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a b s t r a c t

The aim of this study was to evaluate the influence of sugarcane industrial ash (SCIA) on mechanical
properties of interfacial transition zone (ITZ) between aggregates and cementitious matrix by nano-
indentation technical analysis. The sugarcane biomass (agroindustrial by-product) was used for gener-
ation of electricity by burning in a cogeneration power system. The results of nanoindentation analyses
showed that the ITZ thickness varied significantly with the water/binder ratio. Each formulation used
different water and binder ratio, with the inclusion of 20% silica fume (SF) or SCIA. In fact, the mineral
additions caused a reduction of the thickness of the matrix-aggregate ITZ, and consequently increased
the values of the indentation modulus and hardness in relation to aggregate-matrix interface of the
reference concrete.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Brazil is the largest producer of sugarcane in the world, with a
total of 632 mil tons/year (2015/2016). It is known that approxi-
mately 28% of the sugarcane production is bagasse i. e. for each
tonne of processed sugarcane; there are about 270 kg of bagasse
and straw, resulting in a significant amount of bagasse available for
energy use in the coming years. This bagasse is composed of: cel-
lulose (43 wt%), hemicellulose (26 wt%), lignin (24 wt%) and ashes
(7 wt%) [1].

Currently, sugarcane bagasse has been considered mainly
agroindustrial by-products, because this biomass is burned to
produce electricity in a cogeneration power system at the sugar and
ethanol industry [2,3]. The straw became another solid by-product
with sugarcanemechanized harvesting. About 14%e18% of straw by
tons of sugarcane produced [4]. The straw is composed of: water
(15 wt%), ash (2 wt%), and biomass fibers (83 wt%) [5]. Several
applications for this waste have been studied, such as the
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generation of cellulosic ethanol second-generation [6e8].
Furthermore, the straw also has been used as biomass to burn in a
cogeneration power system. Therefore, the Brazilian sugarcane
agroindustry generates a lot of solid by-products.

In addition, researchers have conducted studies using the sug-
arcane straw ash (SCSA) and sugarcane bagasse ash (SCBA) as
mineral addition in cement matrix [9e12].

The use of these ashes can modify the particle size distribution
of the mix designs, concrete rheology, increase pozzolanic activity
and mechanical, chemical and physical properties of the cementi-
tious matrix.

Cordeiro et al. (2009) [13] observed that blended cement with
SCBA and rice husk ash (RHA) can interfere in the concrete rheo-
logical behavior and increase the resistance to penetration of
chloride ions. This change was consequence of the pozzolanic ac-
tivity of both ashes and the refinement in the pore size distribution
in relation to the reference concretes [13]. Furthermore, SCSA for its
greater reactivity with Portland cement can increase the mechan-
ical strength of mortars [9], and can also increase the modulus of
rupture and tenacity of fiber cement composite because the SCSA
collaborated to protect the lignocellulosic fibers reducing alkalinity
and improvement the interface with cementitious matrix. In this
way, the pullout and bridging mechanisms are more efficient in the
fracture process [14].
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Fig. 1. A typical load-depth curve of the nanoindentation tests [42].

Fig. 2. Schematic diagram of indentation area of aggregate-matrix interfacial transi-
tion zone.

Table 2
Chemical composition by XRF of cement, SCIA and SF.

J.A. Rossignolo et al. / Cement and Concrete Composites 80 (2017) 157e167158
In a previous work, researchers conducted the blended cement
mixtures elaboratedwith SCBA and fly ash (FA), and they concluded
that the shape and size distribution of the particles of the SCBA
produced a pseudoplastic behavior (non-Newtonian behavior
when the viscosity changes when the shear rate changes i.e. Higher
shear rates¼ lower viscosity) and workable pastes and mortars i. e.
a better rheological behavior than mixes without SCBA. The use of
20% of FA combined with 10% or 20% of SCBA was beneficial to
produce lower yield stresses related to rheological behavior than
those presented in a binary system e Portland cement with SF or
Portland cement with SCBA [14].

