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Abstract

Sugar cane bagasse ash (SCBA) is generated as a combustion by-product from boilers of sugar and alcohol factories. Composed
mainly of silica, this by-product can be used as a mineral admixture in mortar and concrete. Several studies have shown that the use
of SCBA as partial Portland cement replacement can improve some properties of cementitious materials. However, it is not yet clear
if these improvements are associated to physical or chemical effects. This work investigates the pozzolanic and filler effects of a residual
SCBA in mortars. Initially, the influence of particle size of SCBA on the packing density, pozzolanic activity of SCBA and compressive
strength of mortars was analyzed. In addition, the behavior of SCBA was compared to that of an insoluble material of the same packing
density. The results indicate that SCBA may be classified as a pozzolanic material, but that its activity depends significantly on its particle
size and fineness.
� 2008 Elsevier Ltd. All rights reserved.
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1. Introduction

Mineral admixtures are commonly employed in many
applications that range from high-performance concrete of
bridges, tall building and offshore structures, to mass con-
crete of dams. It is well known that mineral admixtures such
as silica fume, fly ash and rice husk ash are by-
products of industrial or agroindustrial processes. The appli-
cation of these by-products in concrete production brings
positive effects to the environment once it reduces the prob-
lems associated to their disposal. Several benefits will be
attained regarding greenhouse gas emissions resulting from
the use of mineral admixtures as cement replacement, since
their use allows reducing cement production. Moreover, in
the case of agroindustrial mineral admixtures, their use has
0958-9465/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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the additional advantage of reducing methane emissions
generated by the disposal of the by-products. This is partic-
ularly important when the agroindustrial by-products
contain elevated content of carbon in their composition.

Regarding their use as cement replacement, mineral
admixtures affect the performances of paste, mortar and
concrete owing to both physical and chemical effects. The
physical effects are primarily associated with their influence
on the packing characteristics of the mixture, which depend
on size, shape and texture of the particles. The chemical
effects are associated with their capability of providing sili-
ceous/aluminous compounds that will chemically react
with calcium hydroxide in the presence of water. According
to Goldman and Bentur [1], the capability of pozzolanic
materials of enhancing the strength of concrete is more clo-
sely associated with physical than chemical effects.

Sugar cane bagasse ash (SCBA) is one of the main
by-products generated worldwide and can be used as a
mineral admixture mainly due to its high content in silica

mailto:gcc@coc.ufrj.br


12000

quartz

cristobalite∗

G.C. Cordeiro et al. / Cement & Concrete Composites 30 (2008) 410–418 411
(SiO2) [2–5]. Several studies have been conducted to inves-
tigate the chemical effect or pozzolanic activity of SCBA.
According to Martinera Hernández et al. [2] the main
products from the reaction between calcium hydroxide
and SCBA are calcium silicate hydrates (C–S–H). In
another work, Singh et al. [4] studied the reactivity of
SCBA with Portland cement. These authors observed a
decrease in free lime values in pastes and associated it to
the pozzolanic activity of SCBA. Further, results of differ-
ential scanning calorimetry (DSC) showed that large
amounts of C–S–H were formed in the presence of SCBA.
Another evidence of chemical effect of SCBA was shown by
Payá et al. [3], who determined the pozzolanic activity of
SCBA/calcium hydroxide and SCBA/Portland cement
pastes. The authors indicated that SCBA presents a high
pozzolanic activity and can produce an increase in strength
when used as a hydraulic binder. In a recent study, Corde-
iro [5] verified, using the Chapelle test [6], that the reactivity
of SCBA depends directly on the conditions used in burn-
ing the bagasse. Fig. 1 shows the variation in SCBA reac-
tivity as a function of bagasse burning temperature.
Although caution should be used in using the Chapelle test
to assess reactivity of a pozzolanic material, given that the
test is carried out at high temperature [7], Fig. 1 clearly
demonstrates the existence of maximum at around
500 �C. Recently, the influence of different mechanical
grinding configurations in laboratory and pilot-scale mills
on the physical characteristics of the SCBA was investi-
gated [8]. The results indicate that the SCBA grinding to
values of D80 (80% passing size) below about 60 lm and
Blaine fineness above 300 m2/kg resulted in products that
can be classified as pozzolans.

