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ABSTRACT: This study aims to investigate the effect of two periods burning conditions on the chemical properties of rice husk ash
(RHA). Gray correlation theory analysis combined with a scanning electron microscope was used to precisely analyze the impact
of RHA particle sizes on the mechanical properties and microstructure of mortar. The experimental results reveal that prolonging
residence time at 600 °C could significantly reduce the carbon content and boost the silica content in RHA. The potassium content
of RHA could be reduced by burning at a low and then high temperature. Additionally, gray correlation analysis indicated that the
particle sizes of 5 -10 um in RHA could positively accelerate the gaining strength of mortar, followed by 10-15 pm and < 5 pm.
At the micro-scale, incorporating RHA with a mean particle of 5.9 um could accelerate the formation of calcium silicate hydrates
having a low Ca/Si by secondary hydration reaction, subsequently leading to the increment of mortar strength.
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RESUMEN: Comportamiento de la ceniza de cdscara de arroz en diferentes condiciones de combustion de dos periodos y efecto del
tamario de particula en la resistencia del mortero. El objetivo de este estudio es investigar el efecto de dos periodos de combustion
sobre las propiedades quimicas de la ceniza de cascara de arroz (RHA). Se utilizo el analisis de la teoria de correlacion de Gray
combinado con un microscopio electronico de barrido para analizar con precision el impacto del tamaiio de las particulas de RHA en
las propiedades mecanicas y la microestructura del mortero. Los resultados experimentales revelan que la prolongacion del tiempo
de residencia a 600 °C podria reducir significativamente el contenido de carbono y aumentar el contenido de silice en el RHA. El
contenido de potasio del RHA podria reducirse quemandolo a una temperatura baja y luego alta. Ademas, el analisis de correlacion
gris indico que los tamafios de particula de 5 -10 um en RHA podrian acelerar la ganancia de resistencias del mortero, seguido
por 10-15 pm y < 5 pum. A escala micro, la incorporacion de RHA con una particula tamafio medio de 5,9 um podria acelerar la
formacion de hidratos de silicato calcico con un bajo Ca/Si mediante una reaccion de hidratacion secundaria, lo que posteriormente
conduciria a un aumento de la resistencia del mortero.

PALABRAS CLAVE: Subproducto agricola; Ceniza de céscara de arroz; Tipo de combustion; Analisis de correlacion de grises;
Materiales cementantes suplementarios.
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1 INTRODUCTION

Rice husk is an agricultural by-product, in which
20% of the grain is husk, and approximately 20% of
the husk is converted to ash after combustion (1). In
2020, the rice production in China was estimated at
211.86 million tons; hence, which can produce about
42.37 million tons of rice husk (2). RHA burnt un-
der 700 °C possess large amounts of amorphous SiO,
(3-6), which shows high pozzolanic activity and a
favorable filling effect. The high pozzolanic activity,
that is, amorphous SiO, in RHA can react with cal-
cium hydroxide to form secondary hydrate products;
moreover, RHA acts as the filling nucleation point
for hydration products and refines the pore structure
(7), which makes it an ideal supplementary cementi-
tious material (SCM) to effetely enhance mechanical
properties (8-12) and durability (13-15) of concrete.

However, the alkali content of RHA was slightly
higher than that of fly ash and granulated blast fur-
nace slag, and significantly exceeded that of cement
and silica ash (16, 17) required by Chinese standard
GB/T 50733-2011 (18), which may induce ASR in
mortar or concrete. To address this issue, addition-
al acid treatment before burning could remove the
alkali impurities in RHA (19, 20), with the aim of
avoiding the ASR of concrete. What needs to be
pointed out is that the acid pretreatment methods also
increases the production cost and brings secondary
chemical pollution to the environment. Therefore, it
is essential to explore other measures to reduce the
potassium content in RHA.