Thus, the cement matrices can incorporate one or various
mineral addition in order to manufacture binary, ternary or qua-
ternary blended cements [15e17]. However, there are some chal-
lenges regarding the use of mineral addition in blended systems, as
examples: most amount of water required, because the water
normalizes the rheological behavior of a fresh cement paste that
depends on particle size distribution, morphology of the particles,
specific surface area, zeta potential among other characteristics of a
mineral addition, and also, in some cases, such as pulverized fuel
ash and metakaolin, the generation of larger amount of heat during
hydration, which causes the undesirable increase of the tempera-
ture of the concrete [18,19]. Even that, with the presented prob-
lems, technical benefits with these systems in the cement matrix
favor its use [13,15,20,21,22].

The agroindustrial ash affects the interfacial transition zone
(ITZ) between aggregate and cement matrix by means of particle
size distribution (decrease wall effect) and pozzolanic reactivity
(increase quantity of calcium silicate hydrated). The ITZ is a usually
regionwith a higher W/B ratio, and thus a higher porosity, than the
bulk paste. The cement and mineral addition particles in paste,
which are suspended in the mix water, cannot pack together as
efficiently when they are in the close vicinity of an aggregate par-
ticle. It is known to be the weakest region with deficit of cement
particles in concrete [23]. For concrete to possess good mechanical
performance, it is essential that the ITZ is designed to be as dense as
possible, resulting in a good bond between the aggregate and the
matrix [24]. Several researches present results demonstrating that
the mineral additions can produce a significant reduction in the
thickness of the matrix-aggregate interfacial transition zone (ITZ),
i.e. higher densification of such region, contributing to an
improvement of the properties related to mechanical strength and
concrete durability [25e27]. However, the influence of sugarcane
(bagasse and straw) industrial ashes (SCIA) on the ITZ of concrete
has been rarely reported, which constitutes an important line of
research for the scientific community. The SCIA can decrease
porosity in the ITZ because it has particles size distribution from
nanometers to millimeters that filling voids among coarse particles
mainly in the aggregate and matrix interface. Moreover, during
hydration process the SCIA can mitigate voids by means of pozzo-
lanic reaction that consequently can fill the voids with calcium
silicate hydrated (C-S-H) phase. Therefore, the aim of this studywas
Table 1
Mix design of the cementitious matrix of the concretes.

Series W/B SF/C (%)
(by mass)

SCIA/C (%)
(by mass)

SPA/B (%)
(by mass)

1 0.35 e e 0.1
2 20 e 0.2
3 e 20 0.2
4 0.55 e e e

5 20 e 0.1
6 e 20 0.1
to evaluate the influence of the mix of cogeneration ashes from
bagasse and straw sugarcane on mechanical properties of ITZ in
concretes by nanoindentation technical analysis. Nanoindentation
measures are being used as a good tool to evaluate properties micro
and nanometer scale, such as hardness and indentation modulus in
cement based materials [28e33].
Element Cement SCIA SF

SiO2 19.1 60.14 84.50
Al2O3 4.44 12.53 0.97
Fe2O3 2.68 10.35 2.62
MnO <0.10 0.20 0.27
MgO 2.32 2.10 0.60
CaO 63.5 3.11 2.93
Na2O 0.36 0.16 0.15
SO3 2.63 0.11 e

K2O 1.10 6.06 1.04
TiO2 0.24 2.73 0.10
P2O5 0.21 1.47 0.14
SrO 0.14 e e

LOI 3.52 1.03 7.53



Fig. 3. X ray diffraction patterns: (A) SF and (B) SCIA.

Fig. 4. SEM-ES micrographs showed morphology and size of the particles: (A) SF and (B) SCIA (silica skeleton and quartz contamination).

Table 3
Equivalent diameter finer than a cumulative percent and specific surface area of the
materials.

