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� Highly pozzolanic sugar cane straw ash (SCSA) was obtained by means auto-combustion.
� SCSA fixed present Ca(OH)2 in 3/7 hydrated lime/SCSA systems after 3 days at 20 �C.
� The pozzolanic reaction in OPC/SCSA systems took place in the 1–90 days period.
� Blended SCSA–OPC mortars in the range 15–30% yielded similar strength than control.
� SCSA presented excellent characteristics for producing high quality OPC-based binders.
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The aim of this paper is to assess the pozzolanic reactivity of sugar cane straw ash (SCSA) obtained
through an auto-combustion process and the mechanical properties of SCSA-containing systems.
Characterization of SCSA (X-ray diffraction, chemical composition, particle size, and microscopy) and
reactivity studies on hydrated lime/SCSA and Portland cement/SCSA pastes through infrared
spectroscopy, thermogravimetric analysis, and microscopy demonstrated the high pozzolanic activity.
This reactivity made it possible to achieve good mechanical properties in mortars in which 15–30% of
the cement was replaced by SCSA. After 90 days of curing, the SCSA fixed 100% of the lime present in
lime/SCSA pastes, and the compressive strength of mortars containing SCSA reached 44 MPa, a value
similar to those found for control mortars after the same number of curing days. The results for the
microstructural and mechanical properties showed that SCSA is a good pozzolanic material.

� 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Portland cement is widely used in the world nowadays, with a
global consumption about of 3.7 billion tons [1]. In addition,
Portland cement production represents 5–8% of total CO2 emis-
sions in the world [2], and to produce 1 ton of the binder, 2.8 tons
of raw materials are necessary [3]. This information shows how
important it is to reduce consumption of Portland cement due
the environmental problems caused by its production. Hence, to
reduce these problems, alternative materials are being researched,
and one of the solutions is to use pozzolanic materials to partially
replace the Portland cement.

Pozzolanic materials were first used in the Roman Empire,
when natural pozzolans were mixed with lime to create a
strong and durable material for civil buildings [4–6]. Nowadays,
pozzolans are used not only for ecological reasons but also for
technological ones, because this material increases the mechanical
strength and improves the durability of blended Portland cements
[5–17]. There are two main types of pozzolanic materials: natural
and artificial. Natural pozzolans are related to the residues from
volcanic activities or deposits of diatomaceous earth, whereas
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artificial pozzolans are related to products (e.g. metakaolin) and
byproducts or waste from industry and agro-industry [4].

Examples of byproducts from industry that are widely known as
pozzolanic materials are silica fume and fly ash [18–20]. Many
byproducts made from commodity crops are cheap, plentiful, glob-
ally distributed, and renewable resources that are suitable for the
production of pozzolans: rice husks, sugar cane bagasse, palm oil
wastes, wheat straw, eucalyptus waste, and bamboo leaves, among
others [21,22]. In this way, these agro-industry wastes can be con-
verted into ashes (with or without energy recovery), and
researches on them are being conducted due to the good results
obtained when using them to partially replace Portland cement
[21–27]. In this context, this paper presents another
agro-industry waste from sugar cane production: sugar cane straw
ash (SCSA).

The problem related to SCSA starts with the production of sugar
cane, which is increasing in Brazil due the production of sugar,
alcohol, and energy. In 2003/2004, sugar cane production in
Brazil was 358.7 million tons and, in 2013/2014, it expanded to
653.4 million tons [28], which represents an increment of 82.2%
in the production of sugar cane in only 10 years. The part of the
plant that is removed during the sugar cane collection is called
sugar cane straw, and it is composed of leaves and the top of the
plant [29]. According to the Center of Strategic Studies
Management (CGEE), 1000 kg of sugar cane generates 140 kg of
sugar cane straw [30]. Since this byproduct is mostly left in the
field after the harvest, there are researches on new techniques to
collect the sugar cane straw in order to generate energy [31]. The
calorific value of sugar cane straw is in the range of 13–19 kJ/ton
[31–33] and can be compared to the sugar cane bagasse [34],
becoming attractive to generate energy through a burning process.