Sugita S. (21) firstly reported that two periods
burning type, in which rice husk was burned at a first
lower temperature and then a higher temperature,
could be applied to produce RHA with a high sili-
ca content, while the influence of carbonization and
ashing time on the potassium content of RHA has not
be involved. Thereafter, Hongtao Li (22) found that
the potassium content of RHA produced at 275 °C
for 30 min and then 815 °C for 120 min presented a
lower value than that of RHA fabricated at 815 °C for
150 min; and also revealed that the potassium con-
tent of RHA showed two situations including a high
activity at 275 °C and low activity at 815 °C; how-
ever, amorphous SiO, in RHA will transfer to crys-
talline silica at 815 °C. Crucially, R.V. Krishnarao
(23) reported that potassium oxide (K,0) dissociates
upon heating at 620 K (347 °C) to form elemental
potassium whose melting point is 336.8 K; subse-
quently, the elemental potassium reacts with carbon
composition to form potassium complex compound
that is difficult to be released during the combustion
process. Therefore, whether prolonging the burning
time at a temperature under 620 K (347 °C) could
prohibit the transformation from K,O to potassium
complex compound and reduce the potassium con-

tent or not needs to be revealed. Based on these, it
is necessary to explore the influence of two periods
combustion type on the potassium content of RHA,
which could provide proper parameters for manu-
facturing production.

On the other hand, to achieve the high pozzola-
nic activity of RHA, RHA should be ground to a
fine particle size. Too many researchers only chose
several individual particle sizes to initiate compar-
ative analyses. B.H. Abu Bakar (24) examined the
influence of fineness levels of RHA varying from
6.65 um to 17.97 pm on the mechanical properties
of concrete, and found that RHA with a median par-
ticle size of 9.52 um could enhance the increment of
compressive strength significantly. J. Alex (25) also
concluded that the concrete compressive strength
increased with RHA fineness modulus decreased; si-
multaneously, the interfacial transition zone could be
enhanced due to the pozzolanic and filling effect of
RHA. Moreover, A.P. Vieira (26) compared the me-
chanical properties of concrete blended RHA with
D50 of 7, 14, and 20 pum, respectively, indicating
that the compressive strength of concrete increased
as RHA particle sizes decreased due to the increas-
ing pozzolanic activity and filling effect. However, it
is not enough to determine the optimal particle size
of RHA showing the best pozzolanic activity only by
comparing several group of RHA with different av-
erage particle sizes, for RHA with a D50 of 6.65 pm
presents various RHA particle distributions from
0-100 pm, and it is hardly to mill RHA of a D50 of
6.65 pm with the same particle distribution. There-
fore, a more effective and accurate method should
be proposed to reveal the optimum particle sizes on
the mechanical properties of the concrete or mortar.

This paper focuses on investigating the influence
of two periods combustion style on the chemical
properties of RHA, especially for the potassium
content in RHA, through investigation on the chem-
ical composition, morphology, and crystal pattern
of RHA burnt at nine conditions. Meanwhile, grey
incidence analysis, a new mathematical model, was
conducted to reveal the optimum particle sizes of
RHA on the mechanical properties of mortar, and the
mechanical test of mortar blended RHA with four
different particle sizes was conducted to analyze the
influence of each granularity group of RHA on the
mortar strength via grey incidence analysis. Addi-
tionally, the scanning electron microscope (SEM)
and X-ray diffraction (XRD) tests were employed to
research the microstructure and composition of hy-
dration products of mortar mixtures and also to re-
veal the underlying mechanism of the substitution of
cement by RHA on the increasing mechanical per-
formance of mortar. Also, the results in this paper
are expected to provide references for the industrial
production of RHA.
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2 MATERIALS AND METHODS

2.1 Materials

Ordinary Portland cement of P+O 42.5R with an
average particle size of 13.83 wm was utilized to pro-
duce mortar mixes. The chemical oxides composition
and loss on ignition (LOI) of cement are presented in
Table 1. Chinese ISO standard sand was employed
to manufacture mortar, in which the particle size of
fine, medium, and coarse sand are 0.08 mm-0.5 mm,
0.5 mm-1 mm, and 1 mm-2 mm, respectively. Raw rice
husk was collected from a rice plant in Bengbu (Anhui
province, China) and washed, screened, and dried for
24 hours prior to being used in a burning process.

2.2 Experimental program
2.2.1 Combustion experiment

The first study evaluates morphological properties
and chemical composition of RHA via two combustion
types including straight high temperature (one period)
and first lower temperature then higher temperature
combustion (two periods), which aims to explore a new
burning method to decrease the K O content in RHA.
The raw rice husk was burnt in a box furnace which
could achieve the automatic function of controlling
temperature and time. The combustion process con-
tains two key factors, namely the burning temperature

One period
———Two periods|
60-180 min 30-90 min
600 -§
e §
O S
>
L p 620 K(347 °C)
3 -
<
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)
=
20 1 1 1 L 1

Sintering time (min)

FiGure 1. Sintering scheme of rice husk.