In spite of studies and evidence of advantages of using
SCBA as cement replacement, the actual mechanisms that
are responsible for these are not yet understood. It is not
clear if the advantageous use of SCBA is due to physical
or chemical effects. This difficulty is partially due to the fact
that both effects are coupled to influence the results from
most commonly used evaluation methods. For instance,
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Fig. 1. Effect of burning temperature of bagasse on the reactivity of SCBA
using the Chapelle test [5].
if the particle size distribution of the SCBA is refined it
can increase the packing density of the mixture as well as
the chemical reactivity of the ash due to the increase in
the specific surface area. The present study aims to evaluate
the chemical and physical effects of a residual SCBA on the
properties of cement mortars. At first, the influence of
SCBA particle size distribution on the compressive
strength, pozzolanic activity indices, Chapelle test result
and packing density is investigated. In this case, the effect
of cement dilution is maintained constant; however, the
chemical and physical effects are distinct for different
SCBAs. In the final part of the paper, the aim is to compare
the performance of mortars containing SCBA and crushed
quartz (CQ) – considered as an insoluble or low-reactivity
material – with the same packing density. Under these con-
ditions the physical effect of both mortars is approximately
equalized and the actual pozzolanic activity of SCBA can
be estimated.
2. Materials

The SCBA (as-received) used in the present study was
collected at a local sugar and alcohol factory in the State
of Rio de Janeiro, Brazil. In the factory, the sugar cane
bagasse is burnt in boilers at temperatures varying from
700 to 900 �C, depending on the moisture content of the
bagasse. Fig. 2 shows the X-ray powder diffraction pattern
of as-received SCBA, where the predominance of cristoba-
lite and quartz in the SCBA is evident and representative of
biomass burnt at high temperature. Quantitative XRD
analysis based on the Rietveld method was performed
using Bruker’s Topas v. 3 software [9] to determine the
amorphous content of this SCBA. We found a content of
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Fig. 2. X-ray diffraction patterns of SCBA–AR and commercial quartz.



Table 1
Chemical composition of materials (in mass)

Compound SCBA (%) Quartz (%) Portland cement (%)

SiO2 78.34 98.80 20.85
Al2O3 8.55 0.20 4.23
Fe2O3 3.61 0.11 5.25
CaO 2.15 0.30 63.49
Na2O 0.12 – 0.16
K2O 3.46 – 0.40
Ignition loss 0.42 0.40 1.05
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amorphous material of 24% with an estimated error of
±4%. Besides that, the proportions of cristobalite and
quartz were estimated as 16% and 59% (in mass), respec-
tively. The presence of quartz in the SCBA is ultimately
due to the sand adhered to the sugar cane and that is har-
vested along with it. Even after washing of the harvested
sugar cane, the factory reports [5] that sand can represent
as much as 2% in weight of the material that is processed.
After the loss of organic matter during burning the
bagasse, this proportion increases significantly, reaching
values as high as those found for quartz (the main constit-
uent of the sand in the region) in the present study.
Another evidence of presence of reactive material in SCBA
is the result of 29Si nuclear magnetic resonance spectros-
copy of hardened cement pastes [5], which indicated that
the intensity of the Q4 peak, characteristic of amorphous
silica (chemical shift of �110 ppm), decreased with the
hydration development.

Fig. 2 also shows the X-ray powder diffraction pattern
of as-received commercial high-purity quartz, which was
selected as insoluble material. Portland cement without
mineral addition, similar to ASTM type I, with 308 m2/
kg Blaine fineness, chemically pure calcium hydroxide
and deionized water were used in the mortar mixtures.
Table 1 presents the chemical composition determined
using X-ray fluorescence method and loss on ignition of
the mineral admixtures and Portland cement. The fine
aggregate, which was also employed in mortars, was stan-
dard quartz sand [10] with particle size ranging from
0.15 mm to 2.36 mm.

3. Methods

3.1. Grinding procedures

Grinding of SCBA was carried out in vibratory and
tumbling mill, whereas CQ was processed by tumbling
grinding. A mill manufactured by Aulmann and Becksch-
ulte Maschininfabrik (Germany) was used for vibratory
grinding, which was carried out in batch mode, simulating
continuous open circuit operation with grinding times
varying from 8 to 240 min in accordance to Cordeiro
et al. [8]. Tumbling grinding simulating closed circuit oper-
ation with classification was performed for processing of
SCBA and CQ with nearly identical particle size distribu-
tions. In this case, a tumbling mill was used with a bowl
rotation speed of 70 rpm and 20% filling of steel balls as
grinding media. The grinding products were classified by
dry sieving (sieve size 45 lm) using a rotational and tap-
ping shaker (Ro-Tap� shaker). After sieving, the coarse
material returned to the mill, which was filled with SCBA
to maintain the constant feed. This set-up used in the
grinding tests allowed a close control of product size
distribution.