After burning of the sugar cane straw, a waste is generated: the
SCSA. Studies showed that around 3–5.5 kg of ash is obtained from
burning 100 kg of sugar cane straw [33,35]. Knowing the problems
of disposal and the high volume of the residue, an appropriate final
destination for this ash would be the building construction sector
as a pozzolanic material, which partially replaces the Portland
cement.

Some authors previously studied the pozzolanic activity of SCSA
and highlighted that it is a very reactive pozzolan [35–40].
Comparisons between SCSA and other pozzolanic materials from
the agro-industry have been carried out. Martirena et al. [36] com-
pared SCSA and sugar cane bagasse ash (SCBA) in hydrated
lime-pozzolan pastes. Through microstructural analysis, the
authors concluded that SCSA is more reactive than SCBA at earlier
curing times and that mortars containing SCSA presented higher
compressive strength after 28 days of curing. In addition,
Villar-Cociña et al. compared SCSA and rice husk ash (RHA) by a
kinetic-diffusive model to evaluate their reactivity. In this compar-
ison, the authors established that SCSA presented better reactivity
[37].

It is well known that the temperature of calcination influences
the pozzolanic properties of ashes. Thus, some authors studied dif-
ferent preparations of SCSA. Martirena et al. [38] studied a rudi-
mentary incinerator for burning straw to obtain SCSA and
compared it to straw burnt in the open air. The burning tempera-
ture in the incinerator was 600 �C for 1–3 h, and the remaining
ash was cooled for 2 h. From thermogravimetric analysis (TGA),
X-ray diffraction (XRD), scanning electron microscopy (SEM), and
the compressive strength of pastes, it was concluded that there
are no significant differences between open air and incinerator
burning, due the long time in the incinerator and the slow cooling
process. Frías et al. [35] studied two different temperatures of
straw calcination during 20 min: 800 and 1000 �C. Both SCSAs
obtained were characterized and assessed through lime fixation,
and the authors concluded that both ashes presented similar
activity. Guzmán et al. [40] assessed three procedures to obtain
SCSA: burning at 590 and 700 �C and a combined method with
pre-combustion and burning at 700 �C. The third method pre-
sented the highest amorphous silica content, and the correspond-
ing ash in mortars that replaced partially the Portland cement
was assessed. The authors concluded that the best content of
SCSA in terms of mechanical development was between 10% and
20% substitution. Additional research was carried out on the prepa-
ration of pozzolans by calcination of a mixture of sugar cane straw
and clay (20–30%): SCSA had a high pozzolanic activity but its
reactivity decreased with increasing clay content and calcination
temperature [41].

This interesting field of reusing agro-wastes in the production of
binders requires more research related to the reactivity and
microstructure of SCSA-containing binders. Moreover, easier meth-
ods of obtaining SCSA are necessary in order to have sufficient
amounts for preparing different types of mixtures. In this work,
the main objective is to assess the SCSA obtained from an
auto-combustion process as pozzolanic material in blended
Portland cement. SCSA was chemically and physically characterized,
and its pozzolanic reactivity was assessed in pastes of hydrated
lime/SCSA and Portland cement/SCSA. Finally, the compressive
strength of mortars with Portland cement/SCSA proportions of
100:0, 85:15, 80:20, 75:25, and 70:30 by mass was evaluated for sev-
eral curing times.
2. Materials and methods

2.1. Materials

Sugar cane straw was obtained from sugar cane plantations near the city of Ilha
Solteira (São Paulo, Brazil) and was burned in a furnace by auto-combustion with-
out temperature control for 6 h. The maximum temperature reached in the furnace
was 700 �C, which is very appropriate for removing organic matter and stabilizing
the amorphous phases of the SCSA. Afterwards, the SCSA obtained was passed
through sieves to remove some unburned material, and the fraction that passed
through was milled for 50 min to reduce the particle size in order to increase poz-
zolanic activity [24]. After these procedures, SCSA was characterized and assessed
in pastes and mortars.