Raw materials D10 D50 D90 Specific surface area

(mm) (m2/g)

Cement 2.72 12.09 31.80 1.38
SCIA 8.16 36.24 82.15 6.10
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2. Materials and methods

2.1. Materials

It was used an ordinary Portland cement type V (OPC), with high
initial strength, according to Brazilian standard ABNT NBR 5733
(chemical composition similar to ordinary Portland cement e
Fig. 5. Particle size distribution analysis of the raw materials.

SF 2.46 10.95 23.91 16.10

Fig. 6. Isothermal calorimetry analysis of pastes.
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ASTM C150) [34]. The sugarcane industrial ashes (SCIA) used in the
present study came from the burning of bagasse and straw of
sugarcane (50% by mass for each of them). The ashes were sub-
jected to a second burning in laboratory controlled conditions in
order to reduce as much as possible the presence of unburned
organic matter. The ashes were air dried and subsequently calcined
in a muffle furnace at 700 �C for 60min. The heating rate was 10 �C/
min, the cooling was slow. In sieving analysis was performed to
assess the particle size distribution of the SCIA was below 45 mm
(325 mesh).

The silica fume (SF), M920D, Elkem, was used as a commercial
Fig. 7. Percentage of consumed fixed lime up to 90 days of pozzolanic reaction.

Fig. 8. Grid indentation modulus on I
pozzolan, besides that, a superplasticizer Melflux 2651 F 99(pow-
der) was applied to improve the rheology of the cementitious
matrix. The coarse aggregate chosen was basalt with diameter
around 6.3e9.5 mm. Fine aggregate was not used to prevent
interference in the analysis of ITZ.
2.2. Methods and instrumental techniques

2.2.1. Materials characterization
The chemical characterization of the biomass ash was carried

out by X-ray fluorescence (XRF), using a Philips PW-1404 and a Sc-
Mo X-ray tube. Fineness was analyzed by laser diffraction particle
size analyzer (LRD), using a Sympatec Helos 12 KA spectrometer
and isopropyl alcohol as non-reactive liquid. The mineralogical
composition of the raw materials was determined by random
powder X-ray diffraction technique (XRD) using a Bruker D8
Advanced, operating at a wavelength of 1.54 (CuKa radiation),
40 kV and 50 mA. The data were collected from 5� to 60� (2q), with
step of 0.02�, for 2 h, rotating the samples at 15 rpm. Morphological
characterization was carried out using a Zeiss AXIO Imager A2m
SEM-SE.

Nitrogen adsorption-desorption isotherms were measured with
a Micromeritics ASAP 2010 analyzer. A sample degassing at 50 �C
for 24 h was performed previous to every measurement. Specific
surface area values were calculated from the isotherm data using
the BrunauereEmmetteTeller (BET) method in a relative pressure
range of 0.003e0.3.
TZ in concrete with W/B ¼ 0.55.
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2.2.2. Isothermal calorimetry and pozzolanic evaluation
Calorimetry analysis was done, using a thermometric equip-

ment TAM AIR, with the purpose to evaluate if the ash has an in-
fluence on Portland cement hydration process at 23 �C for 120 h.
Cementitious paste with and without the SCIA addition were pro-
duced. Cement pastes were produced with Portland cement (100%)
using the ratio W/B ¼ 0.4 and Portland cement pastes (80%) and
SCIA (20%) using the same w/c ratio.