In this paper the following nomenclature has been
adopted:

� As-received SCBA is denominated SCBA–AR.
� Vibratory ground SCBAs are named SCBA-V-t, where t

is the grinding time in minutes.
� SCBA and CQ ground by tumbling grinding are denom-

inated SCBA-T and CQ-T, respectively.
� The reference mortar composed of Portland cement,

sand and water, is named MPC.
� For mortars composed of SCBA or CQ, Portland

cement, sand and water, the prefix M is used before
the designation of the mineral admixture.
3.2. Physical characteristics

Particle size distributions were measured using a laser
diffraction particle analyzer (Malvern Mastersizer�) in
liquid mode with analytical-grade ethyl alcohol as disper-
sant and ultrasonic agitation for 60 s. The particle size dis-
tributions generated were characterized using D50, which is
the 50% passing size in the cumulative distribution. Blaine
fineness was determined according to ASTM C 204. Parti-
cle morphology was characterized qualitatively with the aid
of scanning electron microscope (SEM) images, obtained
using a Jeol� JXA 840-A.
3.3. Packing density

The compressible packing model (CPM) [11] was used to
characterize the packing density of the grain mixtures. In
this model, the packing density depends on the size and
shape of the grains, and on the method of packing adopted.
The CPM allows making the transition from virtual pack-
ing density (c) to the actual packing density (/) of the mix-
ture, which is in accordance with the energy applied at the
time of placing. A scalar K, called compaction index,
enables connecting c with /. This scalar is strictly depen-
dent on the protocol implemented for the particular mix-
ture, such that as K tends to infinity, / tends to c. The
general form of equation that reports / to c is given by

K ¼
Xn

i¼1

yi=bi
1
/� 1

cðiÞ
ð1Þ

where n is the number of grain classes; yi is the volumetric
fraction; bi is the virtual packing density of the ith class. It
represents the volume of grains contained in a unitary vol-
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Fig. 3. Particle size distributions of SCBA–AR and ground SCBAs.
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ume, compacted with an ideal compaction energy that cor-
responds to a maximum virtual packing; and c(i) is the vir-
tual packing density when i is the dominant class. The
index K assumes a value of 4.5 when the compaction pro-
cess is simple pouring, 6.7 for water demand and 9.0 when
the placing process is vibration followed by compression
with 10 kPa of pressure. It is evident that when the Eq.
(1) is used with n = 1, it is possible to determine bi for a gi-
ven single class using

b ¼ 1þ K
K

/ ð2Þ

De Larrard [11] suggests to determine the packing prop-
erties of sand from the vibration and compaction test
(K = 9) and fine materials (cement, SCBAs and CQ) from
water demand test (K = 6.7).

3.4. Compressive strength and pozzolanic activity

Mortars containing mineral admixture were prepared in
a laboratory bench mixer according to Brazilian standards
in order to examine the pozzolanic activity of the mineral
admixtures/cement and mineral admixtures/lime. The poz-
zolanic activity index with lime [12] was obtained from the
average compressive strength of mortar after 7 days of cur-
ing. Mortars were prepared using a constant 1:9:2 (weight
basis) calcium hydroxide-sand-mineral admixture ratio.
The amount of water required to achieve a consistency
index [13] in the range of 225 ± 5 mm was equivalent to
14–18% in weight of the solid materials.

