1.09 0.64 1.11 0.08 6.94 0.10 7.72 0.10
C7 4378 221 43.13 0.90 2.35 0.40 3.47 0.48 17.64 0.23 20.14 0.23
C8  26.86 2.09 28.27 1.47 1.52 0.17 1.95 1.13 10.50 0.13 11.12 0.19
C9 2549 0.77 25.60 0.54 0.99 0.54 1.64 0.39 4.76 0.03 8.41 0.13
C10 16.83 0.14 18.78 1.11 0.72 0.10 1.21 0.23 5.17 0.07 7.51 0.13
Cl1  12.14 0.50 11.34 0.64 0.39 0.20 0.30 0.18 2.38 0.03 3.17 0.11
Cl12  11.04 0.15 10.18 2.44 0.64 0.39 0.59 0.07 3.66 0.09 3.55 0.09
SD = Standard-deviation
3|O 0,|35 O.ISO
(b) - 190 Rubber
Rubber particle size particle
- 1.75 size

5% ~ —— 0.84/0.58

- 1.60 — W - 028/0.18

(©) - 190 Rubber

8% fraction

Rubber fraction = — 1.75 )

5% NG —— 5

- - - 15

3% ~ 1.60 30

w/c ratio

Figure 3. Interaction effect of rubber particle size, rubber fraction and w/c ratio on the apparent density (g.cm™) of the composites.
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the more rounded shape of the particles. Similarly, when the
rubber fraction was increased, the apparent density of the
composites decreased, due to the lower density of rubber
(~0.9 g.cm™) in comparison to the cement matrix phase
(~2.3 g.cm™). The lower densities of rubberized cement
pastes should prove to be advantageous when producing
heat or sound insulation products.

Figure 3b shows the effect of the interaction factors
“w/c ratio and rubber particle size”, in exhibiting an
increase of 5% of the apparent density when the w/c ratio
was changed from 0.35 to 0.50 through the addition of
water content, for both rubber particle size ranges studied.
This increase in water content in the composite provided
a reduction in the composite density due to an increase in
internal pores, formed by the excess of water in the system.
It was verified that the addition of rubber particles of size
range 0.84/0.58 mm led to a higher apparent density than
the addition of particles of size 0.28/0.18 mm for both w/c
ratios studied.

Figure 3c shows the interaction effect of “rubber fraction
and w/c ratio”, demonstrating that an increase in the water
content caused a reduction in apparent density for all
rubber fractions. It was observed that the higher the rubber
fraction, the lower the density variation between different
water content levels. The increase of the rubber fraction

554

5.0 1

4.5 4

4.0 4 31%

Mean of apparent porosity (%)

0.84/0.58 0.28/0.18

Rubber particle size (mm)

Figure 4. Main effect of rubber particle size on the apparent porosity
of the composites.
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reduced the amount of the cementitious matrix phase in
the composites, and consequently, reduced the effect of w/c
ratio on the formation of pores in the composite. Ali et al.'?
reported data for the densities of concrete containing rubber,
exhibiting a reduction as the rubber particle increases, which
was attributed to the considerably air content increased.

3.2. Apparent porosity

The values of apparent porosity varied from 1% to 9%.
The P-value of 0.002 (in bold letters), see Table 3, shows
that this was only significantly affected by “rubber particle
size” and not related in any significant sense to w/c ratio.

The effect of “rubber particle size” on the apparent
porosity is shown in Figure 4. The composites manufactured
with rubber particles of size range 0.84/0.58 mm had
81% higher apparent porosity than composites of size
0.28/0.18 mm. It was observed by SEM backscatter electron
image in the analyses described later (see Figure 14) that
the amount of pores and unhydrated cement grains formed
around the larger rubber particles (0.84/0.53 mm) was
greater than that around the smaller particles. This can be
explained by the variation of packing factor as a function
of rubber particle sizes, which affects significantly the
porosity and the cement hydration products. The geometry of
rubber particles is affected by the particle size range, which
means that the smaller particles exhibit a spherical shape,
consequently, achieving a better packing factor.

3.3. Compressive strength

The compressive strength of the composites varied from
6 to 44 MPa. The interaction of the factors “rubber particle
size, rubber fraction and w/c ratio” was significant, showing
a P-value of 0.000 (in bold letters), see Table 3.

Results are consistent with general theory of cementitious-
rubber composites and results in the literature in that:

* Lower w/c ratio gave higher strength (for equal rubber

size and rubber mass fraction);

* Higher rubber fractions led to lower strength; and

 Use of large rubber sizes gave lower strengths'*!3.