A non-standard accelerated chemical method was used to study
the pozzolanic activity of these materials [35]. This method consists
in putting the pozzolan (1 g) in contact with the lime-saturated
solution (75 mL) at 40 �C for 1, 7, 28 and 90days. After each
period of reaction, the content of fixed lime was quantified as the
difference between the CaO concentration in the original solution
(17.68 mmol/L) and the concentration in the test solution. Quanti-
fication was performed by titration of aqueous Ca2þ and OH� with
ethylenediaminetetraacetic acid (EDTA) and diluted HCl, respec-
tively, according to the methodology specified in European stan-
dard 196e5 [36].
2.2.3. Concrete preparation
Six concrete mixes design with 1:0.5 ratio cement matrix to

aggregate were prepared at a water/binder (W/B) ratio of 0.35 and
0.55 (Table 1). The content of the silica fume (SF) and sugarcane
industrial ashes (SCIA) was 20% by mass of the Portland cement
content. Superplasticizer (Melflux 2651 F 99) at a dosage around
0e0.2% per mass of binder (SPA/B) was added to the fresh concrete
Fig. 9. Grid indentation modulus on I
with the objective to improve the workability and to obtain a self-
compacting behavior. The materials were added in a planetary
mixer and mixed for 3 min.

The PVC molds for casting cylinder specimens (25-diameter x
50mm) on a vibration table were used. After demolding at 24 h, the
specimens were immersed in water for 2 days and subsequent air
curing at 23 ± 2 �C and relative humidity (RH) of 60% until complete
90 days.
2.2.4. Specimens preparation
For nanoindentation test and scanning electron microscopy

(SEM) analyses samples of 10 � 10 � 10 mm were cut with a pre-
cision cutter (Struers) to avoid microcracks from cylinders in such a
way that the investigated surface was parallel to the top surface of
the cylinders. The analyses were carried out the center of the each
sample. Tests were performed in 90-day-old specimens. Hydration
was interrupted by ethanol (immersed for 24 h). The slices were
then removed from the ethanol and were subjected to a heat
treatment (drying) of 60 �C for 8 h. The specimens were impreg-
nated under vacuumwith a low-viscosity epoxy resin in a 25.4 mm
diameter rubber mold. The vacuum to the chamber was then
released, allowing atmospheric pressure to facilitate impregnation.
The rubber mold with the specimen was then removed from the
vacuum chamber and cured for 24 h in ambient temperature.

Special attention was given the quality of the polished sample
surface so that the indentation modulus and the hardness can be
measured with nanoindentation technique [30,37,38]. In this study,
TZ in concrete with W/B ¼ 0.35.
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the samples were initially polished on SiC abrasive paper disks with
gradation P1000 (18.3 mm) for approximate 10 min using a semi-
automatic polishing equipment of the Struers, model Tegra-Force.
Ethanol was used as the cooling medium and lubricant. The sam-
ple was then cleaned in ethanol in an ultrasonic cleaner before
polishing. After a variety of polishing compounds and polishing
mats, one combination can provide a repeated success by lengthy
polishing (100 rpm) under light load (10 N) [38]. Therefore, the final
polishing was carried out using diamond polishing compound. It
was used the same semi-automatic-polisher and diamond sus-
pensions in ethanol solution with narrow micrometer-sized parti-
cles of 6 mm, 3 mm and 1 mm. The relatively slow polishing speed
was applied to mitigate damage and allowed a fine finishing on the
sample surface. Each step spent approximately 10 min. An ultra-
sonic bath cleaning in ethanol was performed for 10 min to remove
all dust and diamond particles after each step of polishing. After
polishing, the surface quality was confirmed using an Zeiss optical
microscope and then the sample was stored in a small air-tight
container.
2.2.5. Nanoindentation testing
It was used the nanoindenter NANOVAE indenter configured

with a Berkovich tip (radius of 0.6 mm, angle of 142.3
�
). The nano-

indenter system was calibrated by indenting a silica sample. The
test locations were guided by means of an incorporated optical
microscope. The head repositioning was carried out before each
indentation.
Fig. 10. Grid indentation hardness on
All tests were programmed in a single cycle loading way that the
indenter came into contact with the sample surface with the load
increased at a constant rate of 166.7 mN/s and the maximum load
was 5000 mN. The maximum load was applied for 10 s and each
time of loading and unloading strength was 30 s.