The compressive strength (after 7, 14 and 28 days of cur-
ing) and the pozzolanic activity index with Portland cement
[14] were obtained from the mortar mixtures with 1:3
(weight basis) cement–sand ratio and amount of water
required to achieve a consistency index in the range of
225 ± 5 mm. In the mixtures with pozzolan, 35% in volume
of the Portland cement was replaced by the pozzolanic
material. In this investigation, the water/cementitious
material ratio for all mixtures could be kept constant at
0.52, which allowed achieving consistency values within
the specified range. These compressive strengths were based
on testing cylinders of 50 mm diameter and 100 mm height.
After mixing and moulding, specimens were maintained in
a moist chamber during the first 24 h at a temperature of
22 �C and 100% relative humidity. Then, specimens were
demolded, sealed with plastic film and stored in hermeti-
cally-closed air-tight containers at a temperature of
38 �C ± 2 �C for curing. At the end of the curing process,
the specimens (4 per mixture) were tested in a servo
hydraulic press (Shimadzu� UH-F1000kNI) operating at
0.1 mm/min. The compressive strength results were evalu-
ated by analysis of variance (ANOVA) and Duncan’s mul-
tiple range tests [15]. Significant differences were considered
when the probability was smaller than 0.05. Results were
expressed as average of 4 specimens ± standard error.
After 28 days of curing, the pozzolanic activity index with
Portland cement was calculated from the ratio between the
compressive strengths of mortars with mineral admixture
and a reference mortar, prepared with cement, sand and
water.

The pozzolanic activity was also assessed using the mod-
ified Chapelle method [6]. This test consisted of placing the
1.000 g of mineral admixture and 1.000 g of calcium oxide
in a water volume of 250.0 ml. The solutions were kept for
16 h in an oven at 90 �C. At the end of the period, the CaO
content was determined for titration with hydrochloric acid
(HCl) solution and using phenolphthalein as indicator. The
results were expressed by fixed CaO, which is equal to the
difference between 1.000 g and the mass of CaO obtained
from titration.
4. Results and discussion

4.1. Effect of particle size distribution

Particle size distributions of the SCBAs ground in the
vibratory mill during different times and the SCBA–AR
are shown in Fig. 3. The ashes present a wide range of par-
ticle sizes, with D50 values ranging from 1.65 lm to
76.3 lm. The reduction in particle size with the increase
in grinding time is evident; however, the shapes of the par-
ticle size distributions are fairly complex, presenting two
populations of particles (bimodal). The mode (and also
the average size) of the coarser population of particles, pre-
dominantly formed by those larger than about 1 lm,
clearly becomes finer as grinding time increases. On the
other hand, the mode of the finer population of particles
remains relatively constant at about 0.3 lm, while the rela-
tive proportion of this population increases with time. The
distinction between these two populations start to disap-
pear at longer grinding times, as they tend to overlap. This
appearance of poly-modal distributions has already been
observed by Palaniandy et al. [16] in vibratory grinding
of silica and has been attributed to the tendency of fine par-
ticles to agglomerate.

As can be seen in Fig. 4a, the SCBA-V-8 presents an het-
erogeneous mixture of coarser quartz particles and parti-
cles with cellular structures, typical for organic materials.
Quartz particles are characterized by their distinctive con-



Fig. 4. SEM images of SCBAs produced after 8 min (a) and 240 min (b) of vibratory grinding.
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choidal fractures. After 240 min of grinding, the SCBA
also presents coarser particles of quartz; however, the cellu-
lar grains were totally broken by the mechanical action of
the grinding media (Fig. 4b). Table 2 summarizes the val-
ues of D50, virtual packing density (bi) and Blaine fineness
of SCBAs. As expected, the Blaine fineness increases with
grinding time. Moreover, the virtual packing density also
increases with grinding time. These observations indicate
that the reduction in particle size is responsible for changes
in the intrinsic capacity of the particles to pack.

In relation to pozzolanic activity, the reduction in parti-
cle size results in an improved performance of SCBA, as
shown in Table 2. It is evident that the pozzolanic activity
index with cement increases as D50 of SCBA decreases.
SCBA–AR presents a pozzolanic index of 49%, while the
SCBA-V-240 presents an index of 103%. The Brazilian
standard NBR 12653 [17], in analogy to the American stan-
dard ASTM C 618-05 [18], establishes that 75% is the min-
imum value required to classify a material as pozzolan.
Therefore, SCBA presents a pozzolanic index higher than
the minimum requirement after only 15 min of grinding.
The pozzolanic activity index with lime of the SCBA
increases with an increase in grinding time. SCBA–AR pre-
sents a pozzolanic index with lime equal to 3.9 MPa, which
is lower than the NBR 12653 [17] minimum requirement of
6.0 MPa. The decrease of SCBA D50 by grinding is also
Table 2
Physical and pozzolanic characteristics of materials