The hydrated lime (Ca(OH)2) used had high purity (>95% calcium hydroxide)
and was mixed into pastes with SCSA in order to evaluate the pozzolanic reactivity.
The Portland cement used in pastes and mortars was the Brazilian Portland Cement
CPV ARI, which is composed of more than 95% clinker and does not contain
pozzolans (which is appropriate for avoiding interference with the pozzolanic reac-
tion of SCSA). Siliceous sand was obtained from Castilho city (São Paulo, Brazil) and
presents a fineness modulus of 2.05 and specific gravity of 2667 kg/m3.
2.2. Methods

2.2.1. Chemical and physical characterization of SCSA
The chemical composition of SCSA was obtained through X-ray fluorescence

(XRF) by means of a Philips Magix Pro XRF instrument. This test was performed
to evaluate the percentages of SiO2 and Al2O3, which are important oxides in the
pozzolanic reactivity [4]. To assess the mineralogical properties of the SCSA, an
XRD test was carried out. The equipment used was a Seifert TT X-ray diffractometer,
using Cu-Ka radiation and a Ni filter, with a voltage of 40 kV and current intensity
of 20 mA. The test was performed in the 2h range of 5–60� with a step of 0.02� and
step time of 2 s/step. The particle size of SCSA before and after milling was obtained
by means of a Malvern Instruments Mastersizer 2000: the mean particle diameter
(Dmed) and median particle diameter (D50) were measured to evaluate the efficiency
of the milling process. SEM micrographs were taken by a JEOL JSM-6300 scanning
electron microscope.
2.2.2. Preparation and characterization of hydrated lime/SCSA and Portland cement/
SCSA pastes

Hydrated lime/SCSA pastes (CH/SCSA) were prepared using a hydrated
lime:pozzolan:water ratio of 3:7:8 (by mass) and cured at 20 �C with a relative
humidity (RH) higher than 95%. In Portland cement/SCSA mixtures (OPC/SCSA), A
water/cementitious material proportion of 0.5 was selected (with the cementitious
material being the sum of OPC and SCSA), and the proportions of OPC/SCSA assessed
were 100/0 (control) and 85/15, and were also both cured at 20� with RH higher
than 95%.



Fig. 1. X-ray diffraction pattern of SCSA.
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The microstructure of pastes was characterized by three instrumental tech-
niques: Fourier transform infrared spectroscopy (FTIR, Bruker TENSOR 27 model,
wavenumber spectrum between 4000 and 400 cm�1), SEM (JEOL JSM-6300), and
TGA (Mettler-Toledo TGA 850 model). Thermogravimetric tests were performed
in 100 lL sealed pin-holed aluminum crucibles at a heating rate of 10 �C min�1,
from 35 to 600 �C, in an N2 atmosphere (75 mL min�1 gas flow).

Both type of paste systems, CH/SCSA and OPC/SCSA, were analyzed by FTIR and
TGA after 3, 7, 28, and 90 days of curing and by SEM after 28 days of curing. For
preparation of samples for FTIR analysis and TGA, pastes were ground with acetone,
filtered, and put in a laboratory oven at 60 �C for 30 min. In sample preparation for
SEM analysis, small fractured pieces of paste were submerged in acetone for 1 h and
put in a laboratory oven at 60 �C for 30 min.

2.2.3. Compressive strength of mortars
Compressive strengths of the mortars were measured using an EMIC Universal

Machine with a 2000 kN load limit. For this test, prismatic specimens of
40 � 40 � 160 mm3 were molded. Before the compressive strength measurement,
three specimens were each broken in flexural mode to obtain two halves. The com-
pressive strength was an average of six values. The proportion of water/cementi-
tious material was 0.50, and the ratio of cementitious material to sand was 1:2.5.
The replacement of Portland cement by SCSA was 0% (control), 15%, 20%, 25%,
and 30% by mass. Specimens were cured at 25 �C with RH higher than 95% until
the compressive strength test, which was performed after 3, 7, 28, and 90 days of
curing.
Fig. 2. Particle size distribution of SCSA (dashed line: cumulative curve; solid line:
derivative curve).
3. Results and discussion