(300 °C, 600 °C) and residence time (30 min -180 min).
In each combustion, rice husk with a mass of 1kg was
embedded in the box furnace and then burned accord-
ing to the set procedure. Nine different schemes were
presented in this study as listed in Table 2 and Figure 1.

2.2.2 Mechanical study

A second study was developed to reveal the influence
of RHA particle size on the mechanical properties of mor-
tar. RHA produced by L60H120 combustion type was
selected and ground for 5 - 30 min in a planetary ball mill
at a speed of 60 r/min. The cumulative distribution curve
of RHA was measured by laser granulometry (Mode JL-
6000) equipment as presented in Figure 2. Due to the

TaBLE 1. Chemical composition of cement (wt %).

Materials Sio, ALO, Fe,O, CaO

MgO KO Na,O SO LOI Total

2 3

Cement 20.24 5.21 3.56 62.47

2.25 - - 2.58 3.31 99.62

TaBLE 2. Calcinations method of rice ash formation by changing temperature and residence time.

Number Different sustaining time (min)
Style Initial temperature RT-300 °C 300 °C 300-600 °C 600 °C
One period L0 H60 RT h-28 - h-30 60
L0 H120 RT h-28 - h-30 120
LO H180 RT h-28 - h-30 180
Two periods L30 H30 RT h-28 30 h-30 30
L30 H60 RT h-28 30 h-30 60
L30 H90 RT h-28 30 h-30 90
L60 H90 RT h-28 60 h-30 90
L90 H90 RT h-28 90 h-30 90
L60 H120 RT h-28 60 h-30 120

Note: RT represents the room temperature. The character of h represents the heating process where the heating rate is 10 °C/min. h-28 and
h-30 illustrate that the heating process consumes 28 min and 30 min during RT-300 °C and 300-600 °C, respectively.
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chemical properties of RHA were significantly close to
silica fume, which also consists of non-crystalline silicon
dioxide and high specific surface area. Hence, substituting
cement by RHA with four mean particle sizes into mortar
was conducted to investigate the pozzolanic activity of
RHA in accordance with GB/T 27690 (27). The mixture
proportions of mortar are shown in Table 3. The sample
names were derived from the mean particle size of RHA.
For instance, the sample of RHA35.5 implies that RHA
substituted 10% of cement (by mass) with a mean parti-
cle size of 35.5 um. Whereafter, grey correlation analysis
was employed to analyze the influencing degree of each
group of RHA on the basis of the compressive and flexur-
al strength of mortar.

2.2.3 Grey correlation analysis

In this paper, the interval grey correlation analysis
based on the microscopic or macroscopic geometric
proximity of the factor sequence was adopted to assess
the correlation degree among subsequences and further
find an optimum subsequence for impacting the parent
sequence (28). In the grey correlation theory, the index
column is expressed as x,,(n), where n is the natural
number sets, and m is related to the influencing factors
It should be noted that there arei assessment plans in the
analysis, i.e., x; = [x;(1), x;(2), ..., x;(n)]. Meanwhile,
parent sequences and subsequences are represented as
xo = {xo(m)}andx; = {x;(N)} (i =1, 2,...,m), respec-
tively (29). Therefore, the correlation coefficient, &; (j),
between subsequence and parent sequence with respect
to j** factor could be obtained by Equation [1] (30):

N = min; (A; min) + pmax; (A; max)
50 = A; + pmax;(A; max)

i=12,...,mandj=12,..,n [1]

1]

{Ai min = mlnl(|x0(]) - xl(])|) [2]

A; max = max;(|xo(j) — x; (DD

{ min;(Aymin) = min; (|x,(j) — x; (D) 3]

max;(Aymax) = max;(|xo () — x;()])

Where A; is equal to |xo(j) — x; ()| , p is the resolu-
tion coefficient, which is to enlarge the difference
between the various coefficients within the inter-
val [0, 1]; generally, it is fixed at 0.5 (31). A; and
A; denote the minimum and maximum difference
in the first level using Equation [2]. Meanwhile,
max;(A;max) and min;(A;min) are the maximum
and minimum difference in the second level, respec-
tively using Equation [3] (29).

Subsequently, the grey correlation degree, 7,
could be obtained from Equation [4] by manipulat-

ing the grey correlation coefficients, which reflect
the correlation degree of each subsequence in the
same parent sequence. It means that we can find the
optimal subsequence by comparing the correlation
degree of all subsequences.