Material D50

(lm)
Virtual packing
density

Blaine fineness
(m2/kg)

P
c

Sand 900 0.65a – –
Cement 16.9 0.61b 308 –
SCBA–AR 76.3 0.54b 196
SCBA-V-8 27.5 0.56b 277
SCBA-V-15 19.8 0.59b 395
SCBA-V-30 12.0 0.58b 444
SCBA-V-60 5.6 0.60b 640
SCBA-V-120 2.7 0.61b 893 1
SCBA-V-240 1.7 0.65b 1197 1

a Compaction index K = 9.
b Compaction index K = 6.7.
accompanied by an increase of pozzolanic activity index
with lime. Thus, a D50 below about 12.0 lm is required
to satisfy the standard requirement (Table 2). The higher
fineness of SCBAs, SCBA-V-120 and SCBA-V-240, exhib-
ited pozzolanic indices of 8.5 MPa and 8.6 MPa, respec-
tively. These values are approximately 40% higher than
the minimum established by the standard. From these
results, it is clear that particle size reduction influences pos-
itively the behavior of SCBA-cement and SCBA-lime sys-
tems. The analysis of pozzolanic activity of the SCBA
using the modified Chapelle method [6] shows a similar
trend. The increase in lime fixed during the reaction with
SCBA is inversely proportional to the Blaine fineness, as
shown in Fig. 5. The pozzolanic activity caused by the
SCBA is in general agreement with that observed on sev-
eral studies [2,4,5].

Fig. 6 shows the effects of grinding time and curing time
(7, 14 and 28 days) on the compressive strengths of mortars
prepared using SCBA. As expected, strengths increase with
both curing and grinding time for all mixtures. However,
the replacement of cement by SCBA results in a decrease
in compressive strength, compared to the MPC (reference
mortar), due to the negative effect resulting from cement
replacement by mineral admixture. This effect, so called
dilution effect [19], is continually reduced by the increase
of SCBA fineness. In accordance to statistical analysis,
ozzolanic index with
ement (%)

Pozzolanic index with
lime (MPa)

Chapelle activity
(mg CaO/g)

– –
– –

49 3.9 36
71 5.1 45
77 5.3 93
79 6.2 101
89 6.7 141
00 8.5 279
03 8.6 298
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no significant difference exists in compressive strength of
the mortar prepared using MSCBA-V-15 and MSCBA-V-
30, after 7 days of curing. The other mixtures present dif-
ferent values of compressive strength, increasing with fine-
ness of SCBA. After 14 days of curing, all mortars present
significantly different strengths, according to Duncan’s test,
with the exception of MSCBA-V-240 and MPC mixtures,
which are statistically equal. After 28 days, it can be
observed that the compressive strength of MSCBA-V-15
and MSCBA-V-30 are not different. The same trend is
observed with MSCBA-V-120, MSCBA-V-240 and the
MPC. The results indicate than the production of mortar
with high cement replacement (35% in volume) by SCBA
with the same compressive strength of cement mortar was
possible, given that the ash presented D50 below 3 lm
and Blaine fineness of about 1000 m2/kg.

The compressive strength and the pozzolanic activity
results present similar behavior. This can be well observed
by comparing compressive strengths of MSCBA-V-240 and
MPC mixtures for different times of curing. After 7 days,
the strength of MPC is 13% higher than that of the
MSCBA-V-240. Nevertheless, the results obtained after
14 and 28 days of curing are statistically equal, which rep-
resent a rise not associated with the filler effect. Moreover,
the increase in strength between 7 and 14 days is more sig-
nificant for MSCBA-V-60, MSCBA-V-120 and MSCBA-
V-240, when compared to the other mixtures with SCBA.
This indicates that this behavior of SCBA mortar is in
accordance with the pozzolanic activity results, which
increase significantly after longer grinding times.