3.1. Chemical and physical characterization of SCSA

The chemical composition of SCSA measured by XRF is shown in
Table 1. The material presents a low quantity of silicon dioxide
(SiO2, 36.5%) compared with traditional siliceous pozzolans (e.g.
silica fume or RHA). The presence of calcium oxide is noticeable
(CaO, 16.4%), but SCSA does not have hydraulic characteristics: a
mixture of this ash with alkaline medium did not harden after
24 h. The third element by percentage is potassium (expressed as
K2O, 7.9%), which is typical of some ashes from biomass [42].
Others significant compounds, such as Al2O3, Fe2O3, MgO, SO3,
and P2O5, are also present. A considerable loss on ignition (LOI)
value (15.5%) was obtained, which was attributed to the presence
of organic matter and/or carbon of unburned sugar cane straw.
Thus, TGA and differential thermal analysis of SCSA showed that
the main mass loss was produced in the range of 250–625 �C; these
are the typical volatilization/oxidation temperatures of organic
matter and carbon [43]. A small mass loss was observed above
650 �C (0.34%), indicating that the presence of calcium carbonate
was very low.

The XRD pattern of SCSA is shown in Fig. 1. It presented a devi-
ation from the baseline between 2h = 15� and 2h = 35�, which is
characteristic of amorphous material. In addition, quartz (SiO2,
PDF Card #331161), calcite (CaCO3, PDF Card #050586), and diop-
side (MgCaSi2O6, PDF Card #011–0654) were identified as impuri-
ties in the SCSA. These impurities were probably from the soil
retained during the sugarcane harvesting. XRD was carried out
on a sample of SCSA obtained from washed straw (without soil
impurities): in this X-ray diffractogram, only some saline com-
pounds were found, such as sylvite (KCl, PDF Card #411476), halite
(NaCl, PDF Card #050628), arcanite (K2SO4, PDF Card #050613),
and hydroxylapatite [Ca5(PO4)3(OH), PDF Card #090432]. These
salts were formed in the calcination process from selected ele-
ments contained in the straw: sodium, chloride, potassium, cal-
cium, sulfur, and phosphorus.
Table 1
Chemical composition of SCSA in percentage.

SiO2 Al2O3 Fe2O3 CaO MgO Na2O

36.5 2.8 3.4 16.4 7.3 0.2
The particle size distribution is shown in Fig. 2. The calculated
mean particle diameter (Dmed) of SCSA was 20.18 lm, and the
median particle diameter D50 was 10.85 lm. Fig. 3 shows SEM
micrographs for comparison of the SCSA before and after 50 min
of milling. In Fig. 3a, SCSA before the milling process presents large
and irregular particles, and in Fig. 3b SCSA after 50 min of milling
presents smaller and more regular particles compared to SCSA
without milling.

3.2. Microstructural studies of CH/SCSA pastes

CH/SCSA pastes with a 3:7 ratio, cured at 20 �C, were character-
ized by FTIR, TGA, and SEM. FTIR spectra for hydrated lime
[Ca(OH)2], SCSA, and CH/SCSA pastes are shown in Fig. 4. The bands
of vibration for Ca(OH)2 are 3641 cm�1 (strong, O–H vibration) and
K2O SO3 P2O5 Cl Others LOI

7.9 4.4 4.0 0.4 1.2 15.5



Fig. 3. SEM micrographs of SCSA: (a) before milling; (b) after 50 min of milling.

Fig. 4. FTIR spectra for CH/SCSA pastes.

Fig. 5. DTG curves for CH/SCSA pastes.
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there are very small peaks below 600 cm�1, emphasizing the peaks
at 546 and 461 cm�1. For SCSA, the main vibration bands were
associated with Si–O vibrations at 1123, 1020, 790, 710, 617, and
454 cm�1 and with O–C–O vibrations at 1440 and 875 cm�1 [44].