Figure 5a shows the interaction effect of the factors
“rubber particle size and rubber fraction”. The highest

Rubber particle size

Rubber fraction

Figure 5. Interaction effect of rubber particle size, rubber fraction

0.35 0.50
1 1
() L 35 Rub.ber
particle
B 4%, |25 size
~ (mm)
55%\ |5 T 084058
B — B - 0.28/0.18
(c) L 35 Rubber
48% fraction
- 25 (%)
LS —— 5
~
>~ — B - 15
- M1 30
30%
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and w/c ratio on the compressive strength (MPa) of the composites.


g.cm
g.cm

264 Nacif et al.

compressive strength is observed for the composites fabricated
with the finer rubber particles (0.28/0.18 mm), which is also
found by Topcu'* and Eldin and Senouci®. According to
Panzera et al.?® the mechanical strength of cementitious
composites is correlated to the pore size distribution, and it is
clear that the behaviour observed in this work is in accordance
with the results of the composites’ apparent porosity.

A variation of 220% in the compressive strength of
the composites with 5 and 30% of rubber content can be
observed (Figure 5a). A strength reduction with increasing
scrap rubber content has been expected, because of the
significant difference of the mechanical properties of rubber
and cement. The compressive strength data are in accordance
with the findings performed by Correia et al.'’, Jingfu and
Yongqi'®, Pang et al.*. Pang et al.**reported a compressive
strength reduction nearly 60% by adding 10-11% of rubber
particle size ranging from 0.4-0.2 mm.

The interaction effect of “w/c ratio and rubber particle
size” is shown in Figure 5b. As can be seen, the finer rubber
particle fraction resulted in a higher compressive strength for
both water content levels. This behaviour may also explain
the effect of water content on cement pore formation, and
consequently affecting strength. This increase of the w/c
ratio from 0.35 to 0.50 decreases the compressive strengths
of the composites by 55% for larger rubber particle fraction
and by 44% for the finer rubber particle fraction.

Figure 5c shows the interaction effect of the factors
“rubber fraction and w/c ratio”. It has been verified that
the increase of the water content causes a reduction of the
compressive strength for all rubber fractions levels. As can be
observed in Figure 3c, increasing rubber contents leads to a
reduction of the effect of water content on pore formation in
cementitious matrices, because of the overall water content.
Correia et al."” reported a significant interaction of rubber
fraction and w/c ratio factors on the compressive strength,
showing a similar behaviour. The compressive strength of the
composites obtained by Correia et al.!” using 0.52 wi/c ratio are
equivalent to those reported in this work made of 0.35 w/c ratio.

The stress-strain behaviour of three composites
containing 5, 15, 30% of rubber particles of size
0.84/0.58 mm and a water content of 35%, during the
compressive strength tests are shown in Figure 6. It was
observed a reduction of composite’s stiffness as a function
of rubber fraction increasing. Rubber composites with more
than 20 MPa 28-day compressive strength can be produced
using 15% of rubber particle size of 0.84/0.58 with 0.35 w/c
ratio, which demonstrates that total replacement of the usual
natural fine aggregate is a viable and economical reusing
alternative for construction applications.

3.4. Flexural strength

The flexural strength data varied from 0.3 MPa to
3.64 MPa. As with compressive strength, all three main
factors rubber particle size, rubber fraction and w/c ratio
significantly affected the response, exhibiting P-values
lower than 0.05: 0.000, 0.000 e 0.047 respectively
(Table 3). Figure 7 shows the main effect plot for
rubber particle size factor on the flexural strength of the
composites. A percentage reduction of 42% from large
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(0.85/0.58 mm) to small (0.28/0.18 mm) rubber particle
size was observed.

The composites fabricated with finer rubber particles
(0.28/0.18 mm) exhibited a percentage reduction of 42% on
the flexural strength response (Figure 7). However, this result
is not in accordance with the compressive testing results,
where it was shown that finer rubber particles exhibited
superior strength. This behaviour may be attributed to the
mechanical effect of rubber particles which are no longer
able to affect positively on the strength under tensile stresses.

50
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Figure 6. Mechanical behaviour of composites with different rubber
fractions in compressive testing.
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Figure 7. Main effect plot of rubber particle size for flexural
strength response.
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However, this result implies that the Interfacial Transition
Zone (ITZ) condition under tensile stresses is more effective
when the composites are fabricated with larger rubber sizes,
for example 0.84/0.58 mm. Alternatively, Paine and Dhir!!
have reported evidence that coarser rubber particles provide
crack-arresting properties akin to fibre reinforced concrete
that may increase ultimate flexural strength.

Figure 8 exhibits the main effect plot of rubber fraction
factor on flexural strength. A large reduction in flexural
strength was found, this is consistent with the literatures'®>!,
however the values reported in this work are lower. It is
verified a strength decreasing of 64% as the rubber fraction
is increased. As expected, the addition of rubber particles
not only affected the apparent porosity but also the packing
factor, and therefore the strength of the composites. The
ITZ condition is the main responsible for the mechanical
strength of particulated composites. The elastic properties
of the particulate and matrix phases are quite different. For
this reason, the addition of rubber particles increases the
amount of interfacial transition zone in the cementitious
matrix phase, which hinders the mechanical strength of
the composites.

The effect of w/c ratio on the flexural strength response
can be observed in Figure 9. A significant percentage
variation of 40% was identified between w/c ratio levels. As
it verified for compressive strength (Figure 5), the presence
of water decreases the mechanical strength of the composites
due to the increase of pores on the cementitious matrix.

