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Abstract. Previous studies have shown the possibility of successful implementation of Sugarcane Bagasse
Ash (SCBA) as a Supplementary Cementitious Material (SCM) in concrete production. However, its use
has been constrained in the construction industry due to lack of a suitable largescale processing
methodology of SCBA. In this study, the pozzolanic performance of SCBA produced using three different
methodologies (i.e., uncontrolled burning, controlled burning, and post-processing of uncontrolled burning)
was investigated. Experimental findings suggested that SCBA obtained from uncontrolled burning (raw
SCBA) is not suitable for concrete application due to high carbon content. However, post-processing of raw
SCBA yields a material with an adequate pozzolanic performance for concrete applications, which is
comparable to SCBA produced under controlled burning conditions.

1 Introduction
Approximately, 0.7 to 0.9 ton of carbon dioxide (CO2) is
emitted into the atmosphere during the production of one
ton of cement [1, 2]. This alone contributes to about 5%
of the global CO2 emissions and therefore constitutes a
major environmental burden [3]. In addition, in recent
years, the utilization of cement has increased
significantly. For instance, in Louisiana, the
consumption of cement increased from 1.8 million tons
to 2.2 million tons in 2015 [4]. In turn, this amplifies the
negative impact of cement production to the
environment and increases the cost of the material. Thus,
a sustainable alternative is needed to reduce the
environmental burden and cost of concrete production.
Sugarcane bagasse fiber (SBF), is an agricultural byproduct from the extraction of sugarcane juice. In
Louisiana, nearly 2.4 million tons of bagasse fiber are
produced yearly [5]. Typically, bagasse fibers are burned
by the sugar mills to mitigate the fire hazard presented
by dry fibrous bagasse and to generate energy yielding
raw Sugarcane Bagasse Ash (SCBA) [6]. Due to its high
silica and aluminum oxide content, raw SCBA has the
potential to be used as a partial replacement of cement in
concrete [7]. However, since raw SCBA is produced
from the uncontrolled burning of SBF (with hightemperature gradients), the material is heterogeneous
with large particle size and high carbon content [8].
Hence, it cannot be used directly as a pozzolanic
material in concrete.
The pozzolanic activity of SCBA is dependent on: (a)
the silica, aluminum oxide, iron oxide, and carbon
content after complete combustion of the SBF; (b) the
*

amount of amorphous silica and crystalline silica phases
formed during the burning process; and (c) the particle
size of the SCBA [7, 9, 10]. Therefore, the pozzolanic
activity of SCBA can be enhanced by an adequate
processing methodology. Previous studies have shown
that burning SBF under controlled condition yields a
satisfactory pozzolanic material [7, 11]. However, the
yield of SCBA is low (about 4-5%), which makes it
unfeasible for large scale production [7]. For this reason,
a processing methodology that can be utilized to produce
SCBA with satisfactory pozzolanic properties from raw
SCBA is of interest.

2 Objectives
This study aims to investigate the effect of different
processing methodologies on the pozzolanic properties
of SCBA in order to determine a processing procedure
that is suitable for large scale implementation. The
evaluated processing methodologies produce the
following three materials: (1) raw SCBA (i.e., SCBA
obtained directly from the mill and produced under
uncontrolled burning conditions); (2) controlled SCBA
(i.e., virgin SBF processed under controlled burning
conditions); and (3) post-processed SCBA (i.e., raw
SCBA from the mill post-processed to enhance its
pozzolanic activity through controlled burning).

3 Experimental program
3.1 Materials
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Both SBF and raw SCBA used in this study were
collected from Alma Plantation in Lakeland, Louisiana
(USA). SBF and raw SCBA were used to produce the
three different types of SCBA described above, i.e., raw
SCBA, controlled SCBA, and post-processed SCBA.
The production processes for each of the three materials
are described below in detail.

different SCBA materials produced were studied using
Scanning Electron Microscopy (SEM) and Energy
Dispersive X-Ray Spectroscopy (EDS). The scanning
electron microscope used in this study was the Quanta™
3D DualBeam™ FEG FIB-SEM, with EDAX Pegasus
EDS/EBSD detectors.