The nanoindentation test was performed to depth around
250e600 nm. According to some researches [32,39,40], these depth
values are adequate to the analysis of the hydrated cement prod-
ucts. Each load/displacement diagramwas plotted and inspected to
evaluate some problems, such as abnormal or discontinuous shapes
[29,38,39,41,42].

Fig. 1 shows a typical load-depth curve which was generated
from the loading with an initial increasing loading, followed by
holding and then decreasing loading.

The indentation modulus (M) and the hardness (H) can be ob-
tained from the initial slope of the elastic unloading stage in the
load-depth curve, as defined in Equations (1) and (2) [42]:

M ¼ 1
2

�
dp
dh

ffiffiffi
p

p
A

�
ðh ¼ hmaxÞ

(1)

H ¼
�p
A

�
ðh ¼ hmaxÞ

(2)

where p is the indentation load, h is the indentation depth, hmax is
the maximum indentation load and A is the projected contact area,
which can be extrapolated from the indentation depth h using the
ITZ in concrete with W/B ¼ 0.55.
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method of Oliver and Pharr (1992) [43].
The spacing between indents was 15 mm (horizontal) and 20 mm

(vertical). The indent areas had the dimensions of 195 � 100 mm
(Fig. 2) and 84 indents were made in an array in each studied area.

The thickness of ITZ was defined as the distance between the
aggregate-matrix interface where the values of the nano-
mechanical properties (indentation modulus and hardness) are
instable i. e. where there is a great variation in the values. In the
extremity of the ITZ (in the aggregate or cement matrix bulk), for
example, the hardness values are more stable. For this reason, it is
difficult to define exactly the thickness of ITZ.
3. Results and discussion

3.1. Characterization of raw materials

The chemical composition of raw materials by XRF is shown in
Table 2. The chemical composition requirement for a pozzolan is to
present a minimum content of 50% by mass for the sum of the
reactive oxides (SiO2þAl2O3þFe2O3), according to the ASTM C-618
[44]. The sum of the reactive oxides for the SCIA was of 83.02%,
value closer to that of SF (88.09%). The reactive silica content in SCIA
was 49.52% of total, percentage higher than that required in Eu-
ropean standard of minimum of 25% for pozzolan (siliceous fly ash,
natural and calcined ones) [45]. Loss of ignition (LOI) of SCIA was
approximately 7 times lower in comparison to SF. This character-
istic has a positive effect on the rheological properties of the
blended cements (water demand and setting times).
Fig. 11. Grid indentation hardness on
Fig. 3 shows the XRD patterns of the pozzolans (SF and SCIA),
showed the mineralogical composition by presence of amorphous
and crystalline phases. In the XRD pattern of the SCIA were iden-
tified mainly crystalline phases, such as quartz (main peaks at
26.65-2q and 20.89-2q) and hematite (35.72-2q). In the XRD
pattern of the SF were identified amorphous phase and some
crystalline phases, such as quartz (26.82 -2q), moissanite (35.76-
2q), tridymite (35.76-2q) and silicon (28.52-2q, 47.31-2q and 47.35-
2q). The halo in the XRD pattern of the SF characterizes the amor-
phicity of this material can be seen in Fig. 3A and in different
proportion the amorphorcity was observed in the XRD pattern of
the SCIA (Fig. 3B). Part of the crystalline phases identified in the
SCIAwas due to the presence of sand contamination harvestedwith
sugarcane bagasse waste used as biomass.

It is well known that the morphology of pozzolans depends
directly on the nature of the biomass, industrial process and
burning temperature. A morphological study of the starting poz-
zolans carried out by SEM is illustrated in Fig. 4, showing different
morphology and size of the particles. SCIA has particles with
irregular geometry and more porosity than that shown by SF,
mainly due to its silica skeleton formed after burning. Besides, SCIA
contents some quantity of quartz contamination. This observation
stated the fineness was observed by particle size analysis and BET
technique [46].