= zn: §i() [4]
=1

Where &;(j) is the correlation coefficient from Equa-
tion [1], and j is within the interval [1, n].

On the other hand, using A; =[x, () — x;(j)| calcu-
lates the correlation coefficient and correlation polarity
including the positive and negative correlation among
the subsequence could not be estimated accurately.
Hence, in this paper, the judging method of the correla-
tion polarity was defined by a new mathematical way
listed in Equation [5], which confirms the correlation
including positive and negative correlation from Equa-
tion [6] and Equation [7]. The expressions for each of
these formulas are shown as follows (32):

Op = ixn(i) = ixn(i) i i/m
=1 i=1 =1

i " [5]

Where both of g,, and g; are the new defining value, nis
the natural number set, and m represents the influencing
parent sequence in the analysis. In Equation [6], the val-
ue of g; overs than zero, while k is within the interval [1,
n]. It was noted that subsequence has a positive correla-
tion on enhancing parent sequence when gy, satisfies the
requirement of Equation [6]. Otherwise, a negative cor-
relation that subsequence plays a weakening role on the
parent sequence is emerged according to Equation [7].

2.3 Experimental methods
2.3.1 Scanning electron microscope

Scanning electron microscopy (SEM, Helios G4 UC,
Japan) with energy-dispersive X-ray (EDX) provided by
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TaBLE 3. Mix proportions of complex binders.

Content / g
Sample Grinding time/min Mean particle size (um)
RHA Cement I1SO sand Water
Ref - 0 450 1350 225 -
RHA35.5 5 45 405 1350 225 35.5
RHA28.2 10 45 405 1350 225 28.2
RHA9.9 15 45 405 1350 225 9.9
RHAS.9 30 45 405 1350 225 5.9
12 ; 100 . . .
(b) —— Smin, DS0=35.5um 7 and pohshed by sanding paper, whiling the cement hy-
— }22;2»3233%}2&‘“ dration process of stores pieces was ceased by isopro-
109 30 min'D50 = 5.9um pyl alcohol and dried in an oven at 60 °C for two hours.
175

Distribution curve(%)
()}

0- 0
0.1 1 10 100 1000
Particle size (um)

FIGURE 2. Particle size distribution for rice husk ash.

the analytical and testing center of Sichuan University was
used to obtain the microstructure of RHA. Moreover, rice
husk ash was compacted to a flake layer; thereafter, the
surface scan of energy-dispersive X-ray was employed to
obtain the accurate chemical elements of RHA samples,
as utilized in some previous studies (33, 34).

2.3.2 Mechanical properties

All of the mortar mixtures were bathed into JJ-5
cement and mortar mixer with a 5L capacity. Initial-
ly, water was poured into the JJ-5 mixer, then cement
and RHA were blended for 120 s throughout the mix-
ing procedure. Then, sand was incorporated slowly
and thoroughly mixed for 60 s. Finally, the fresh paste
was shaped in the molds and stored with plastic films
at the air temperature. After 24 hours, all mortar sam-
ples were demolded. The flexural and compressive test
complying with GB/T 27690 (27) was conducted on
three samples for each mortar mixture. Paste bars hav-
ing the dimension of 40 mmx40 mmx160 mm were
cast. After curing at 65 + 2 °C for six days and then 21
days in a standard room, all specimens were subject
to the compressive and flexural test. Prior to the test,
a piece of an unforced segment was cut from the spec-
imens by a saw bar with a thickness of about 0.6 mm

5
(=)
Cumulative curve(%)

2.3.3 X-ray diffraction

The crystal structure of RHA was measured using
an X-ray diffractometer (XRD, EMPYREAN, Hol-
land) operating at an accelerating voltage of 60 kV and
60 mA. Under continuous scanning pattern, Cu Ka ra-
diation worked as the source of X-rays, and crystalline
phases were scanned from 5e to 80° with a 26 increment
of 0.02¢/step. Although the scanning was performed up
to 85° (20), the range of 10 - 50° was analyzed. This is
because essential peaks were satisfactorily detected in
this range, and meaningful data could not be obtained
due to the overlap of peaks at a high angle of > 50° (260).

To obtain the crystal structure of paste samples
blended RHA, the hydration of paste samples cured
for 28 days was stopped by isopropyl alcohol and
dried in an oven at 60 °C for two hours, thereafter,
X-ray diffraction was applied after grinding the
pieces and passing the sieve of 240 meshes.