After 3 days of curing, the main vibration bands in the paste
were at 1123, 956, 617, 454 (Si–O vibration), 1440, and 875 cm�1

(O–C–O vibration). Firstly, it is noticed that the hydrated lime
was completely reacted, because the characteristic vibration bands
(at 3641 cm�1 and below 600 cm�1) are not present in the FTIR
spectrum. The vibration bands at 1123 and 454 cm�1 are attributed
to quartz present in SCSA, because these peaks are maintained in
the FTIR spectrum after the pozzolanic reaction. On the other hand,
the new vibration band at 956 cm�1 is related to the pozzolanic
reaction products, since it was not present in the hydrated lime
or in the SCSA spectra. This band can be attributed to the C–S–H
gel formed in the pozzolanic reaction. Its intensity is increased
with curing time, suggesting that despite the complete consump-
tion of CH in the CH/SCSA mixture, C–S–H gel evolved with curing
time, and polymerization of SiO2 units took place. Finally, the
vibration bands at 1440 and 875 cm�1 did not change with the
pozzolanic reaction, indicating that carbonates are not involved
in the process.

Derivative thermogravimetric (DTG) curves from TGA are
shown in Fig. 5. Dehydration of compounds formed through
pozzolanic reaction, mainly C–S–H gel, in the thermogravimetric
conditions used [45], took place in the temperature range of
100–180 �C, and the mass loss of the Ca(OH)2 dehydration was in
the temperature range of 520–560 �C. In this analysis, there was
no mass loss at 520–560 �C for all curing ages; that is, SCSA con-
sumed all the Ca(OH)2 present in the paste. This result matches
the FTIR analysis.

Table 2 summarizes the mass loss related to the dehydration of
compounds from the pozzolanic reaction (PPZ), Ca(OH)2 dehydra-
tion (PCH), and lime fixation for all curing ages of CH/SCSA pastes.
Since there was no peak in the DTG curves at 520–560 �C, 100%
lime fixation was achieved; that is, the SCSA consumed all the
Ca(OH)2 added to the paste. The mass loss related to the com-
pounds formed through the pozzolanic reaction increased with
curing time due to the change in composition of these compounds:



Table 2
Mass loss of dehydration of compounds from pozzolanic reaction (PPZ), from Ca(OH)2

dehydration (PCH) and lime fixation.

Curing time (days) PPZ (%) PCH (%) Lime fixation (%)

3 13.42 0 100
7 15.34 0 100

28 17.00 0 100
90 17.54 0 100
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the C–S–H gel [with the typical formula (CaO)x(SiO2)y (H2O)n] that
initially formed had a high Ca/Si ratio (x/y). With curing time, the
x/y ratio diminishes because more silica from SCSA reacts and is
bonded to C–S–H gel [45]. Thus, the amount of C–S–H gel increases
and then the amount of water released on heating becomes
greater.

Fig. 6 shows SEM micrographs from CH/SCSA paste after
28 days of curing. As expected, taking into account TGA and FTIR
assessments, an amorphous gel is formed due to the pozzolanic
reaction, a dense structure is obtained, and the presence of
hydrated lime is not noticed. Some C–S–H gel appeared in the form
of needle-like products.
Fig. 7. FTIR spectra for anhydrous OPC, SCSA, OPC pastes, and OPC/SCSA pastes.
3.3. Microstructural studies of OPC/SCSA pastes