Fig. 5 shows the size particle distributions of the materials by
laser diffraction particle size analyzer. It was determined that 10%,
50% and 90% of the particles are smaller than a specific equivalent
diameter value of the samples as presented in Table 3. It is observed
ITZ in concrete with W/B ¼ 0.35.
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that the Portland cement and SCIA curves are overlap, which shows
that may occurs a packaging effect in the samples; 90% of the ashes
are above 82 mm. The specific surface area analysis present in
Table 3, shows that specify surface area of the SCIA is greater than
cement, which was already expected, because it is more porous,
attribute to the vegetable structure. The surface area of SF is the
largest among them, since it is the sample with greater fineness.
SEM are presented in Fig. 4A and B, it is possible to see that SF is
thinner and is presented in the spheroidal shape, while the SCIA has
a very different structure with grains in different formats.
3.2. Physical and chemical behavior of the blended pastes

Fig. 6 shows the isothermal calorimetry curve of cement paste
and SCIA/cement paste. It is noted that the inclusion of ash in fresh
paste do not causes the delays setting time of the ordinary Portland
cement. Furthermore, the generated heat flux of the paste with ash
increased. According to Frias et al. (2007) [47] mineral additions
with high pozzolanic activity in cement pastes increase
Fig. 12. Contour map of indentation modulus in reference concrete (GPa); (A) W/
B ¼ 0.55; (B) W/B ¼ 0.35.
temperature, in the curing process in early age, due to the com-
bined effect of the exothermic reactions of the hydration and
pozzolanic processes.

The results obtained of the consumed fixed lime with hydration
reaction time for two pozzolans (SF and SCIA) are shown in Fig. 7.
The pozzolan SF showed a higher pozzolanic activity than the SCIA
up to 28 days, showing the maximum differences during the first
24 h. At this age, the fixed lime for the SCIA and SF was 22.6 and
74.8% of available lime in dissolution, representing 69.8% less ac-
tivity for SCIA ash.

However, this difference in values of fixed lime is progressively
reduced with increasing hydration reaction time. At 90 days, the
fixed lime values found in both cases were very similar. The
different reaction rate between SF and SCIA was closely related to
characteristics of theses pozzolans, such as quantitative of amor-
phous and crystalline phases and particle size distributions. The SF
material is more amorphous and finesses than SCIA material, ac-
cording to results indicated in Figs. 4 and 5, respectively. Despite
these differences found with respect to the more reactive com-
mercial silica fume, SCIA had high values of fixed lime from 7 days
of reaction. This pozzolanic behavior was similar to other
Fig. 13. Contour map of indentation modulus in concrete with 20% silica fume (GPa);
(A) W/B ¼ 0.55; (B) W/B ¼ 0.35.
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agroindustrial ashes (originated from thermally activated elephant
grass, e.g.) [48].
3.3. Characterization of the ITZ

Figs. 8e17 shows the distribution in the indentation modulus
and hardness measured in the ITZ bymeans of the nanoindentation
in studied concretes. In Figs. 8e11 the results were separated in
three regions: aggregate, interface and paste matrix. It is found that
behavior of indentation modulus distribution was close to that
hardness across of ITZ. The ITZ thickness obtained of the reference
concrete is approximately 25 mm (W/B ¼ 0.35) and 85 mm (W/
B ¼ 0.55). These values are very close to the values obtained in
some researches about concretes without mineral addition
[25,27,49].

The values of indentation modulus (8e18 GPa) and hardness
(0.3e0.9 GPa) observed across the ITZ in reference concrete were
corroborated with those reported in research papers [30,39,40].
According to Mondal (2008) [40] and Hu et al. (2014) [42], the
average indentations moduli of the four main phases present in
cement paste are approximately 10 GPa for porous phase,16 GPa for
Fig. 14. Contour map of indentation modulus in concrete with 20% sugarcane indus-
trial ashes (GPa); (A) W/B ¼ 0.55; (B) W/B ¼ 0.35.