3.1.1 Raw SCBA

Production Calcination
Methodology Temp. (°C)
450
500
Controlled
550
SCBA
600
650
450
500
Postprocessed
550
SCBA
600
650

Table 1. Experimental matrix.

Raw SCBA was obtained directly from the sugar mill,
where SBF is burned under uncontrolled burning
conditions. Raw SCBA was minimally processed by
drying it at 65ºC for 24 hours and sieving it using a No.
20 (841µm) sieve. The material thus obtained is
designated here as SCBA-U.
3.1.2 Controlled SCBA
Controlled SCBA was obtained by processing SBF
under controlled laboratory conditions. Initially, the SBF
material was washed to remove impurities and
subsequently air dried. Dry SBF was then pre-burned at
350ºC in a muffle furnace for 1 hour. After completion
of the pre-burning phase, the pre-burned SCBA was
divided into equal parts using a splitter, to produce
homogeneous samples. Subsequently, each part was
burned for an additional 2 hours at 350ºC and then
burned at different specified temperatures ranging from
450ºC to 650ºC (at increments of 50ºC) for another three
hours as shown in the experimental matrix on Table 1.
All burned samples were allowed to cool inside the oven
until the temperature reached 80ºC. The controlled
SCBA specimens are designated as C-T, where T is the
maximum calcination temperature.

ID

Test (No. of Replicas)

C-450
C-500
C-550
C-600
C-650
P-450
P-500
P-550
P-600
P-650

Strength Activity
Index (6),
SEM/EDS (1),
LOI (1),
Moisture Content (1)
Strength Activity
Index (6),
SEM/EDS(1), LOI (1),
Moisture Content (1)

Strength Activity
Index (6),
Raw SCBA (Uncontrolled) SCBA-U
SEM/EDS(1), LOI (1),
Moisture Content (1)

3.3 Moisture content and loss on ignition (LOI)
The moisture content and loss on ignition (LOI) of
pozzolans are important parameters since these can
significantly affect the reactivity of such materials. In
this study, the moisture content and LOI of the different
SCBA materials were determined according to ASTM
C311[12].
3.4 Strength activity index (SAI)
In this study, the pozzolanic activity of the different
SCBA materials was determined by utilizing the
Strength Activity Index (SAI) method according to
ASTM C311 [12]. Before performing this test, all SCBA
materials were grinded for 35 minutes using a jar mill at
300 rpm. Six control mortar cubes (2-inch side) were
casted by mixing 500 g of ordinary Portland cement,
1375 g of standard graded sand, and 242 ml of water.
The flow value of the cement mortar was determined
from the flow table test as per ASTM 1437 [13].
Subsequently, six cubes in which 20% of cement (by
weight) was replaced by SCBA were prepared for each
SCBA material evaluated in this study. The amount of
water utilized for the cubes with SCBA was the water
content necessary to produce the same flow value as that
of the control mixture (within ±5% tolerance). The
compressive strength of the cubes was measured after 28
days of curing, and the strength activity index was
calculated according to the following equation:

3.1.3 Post-processed SCBA
Post-processed SCBA was obtained by post-processing
raw SCBA in laboratory conditions. Initially, raw SCBA
was dried at 65ºC for 24 hours. Subsequently, the dry
SCBA was sieved using a No. 20 (841µm) sieve to
remove coarse particles. The sieved material was then
separated into equal parts and burned under controlled
conditions in a similar manner as the SBF used to
produce controlled SCBA (two hours of pre-burning at
350ºC followed by three hours of burning at the target
temperature). The set of temperatures for post-process
burning were the same as those used for the controlled
SCBA production as shown in Table 1. All burned
samples were allowed to cool inside the oven until a
temperature of 80ºC was reached. The post-processed
ash was designated as P-T, where T is the maximum
calcination temperature.
3.2 Microstructure and chemical composition

(1)

The properties of concrete containing SCMs are
significantly affected by the chemical composition, size,
and shape of pozzolanic materials utilized. Therefore,
the chemical composition and morphology of the

where, X = average compressive strength of SCBA
mixture cubes; and
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Y = average compressive strength of control mixture
cubes.