3. RESULTS AND DISCUSSION

3.1 Influence of combustion type on morphology
and chemical properties of RHA

3.1.1 Morphology

Figure 3 displays the macro-morphology and SEM
micrographs of RHA using one period burning meth-
od. It can be seen that, as the burning time increases at
600 °C, the black color of RHA tends to change to gray-
white. As shown in the SEM micrographs, the scattered
particles on the outer surface of RHA present a decreas-
ing development with the increment of high temperature
at 600 °C. This phenomenon demonstrates that rice husk
biomass such as lignin, cellulose, and spent carbon poly-
mer can be burnt with the increase in the total burning
time, which in turn presents a whiter color.
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FiGure 3. Macro-morphology and SEM micrographs of RHA by one period burning methods.

Figure 4 shows the macro-morphology and SEM
micrographs of RHA by two periods burning meth-
ods. Similarly, the white color of RHA tends to en-
hance as the total burning time increases; however,
RHAs produced in L60H90, L90H90, and L60H120
appear remarkably similar gray-white color, which
is possible due to the reducing biomass which could
be wholly oxidized and then burnt when the burning

L30H30

L30H60

time was up to 90 min at 600 °C. This perspective
could be certified by the low carbon content in Ta-
ble 5. From the SEM micrographs, massive granular
impurities are attached on the outer surface of RHA
in L30H30 due to the insufficient combustion time.
The scattered particles on the outer surface of RHA
present a rapidly decreasing tendency as the total
burning time increases.

L30H90

FIGURE 4. Macro-morphology and SEM micrographs of R
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3.1.2 X-ray diffraction analysis

The XRD patterns of RHA by nine burning meth-
ods are presented in Figure 5. It could be seen that
all samples emerge no noticeable sharp peak from
the diffraction curve. Besides, a hump at 20=near
15°-25° could be observed, which confirms the pres-
ence of amorphous silica in terms of the qualitative
assessment of RHA. Previous researchers, who ex-
plored the varied temperature to the influence on the
crystallinity of silica in RHA from XRD patterns,
also found that amorphous silica could be obtained
and untransformed to crystalline silica such as cris-
tobalite and tridymite using temperature lower than
700 °C, which was is responsible for the critical poz-
zolanic activity of RHA (35, 36).

3.1.3 Chemical composition

In this study, a semi-quantitative method, ener-
gy-dispersive X-ray, was used to determine the chem-
ical composition of RHA, as listed in Table 4. From
Table 4, in one period, the carbon content of RHA
could be noticeably reduced when the total burning
time at 600 °C increased from 60 min to 120 min;
meanwhile, the silica content of RHA also could no-
ticeably increase. In two periods, the carbon content
of RHA in L30H60 could be noticeably decreased by
86.5% compared with that of RHA in L30H30. More-
over, the silica content of RHA increased rapidly by
prolonging the high temperature stage in L30H30,
L30H60, and L30H90. However, the silica content
of RHA by extending the low temperature stage in
L30H90, L60H90, and L90H90 has an insignificant
variation, indicating that it was hard to increase when
the burning time at 600 °C was up to 90 min.

20000
16000 1 ~\/\.______
——LOH60
= \/\\_\__ ——LOHI20
o 120004 e N ——LOH180
-l e SR ——L30H30
£ W —— L30H60
£ R P ———L30H90
E: 8000 ~ \'/\“ ——— L60H90
= —— L90H90
——L60H120
4000 “
0 T T T T
0 20 40 60 80 100
2 Theta(®)
Ficure 5. XRD patterns of rice husk ash in different burning
implementations.

Figure 6 shows the potassium and silica content
in RHA with different combustion types. It is ob-
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FiGURrE 6. Potassium content in RHA by EDX analysis.