Fig. 15. Contour map of indentation hardness in reference concrete (GPa); (A) W/
B ¼ 0.55; (B) W/B ¼ 0.35.
first type of C-S-H phase (low stiffness), 26 GPa for second type of
C-S-H phase (high stiffness) and 35 GPa for calcium hydroxide.

The results demonstrated that the utilization of either silica
fume or SCIA causes a similar and significant reduction in the
matrix-aggregate ITZ thickness in comparison to the reference
concrete, which can be observed in the elevation of the values of
the indentation modulus and hardness in the region near to the
aggregate (Figs. 9e11).

In the concrete with silica fume or SCIA, the values of the
matrix-aggregate ITZ thickness were approximately 10 mm (W/
B ¼ 0.35) and 25 mm (W/B ¼ 0.55), which represents a reduction of
approximately 70% of the thickness of ITZ compared to the refer-
ence concrete.

In the contour maps of indentation modulus and hardness of ITZ
(Figs. 12e17) can be seen the difference between ITZ thickness in
reference concrete and concrete with mineral additions (SF or
SCIA). This fact can be observed by reducing in the low values of
indentation modulus and hardness (blue coloration) in the region
of ITZ and the increase in the high values of indentation modulus
and hardness (yellow and green color) in the concretes with SF or
SCIA.



Fig. 16. Contour map of indentation hardness in concrete with 20% silica fume (GPa);
(A) W/B ¼ 0.55; (B) W/B ¼ 0.35. Fig. 17. Contour map of indentation hardness in concrete with 20% sugarcane indus-

trial ashes (GPa); (A) W/B ¼ 0.55; (B) W/B ¼ 0.35.
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The thickness reduction in the ITZ with the utilization of silica
fume or SCIA can be explained by the following points: less
permeability of the fresh concrete, causing less water accumulation
in the aggregate surface (wall effect); the occurrence of several
crystallization nuclei, which contributes to the formation of smaller
calcium hydroxide crystals with a higher crystallization tendency in
random orientations; and the progressive densification of the hy-
dration products by means of pozzolanic reaction [10,25,27,47].

According to the results, the SCIA has a similar behavior to the
silica fume to the reduction capacity of ITZ thickness. This good
behavior of industrial ash (SCIA) would be in agreement with the
similarity of fixed lime results obtained at 90 days of reaction
(Fig. 7), in which the fixed lime in both cases were between 97 and
98% of available lime.
4. Conclusions

Under the conditions and scopes of this experimental study the
conclusion can be drawn in the following:

- Chemical analysis of the industrial ash (SCIA) obtained when a
mix of sugarcane bagasse and straw waste are used as biomass
showed a silico-alumina composition, followed by Fe2O3, which
sum of the three oxides exceeded of 82% of total oxides. Min-
eralogicaly, the SCIA has amorphous phases and crystalline
phases formed by quartz and hematites, probably due to a
possible soil contamination during the collection and storage of
wastes.

- According to fixed lime results, both pozzolan (SCIA and SF)
showed high pozzollanic activity, but with different reaction
rate. The biggest differences are found for the first 7 days of
reaction. From this age, the differences between the values of
fixed lime decrease, being similar to the silica fume at 90 days of
reaction.

- Nanoindentation analyses indicated that the ITZ thickness var-
ied significantly with the water/binder relation used for the
reference concrete (approximately 25 and 85 mm for W/B¼ 0.35
and 0.55, respectively).

- The utilization of either silica fume or SCIA causes a similar and
significant reduction in the matrix-aggregate ITZ thickness in
comparison to the reference concrete. The inclusion of 20% of
silica fume or SCIA (by cement weight) caused a reduction of
70% in the thickness of the matrix-aggregate ITZ, in relation to
the reference concrete.
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- In the concretes with either silica fume or SCIA, besides the
thickness reduction of the ITZ, there was an elevation of the
values of the indentation modulus and hardness in the ITZ.
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