the highest amount of pozzolanic contents among
controlled and post-processed SCBAs, respectively.
The EDS analysis results indicated also that the
amount of sulfur trioxide (SO3) present in the different
SCBAs was low. According to ASTM C618, the
maximum allowable content of SO3 is 4% for class N
pozzolans and 5% for class F and class C pozzolans. The
results presented in Table 2 show that all the SCBAs
evaluated in this study met this requirement.
In addition to the EDS analysis, SEM images were
taken to observe the microstructure of the SCBAs.
Figure 1 provides morphological information of the
phases observed in the SCBA materials. From Figure 1a,
it is observed that raw SCBA consisted of very large
particles with highly irregular shapes including fiber-like
particles. On the other hand, controlled SCBA particles
(Figure 1b) were fine and varied shapes. In the case of
post-processed SCBA (Figure 1c), large particles with
irregular shape were observed; however, particles were
smaller than those seen in raw SCBA.
Table 3 present the experimental results of moisture
content and LOI tests according to ASTM C311. As
shown in Table 3, the moisture content of all the SCBAs
evaluated were well below the maximum moisture
content limit of 3% per ASTM C618. In the case of LOI,
the maximum limits per ASTM C618 are 10% for class
N pozzolans and 6% for class F and class C pozzolans.
As shown in Table 3 raw SCBA failed to meet ASTM
C618 requirements by exhibiting a LOI of 12.28%.
However, all controlled and post-processed SCBAs
exhibited low LOI values meeting ASTM C618
requirements for class F and class C pozzolans.

It is important to notice that, per ASTM C618 [14], a
minimum SAI of 75% is required for a material to
qualify as an SCM.

4 Results and discussion
4.1 Chemical composition and microstructure
An EDS microchemical analysis was conducted to gain
insight on the chemical composition of the different
SCBAs considered in this study. EDS spectra were
collected utilizing area mode, an accelerating voltage of
20kV, and a current of 4pA. The oxide compositions of
the different SCBA materials obtained from the EDS
analysis are presented in Table 2. All the controlled and
post-processed SCBAs were mainly composed of SiO2,
whereas raw SCBA was mostly composed of carbon. It
is important to mention that CO2 content was not
included in the oxide analysis of controlled and postprocessed SCBAs due to a high uncertainty in the CO2
estimation (due to very low carbon content).
Per ASTM C618, the total pozzolanic content (i.e.,
the sum of SiO2, Al2O3, and Fe2O3) must be a minimum
of 50% for class C pozzolans and a minimum of 70% for
class N and F pozzolans. From the results presented in
Table 2, it is observed that, with the exception of raw
SCBA (which did not qualify as a pozzolanic material
and for which the pozzolanic content is reported in red),
all SCBAs exhibited a pozzolanic content greater than
70%. From these materials, C-650 and P-450 possessed

Table 2. SCBA oxide compositions (%).
Oxide
SCBA-U C-450 C-500 C-550 C-600
CO2
66.15
Na2O
0.30
2.97 3.23 2.70 2.63
MgO
0.45
2.03 2.07 1.67 1.87
Al2O3
2.65
9.50 9.13 7.93 8.20
SiO2
22.95 66.10 65.87 70.10 68.63
P2O5
3.00
5.20 5.07 2.23 3.00
SO3
0.00
1.43 1.47 0.97 1.23
K2O
1.50
4.37 4.27 4.27 3.97
CaO
1.55
4.50 4.80 5.17 4.60
Fe2O3
1.60
3.90 4.10 5.00 3.77
Pozzolanic Component (SiO2+Al2O3+Fe2O3) 27.20 79.50 79.10 83.03 80.60

(a)

(b)

3

C-650
2.43
1.47
7.83
74.03
1.13
0.63
3.77
4.40
4.27
86.13

P-450
0.67
1.23
7.40
73.53
2.37
0.33
4.70
4.73
5.03
85.97

P-500
0.73
2.53
7.50
69.67
2.27
0.47
4.63
7.73
4.50
81.67

P-550
0.73
2.53
7.50
69.67
2.27
0.47
4.63
7.73
4.50
81.67

(c)