3.5. Flexural modulus

The flexural modulus varied from 0.32GPa to 2.01GPa.
The two interactions between “rubber particle size and
fraction” and “w/c ratio and rubber fraction” affected
significantly the response, exhibiting P values of 0.014 and
0.028, respectively (see Table 3).

Figure 10 exhibits the interaction effect plot between
rubber particle size and fraction. Despite the modulus of
elasticity decreases with the rubber particle additions, this
behaviour was more evident for the rubber particle size of
0.28/0.18 mm. The finer particles of rubber (0.28/0.18 mm)
provided not only the largest reductions in flexural strength,
with increasing rubber fraction, but also the largest
reductions in flexural modulus.

Itis shown in Figure 11 that the reduction of the modulus
of elasticity as a function of the rubber particle additions and
w/c ratio increasing. The addition of the rubber particles into
cementitious composites provides the decrease of mechanical
strength and stiffness due to their elastic characteristics. The
w/c ratio effect on the mechanical strength is decreased as
the increasing of rubber fraction, which can be explained by
the reduction amount of cement in the composites. The w/c
ratio affects the cement pore formation and, consequently,
the strength of the composites, however a small variation is
observed from the low (0.35) to high (0.50) level of w/c ratio
when the rubber fraction of 30% is set.

3.6. Microstructural analysis

A scanning electron microscopic (SEM) Hitachi T-3000
was used to observe the microstructure of the cementitious
in backscattered electron mode detector with an accelerating
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voltage of 15 kV. Differences in backscatter coefficients
primarily reflect differences in chemical composition among
the different features present. Chemical components of
high electron density have high backscatter coefficients,
and appear bright in the backscattered images. Conversely,
components of lower electron density, such as most cement
hydration products, have lower backscatter coefficients
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Figure 9. Main effect plot of w/c ration for flexural strength
response.
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Figure 12. Backscatter electron imaging at 1500x of magnification, composites: (a) C10 (15% rubber at w/c ratio = 0.5) and (b) C12

(30% rubber at w/c ratio = 0.5).
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Figure 13. Backscatter electron imaging at 2000x of magnification,
rubber particle.

and appear less bright®. The hydration products found in
most hardened Portland cement pastes primarily consist of
C-S-H gel and calcium hydroxide, accompanied by smaller
amounts of ettringite and monosulfate®. These hydration
products are intermingled with pore spaces.

Figure 12 illustrates the surface of fracture of composites
C10 and C12 in backscatter mode SEM with 1500x of
magnification from room temperature cured 180 day old.
The composites C10 and C12 were manufactured with
15% and 30% of rubber mass fraction, respectively.
Correia et al.'” showed that the rubber particles have a
spongy morphology with abundant internal porosity, which
might be responsible for extra water consumption. Although
the presence of pores in the rubber particle surface has been
observed (see Figure 13), the effect of water consumption
was not of such significance in this research. The formation
of unhydrated cement grains was more evident when a small
amount of rubber particles were added into cementitious
matrix, which means that the cement was largely responsible

UFSJ ce

Figure 14. Backscatter electron imaging at 1500x of magnification,
composite C6.

for the water consumption. Thus the rubber particle addition
into cementitious matrix leads to an increase in w/c ratio,
consequently leading to the formation of a large amount of
hydrated products.

In contrast, Figure 12a exhibits a larger amount of
unhydrated cement products around the rubber particle due to
the reduction of water provided by the increase of cementitious
matrix phase. Comparing the Figure 12a, b, it is possible to
observe that the composite C10 exhibits larger amount of
pores than composite C12, which confirms the reduction of the
hydration process and strength of the composites as a function
of rubber particle additions. The SEM images (Figure 12a, b)
demonstrate a better interface condition for composite C12,
however, there was no macro pore formation in the interface
zone (ITZ), which indicates a suitable contact between the
rubber particle and the cementitious matrix.

Figure 14 illustrates the surface of fracture of composite
C6, fabricated with rubber particle size range 0.84/0.58 mm,
in backscatter mode SEM with 1500x of magnification. A
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brighter area around the rubber particle is shown which
suggests the presence of unhydrated cement products. The
addition of this large rubber particle size (0.84/0.58 mm)
into cementitious composites provided not only high density
(Figure 3) and apparent porosity (Figure 4).

4. Conclusions

The addition of rubber particles in a cementitious matrix
may lead to new composite materials with interesting
properties. The main conclusions and effects will be now
described:

* The DOE was able to identify interactions of factors

which affect the evaluated responses;

* The smaller rubber particle size of 0.28/0.18 mm
resulted in a lower density and apparent porosity, as
well as the highest mechanical compressive strength
of the composites;

* The rubber addition and w/c ratio factors did not affect
the porosity of the composites;

* The finer rubber particles exhibited a better packing
due to their more rounded shape;

* The addition of rubber particles into the matrix
phase decreases the amount of cement per volume,
consequently increasing the water cement ratio which
leaded to the formation of hydrated cement products;
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