In order to investigate if this improvement in pozzolanic
activity could be associated to a mechanochemical activa-
tion of SCBA during vibratory grinding, the X-ray diffrac-
tion pattern of the SCBA–AR is compared to that of the
material ground for 240 minutes. Mechanochemical activa-
tion during grinding is often attributed to the fact that,
besides breaking the particles, impacts from grinding media
may also be responsible for creating microdefects and elec-
trostatic charges on the particles, increasing their surface
energy [20]. This activation was observed, for example, by
Kanno [21] in vibratory grinding of quartz powder for
120 h. Fig. 7 shows, however, that the widening of peaks,
which would be characteristic of amorphization, is not
observed in the present study, even after the longest grind-
ing time studied (240 min). This contrasts with results from
Kitamura et al. [22] from grinding of Al(OH)3 and from
Palaniandy et al. [16] from oscillating grinding of silica that
show evidence of amorphization at grinding times that are
comparable to the ones used in the present study. It is
important to note that an increase in compressive strength
of mortars generated by vibratory grinding of the silica
powder was observed by Benezet and Benhassaine [23].
However, no structural changes in silica could be detected,
and the authors pointed out that the crystalline structure of
silica can not be considered as an obstacle to its reactivity
with lime, since the particles are of very fine sizes. The
authors also reported that in the particle size range below
5 lm, the reactivity of the material depended closely on par-
ticle size. The results for the SCBA studied in this research
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Table 3
Physical and pozzolanic characteristics of SCBA-T and CQ-T

Material D50

(lm)
Virtual
packing
density

Blaine
fineness
(m2/kg)

Pozzolanic
index with
cement (%)

Pozzolanic
index with
lime (MPa)

Chapelle
activity
(mg
CaO/g)

SCBA-T 26.6 0.66a 295 81 5.20 173
CQ-T 29.1 0.66a 210 62 0.14 32
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suggest the same trend, since the ash presents low amor-
phous content (24%) due to high quartz contamination.

In spite of the apparent absence of mechanochemical
changes, the reduction of SCBA particle size causes an
increase in the packing density of mortar. These packing
densities were quantified using the CPM, taking as input
the experimental data presented in Table 2, and computing
the values of u with K = 9, given in Fig. 8. This figure also
indicates that the compressive strength of SCBA mortars
studied in the present research is directly proportional to
the packing density. Breakage of SCBA particles possibly
allows interstices left between coarse grains be filled by
the ultrafine particles that are produced in large amounts,
so that the packing density increases progressively. The
results suggest that the increase in compressive strength
of the SCBA mortars is closely linked to the filler effect pro-
portioned by the ultrafine particles of SCBA.

It is also worth noting that no significant changes were
observed on the mortar water demand in spite of the
increase of SCBA Blaine fineness. This behavior can be
explained with the following: while the SCBA fineness
increases, the proportion of regular-shaped particles also
increases (Fig. 4), mainly due to the high quartz content
in the residual mineral admixture and the internal porosity
of SCBA particles is probably destroyed by grinding.
a Compaction index K = 6.7.
4.2. Comparison of mineral admixtures with the same

packing density

In order to better evaluate the pozzolanic activity of
SCBA, its properties are compared to those of an insoluble
material (CQ-T). Fig. 9 presents the particle size distribu-
tions obtained for the two mineral admixtures SCBA-T
and CQ-T (both materials ground in tumbling mill). It
shows that both materials present very similar particle size
distributions, with D50 of about 30 lm. Table 3 summarizes
values of D50, virtual packing density and Blaine fineness of
SCBA-T and CQ-T. The difference between Blaine fineness
is likely to be associated with the greater microporosity of
the particles from burning the bagasse, evident in Fig. 10.
This photomicrography also allows comparing particle
R2= 0.93 
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Fig. 8. Relationship of packing density and compressive strength of
SCBA.
shapes of the admixtures, demonstrating a reasonable sim-
ilarity between them, although particles in SCBA-T tend to
present smoother surfaces and while CQ-T particles are
more uniform, with distinctive conchoidal fractures. As a
result of their similarity in particle size, shape and, to a les-
ser extent, surface texture, virtual packing densities are very
similar for both mineral admixture investigated, as shown
in Table 3. Thus, it can be considered that both SCBA-T
and CQ-T present the same packing behavior, that is, the
same filler effect is expected from the two mineral admix-
tures when they partially replace Portland cement.