OPC/SCSA pastes with an 85:15 ratio, cured at 20 �C, were char-
acterized by FTIR, TGA, and SEM. Also, control OPC pastes were pre-
pared for comparison. Fig. 7 shows the FTIR spectra for anhydrous
OPC, SCSA, OPC pastes, and OPC/SCSA pastes. The vibration bands
for unhydrated OPC related to Si-O vibrations are at 933, 873,
519, and 449 cm�1. After 3 days of curing, the OPC pastes showed
a main Si–O type vibration band at 956 cm�1 (due to the Si–O
stretching in polymeric SiO4 units produced in the hydration of
calcium silicates), and another two O–C–O bands were observed
at 1420 and 873 cm�1. The paste containing SCSA also presented
a peak at 1123 cm�1 (Si–O vibration), which was also found in the
original SCSA. Firstly, it is noticed that the vibration band at
956 cm�1 of OPC/SCSA pastes is similar to those found in CH/SCSA
pastes (Fig. 4), which means the products of the pozzolanic reaction
(C–S–H gel) are similar to those obtained by the OPC hydration. The
broadness of this main vibration band for the OPC/SCSA hydrated
sample was due to the SCSA (the ash presented a band at
1020 cm�1), indicating that this material reacted completely in
the conditions of the hydration of cement. Finally, the vibration
band at 1123 cm�1 (which did not appear in OPC paste) is related
to the quartz present in SCSA; this mineral did not react in the stud-
ied conditions. After 7, 28, and 90 days of curing, pastes did not
Fig. 6. SEM images of CH/SCSA p
show significant changes compared to 3 days of curing; it may be
noticed that the band intensity increased for the 956 cm�1 signal
(related to the higher amount of C–S–H gel). The diminution of its
shoulder at higher wavenumbers in OPC/SCSA pastes suggested
the reaction of SCSA and the dissolution/transformation of this
material due to the pozzolanic process.

DTG curves for OPC/SCSA pastes are shown in Fig. 8. Similar
hydration products were found for both OPC and OPC/SCSA pastes.
For all curing times, the peak present at 550 �C is smaller in the
SCSA-containing paste compared to the control. This behavior is
due to two effects: on one hand, the dilution effect when SCSA
aste after 28 days of curing.



Fig. 8. DTG curves for OPC and OPC/SCSA (15% replacement) pastes for different
curing times.

Table 3
Mass loss in the dehydration of compounds from OPC/pozzolanic reaction (POPC+PZ),
Ca(OH)2 dehydration (PCH) and lime fixation for OPC and OPC/SCSA (15% replacement)
pastes.

Curing time
(days)

POPC+PZ (%) PCH (%) Lime fixation (%)

OPC OPC/SCSA OPC OPC/SCSA

3 13.79 15.09 2.40 1.64 19.61
7 15.47 16.00 2.51 1.68 21.26

28 17.43 17.36 2.92 1.53 38.36
90 17.53 17.49 3.20 1.60 41.18

Table 4
Compressive strength of mortar values (MPa) and their standard deviation.

Specimen/curing age 3 days 7 days 28 days 90 days

Control 32.93 ± 1.13 36.06 ± 1.94 41.56 ± 1.70 44.01 ± 2.25
SCSA15% 32.27 ± 1.30 34.53 ± 0.12 40.55 ± 1.27 44.33 ± 2.55
SCSA20% 31.08 ± 1.41 36.56 ± 1.11 42.82 ± 1.41 44.42 ± 2.38
SCSA25% 30.55 ± 0.98 33.97 ± 1.87 42.51 ± 1.51 43.99 ± 1.82
SCSA30% 31.83 ± 0.16 34.73 ± 0.56 40.28 ± 1.41 40.99 ± 1.11
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replaced OPC, because less portlandite was formed in the hydra-
tion of cement, and on the other hand, the consumption of the
portlandite by reaction towards SCSA.

Mass loss related to the dehydration of compounds from OPC
and the pozzolanic reaction (POPC+PZ), Ca(OH)2 dehydration (PCH),
and lime fixation for OPC and OPC/SCSA pastes at all curing ages
are summarized in Table 3. It is noticed that the POPC+PZ value
increases with curing age for both pastes, but the paste with
SCSA presents higher values compared to the control at the earliest
curing times (3 and 7 days). This behavior showed that the poz-
zolanic material is very reactive. Additionally, the SCSA particles
present act as nucleation sites for hydration products from OPC,
Fig. 9. SEM images of pastes after 28 days of curing: (
enhancing the hydration reaction rate. This reactivity was quanti-
fied by means of lime fixation. After 3 days of curing, 19.61% of the
portlandite released in the hydration of OPC in OPC/SCSA paste was
consumed; this behavior indicated that the pozzolanic reactivity
was important at earlier curing ages. The pozzolanic reactivity
increased with curing time, and the percentage lime fixation
reached 41.18% after 90 days.