P-600
1.50
2.20
11.00
64.17
2.10
0.50
5.13
5.20
8.23
83.40

P-650
1.33
2.10
10.57
62.90
3.53
0.70
5.70
6.33
6.87
80.33
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Fig. 1. Microstructure of: (a) raw SCBA (b) controlled SCBA at 550ºC (c) post-processed SCBA at 600ºC.

maximum SAI obtained from mortar cubes containing
controlled SCBAs occurred at a calcination temperature
of 650°C with a SAI of 92.13%. The result was
supported by the EDS oxide analysis since C-650 SCBA
exhibited the highest pozzolanic component, as shown in
Table 2.

4.2 Moisture content and LOI
Table 3. Moisture content and LOI experimental results.
ID

Moisture Content (%)

LOI (%)

SCBA-U
C-450
C-500
C-550
C-600
C-650
P-450
P-500
P-550
P-600
P-650

0.54
0.66
0.55
0.34
0.23
0.38
0.21
0.16
0.15
0.09
0.06

12.28
3.98
2.19
1.37
1.12
0.89
1.75
1.71
1.41
1.44
0.99

Table 4. Strength activity index (SAI) results.
ID
SCBA-U
C-450
C-500
C-550
C-600
C-650
P-450
P-500
P-550
P-600
P-650

4.3 Strength activity index (SAI)
The compressive strength results for cube specimens
used to calculate the SAI values are shown in Figure 2.
Based on the compressive strength results, SAI values
were determined according to Eq.1 and are presented in
Table 4.

5 Conclusions
Based on the experimental findings of this study, the
following conclusions are drawn:
•
The processing methodology has a significant
influence on the pozzolanic properties of the final
SCBA product.
•
Raw SCBA exhibited unsatisfactory pozzolanic
properties by failing to meet the minimum
requirements for pozzolanic component, SAI, and
LOI per ASTM C618. Poor pozzolanic properties
of raw SCBA can be attributed mainly to high
carbon content.
•
Pozzolanic properties of controlled SCBAs
evaluated in this study met the requirements of
ASTM C618 with the exception of C-450 which
exhibited a low SAI (likely due to its high LOI).
The highest pozzolanic component of 86.13% and
the highest SAI of 92.13% were obtained at a
calcination temperature of 650°C for controlled
SCBA materials.
•
Post-processing of raw SCBA proved to be highly
beneficial to improve the pozzolanic properties of
raw SCBA. Pozzolanic properties of postprocessed SCBAs evaluated in this study met the
requirements of ASTM C618. The highest
pozzolanic component of 85.97% and the highest
SAI of 89.64% were obtained at a calcination
temperature of 450°C for post-processed SCBA
materials.
•
Sulfur trioxide (SO3) and moisture content
requirements per ASTM C618 were met by all the
materials evaluated in this study.

Fig. 2. Compressive strength results.

From Table 4, it is observed that the specimens
containing raw SCBA exhibited a SAI of 68.72%
(written in red), which is lower than the minimum
requirement of 75% per ASTM C618 guidelines. The
low SAI of raw SCBA mortar cubes was attributed to the
high carbon content and the low pozzolanic component
present in the raw SCBA, as shown in Table 2.
In the case of mortar cubes containing post-processed
SCBAs, the SAI was above the 75% minimum
requirement for all cases. This result is a clear indication
of the positive influence that further processing of raw
SCBA has on its pozzolanic properties. The maximum
SAI obtained for post-processed SCBA was 89.64% and
was obtained at the lowest calcination temperature of
450°C. From the EDS results in Table 2, it is observed
that the pozzolanic component of P-450 was the highest
of the post-processed materials. Hence, the SAI results
were supported by the EDS analysis.
For mortar cubes containing controlled SCBAs, the
minimum ASTM requirement of 75% SAI was met for
all controlled SCBA materials with the exception of C450 (likely due to the high LOI of this material). The
*

SAI (%)
68.72
68.02
86.88
79.07
77.41
92.13
89.64
82.91
81.21
83.19
82.97
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