The results of the pozzolanic activity of SCBA-T and
CQ-T are shown in Table 3. CQ-T presents a low pozzola-
nic activity index with cement (62%), lower than that spec-
ified by NBR 12653 [17] as the minimum required. As
expected, the values of pozzolanic activity index with lime
and Chapelle activity, equivalent to 0.14 MPa and 32 mg
CaO/g, respectively, are insignificant and typical of inert
materials. In relation to SCBA-T, the pozzolanic activity
index with cement of 81% confirms the chemical activity
of SCBA. The SCBA-T investigated does not show high
pozzolanic activity due to burning bagasse conditions
and high quartz content contaminating the sample. How-
ever, its pozzolanic index with cement is similar to that
which was observed for the other pozzolans, as for example
low-calcium fly ash (ASTM ‘‘Class F” fly ash) [24]. In the
evaluation of two other methods, the ash presents a pozzo-
lanic activity index with lime of 5.20 MPa and Chapelle
activity of 173 mg CaO/g. These values are significantly



Fig. 10. SEM images of SCBA-T (a) and CQ-T (b).
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higher than those obtained for the CQ-T. Moreover, the
results show that both grinding procedures (vibratory
and tumbling mill) are appropriate to produce mineral
admixture from SCBA.

The packing densities of mortars were computed using
CPM with K = 9. It is important to point out that these
packing densities are nearly identical, with values of 0.67
for MPC and MSCBA-T and 0.68 for MCQ-T. Therefore,
the packing (filler) effects of SCBA-T and CQ-T mortars
are similar. The average values of mortar compressive
strength developed over time are presented in Fig. 11,
where SCBA-T, CQ-T and MPC mixtures are compared.
It can be seen that the three mortars present different
trends in time. Specifically, the mortars prepared using
mineral admixtures exhibit very different behaviors. After
7 days, both mortars present compressive strength lower
than that of the MPC (30% lower); and no statistical dif-
ference is observed between them. After 14 days, the
strength of SCBA-T mortar is significantly higher than
that of the CQ-T mortar, which demonstrates the reactiv-
ity of SCBA. At 28 days, the progressive increase in com-
pressive strength of SCBA-T, responsible for the
significant difference in relation to CQ-T mortar, is evi-
dent. At this curing time, the difference between MPC
and SCBA-T mortars is approximately 20%, while the dif-
ference between MPC and CQ-T mortars is larger than
40%. The parallelism between MPC and CQ-T strength
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Fig. 11. Average values of compressive strength of mortars.
against curing time curves confirms this behavior, as can
be seen in Fig. 11. Furthermore, the dilution effect after
28 days of curing is responsible for the strength differences
of MPC and CQ-T mixtures and the difference between
both SCBA-T and CQ-T mortar strength can be attrib-
uted to the pozzolanic activity of SCBA. Thus, it can be
assumed that the compressive strength of the SCBA mor-
tars, in the replacement volume used, depends on both
chemical and physical effects, in spite of the low amor-
phous silica content in the SCBA.

5. Conclusions

The results from the investigation of the physical and
pozzolanic effects of SCBA on the mortar properties
allowed concluding that:

� A direct relationship exists between the compressive
strength of mortar containing SCBA and the Blaine fine-
ness of the ash. On the other hand, the compressive
strength of mortar containing SCBA is inversely propor-
tional to SCBA’s particle size. According to the investi-
gation of the SCBAs produced by vibratory grinding,
the finest SCBA provided the highest packing density
of mortar, which generated a higher compressive
strength and pozzolanic activity. Moreover, a clear cor-
relation was observed between Chapelle reactivity and
fineness of SCBA.
� The pozzolanic activity of SCBA was established from

the comparison with an insoluble material at the same
packing density. In that case, a different behavior was
verified in relation to compressive strength of mortars
produced with the mineral admixtures, SCBA and
quartz. After 28 days of curing, the compressive strength
of SCBA mortar was 31% higher than the strength of
CQ-T mixture. This discrepancy was also observed in
pozzolanic activity, mechanical response, as well as in
results from the modified Chapelle method. Thus, the
results suggested that the SCBA presents physico-chem-
ical properties appropriate for its use as mineral admix-
ture and its reactivity was mainly dependent on particle
size and fineness.
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ash (SCBA): studies on its properties for reusing in concrete
production. J Chem Technol Biotechnol 2002;77(3):321–5.

[4] Singh NB, Singh VD, Rai S. Hydration of bagasse ash-blended
Portland cement. Cement Concrete Res 2000;30(9):1485–8.

[5] Cordeiro GC. Utilizac�ão de cinzas ultrafinas do bagac�o de cana-de-
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