Fig. 9 shows SEM micrographs of OPC and OPC/SCSA pastes. In
both figures, there is a dense and amorphous structure, but the
control OPC paste (Fig. 9a) presents more portlandite compared
to the OPC/SCSA paste (Fig. 9b). This is in agreement with the ther-
mogravimetric results.

3.4. Compressive strength of mortars

Five sets of mortars were prepared: control mortar (only OPC as
cementitious compound) and four mortars in which 15–30% of the
OPC by mass was replaced by SCSA. The SCSA mortar nomenclature
is SCSAXX%, where XX is the percentage replacement (15, 20, 25, or
30%). Values of the mortars’ compressive strengths and their stan-
dard deviations are listed in Table 4. All mortars showed a contin-
uous increase in the compressive strength with curing time as
expected. Interestingly, after 3 days of curing, all mortars contain-
ing SCSA presented compressive strength values very similar to
that obtained for the control mortar. This is related to the high
reactivity of the ash, which agrees with the behavior described in
the paste studies. This trend was also observed for curing periods
of 7–90 days. In this case, the consumption of portlandite by
SCSA (observed by TGA) for longer curing times did not lead to evi-
dence of enhancement in the development of compressive
strength.

In general terms, from the point of view of strength develop-
ment, and taking into account the important replacement levels
achieved in this study, it can be established that the SCSA-
containing mortars show an important strength gain.

Fig. 10 shows the compressive strength gain (SG) [46] of SCSA
mortars. This SG was calculated taking into account the percentage
a) control OPC; (b) OPC/SCSA (15% replacement).



Fig. 10. Strength gain (SG) for SCSA-containing mortar at 3, 7, 28, and 90 days of
curing.
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replacement of OPC by pozzolan; the compressive strength of
OPC/SCSA mortar (Ri) was compared with the strength of the
OPC mortar (Ro), which was corrected by means of the ratio
between OPC mass (wcem) and the binder mass (sum of OPC and
pozzolan, wcem + wpuz). In this case, relative values were calculated
as percentages as follows:

SG ¼
Ri � Ro � wcem

wcemþwpuz

h i

Ro � wcem
wcemþwpuz

h i � 100 ð1Þ

All SG values calculated according to Eq. (1) were positive val-
ues, indicating the high effectiveness of SCSA in cement mixtures.
Calculated SG values are depicted in Fig. 10. SG values increased
with the percentage replacement.

In general, there are similar SG values for different curing ages
with the same SCSA replacement, indicating the high activity of the
pozzolanic material. These results show that the SCSA can replace
the Portland cement up to high percentages.
4. Conclusions

SCSA was chemically and physically characterized. The material
presented a relatively low content of SiO2 (36%) and high unburned
fraction (LOI = 15.5%). A baseline deviation in XRD results between
15� and 35� showed the presence of amorphous fraction, which
was probably reactive from the pozzolanic point of view.
Pozzolanic reactivity was confirmed by means of thermogravimet-
ric studies on hydrated lime and ordinary Portland cement pastes.

In hydrated lime/SCSA pastes, TGA showed that pozzolanic
material completely consumed the available calcium hydroxide
after 3 days of curing. When 15% of the cement paste was replaced
by SCSA, more than 40% of the portlandite was fixed, and SEM
images showed a lower presence of portlandite crystals.

Finally, from the study of mortars, SCSA presented an important
contribution to the development of compressive strength when
15–30% of Portland cement by weight was replaced. Pozzolanic
activity was observed after 3 days of curing, and all mortars
showed compressive strength close to that of the control for all
curing ages. In the strength gain analysis, the highest replacements
(25% and 30%) presented similar results after 28 and 90 days of
curing, indicating that SCSA can be used as a pozzolanic admixture
for high replacement levels in blended mortars.
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