served in Figure 6 that the potassium content in
RHA generated by one period decreased by 58.2%,
40.9%, and 12.3% (average value), respectively,
compared to the potassium of RHA produced by
two periods that the total burning time was 60 min,
120 min, and 180 min, respectively. This phenom-
enon indicates that increasing combustion time at a
low temperature of 300 °C could reduce potassium
content when total combustion time was constant.
Two patterns of potassium were presented in RHA:
potassium oxide and potassium complex com-
pound. Potassium oxide in RHA could be dissoci-
ated to potassium when the temperature exceeds
620 K (347°C) (23), thereafter the potassium reacts
with other elements to form a potassium complex
compound that could fix carbon to form black par-
ticles in RHA, thus resulting in a high potassium
content in RHA. Hence, prolonging the low tem-
perature at 300 °C under 620 K could reduce the
formation of black particles in RHA; meanwhile,
potassium whose melting point is 336.8 K could
fully evaporate accompanied by carbon in RHA as
the combustion time increases at 300 °C. On the
other hand, RHA straightly burnt from room tem-
perature to 600 °C contributes to a longer combus-
tion time above 620 K (347 °C), thus forming a
more potassium complex compound and maintain-
ing a high potassium content in RHA. However, the
decreasing potassium content of RHA in L90H90
and L60H120 was not noticeable compared to that
of RHA in LOH180. Moreover, the potassium con-
tent of RHA in L30H90, L60H90, and L90H90 was
1.47%, 0.93%, and 1.61%, respectively, which im-
plied that a longer time at 300 °C than 60 min could
not always motivate the evaporation of potassium
accompanied by carbon due to the restricted oxygen
in the furnace which was supplied from the outside
air in this study. Hence, a reasonable low-tempera-
ture stage should be applied to effectively reduce
the potassium content in RHA.
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On the other hand, considering the amorphous sil-
ica and potassium content as well as the energy con-
sumption among nine burning types, L60H90 pres-
ents a lower potassium content and electric energy
consumption than L90H90 and L60H120. However,
L60H120 has a greater silica content; meanwhile,
the equivalent alkalis content of RHA in L60H120
was 1.33% by transforming the potassium to cor-
responding oxides, which was lower than 2.5% of
fly ash and 1.5% of silica ash per GB/T 50733-2011
(16). To ensure the high pozzolanic activity of RHA,
L60H120 with a superior silica content was selected
in this paper.

3.2 Influence of RHA particle size on mechanical
properties of mortar

3.2.1 Pozzolanic activity

The pozzolanic activity of RHA produced by
L60H120 was investigated according to GB/T 27690
(27). The flexural and compressive strength of mor-
tar containing RHA with four varying particle sizes
at 7 and 28 days are plotted in Figure 7 and Figure
8, respectively. Also, the pozzolanic activity index of
RHA is presented in Figure 8.

As can be seen, as RHA particle size decreases,
substituting cement by RHA noticeably increases
the compressive strength of mortar, while the flex-
ural strength of mortar was slightly improved. Fur-
thermore, the pozzolanic activity index of RHA in-
creases as its particle size decreases since finer RHA
opposes higher specific surface area, which can
provide more nucleation sites for cement hydration,
thus facilitating the pozzolanic reaction of RHA to
form more C-S-H having a low Ca/Si and fill the
pores of mortar (37, 38).

Figure 8 illustrates that the pozzolanic activi-
ty index of RHA milled from 5 min to 30 min are

12
7 days flexural strength
[ 28 days flexural strength
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Ficure 7. Effect of RHA on flexural strength of complex pastes.
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Ficure 8. Effect of RHA on compressive strength and pozzolan-
ic activity index of complex pastes.

85%, 95%, 99%, and 101% at 7 days, respectively.
The curing days have a significant influence on the
hydration degree of cement, which found that the
pozzolanic activity indexes of RHA are up to 92%,
98%, 107%, and 114% at 28 days, respectively. It
can be obtained that all pozzolanic activity indexes
of RHA at 7 days are lower than 105%, which does
not conform to the prescriptive value of silica fume
in accordance with GB/T 27690 (27). However, the
activity index of RHA at 28 days meets the require-
ment that the activity index of silica fume should be
greater than 85% complying with GB/T 51003 (39).
Therefore, it can be inferred that the particle size of
RHA should reasonably vary from 15 min to 30 min
to meet its requirement of pozzolanic activity, which
contributes the particle packing effect and pozzolan-
ic effect to enhance the mortar strength.

3.2.2 Correlation analysis between RHA particle
size and mortar strength

As listed in Table 5, the flexural and compressive
strength of mortar at 7 and 28 days are presumed as par-
entsequencesby Xy1(n). Xo,(n). Xo3(n) and Xo4(n)
, respectively. Moreover, the particle size system of
RHA is cut apart into six subsequences including <5
pm 5-10 um 10-15 pm,15-20 pm 20-45 pm and >45
pm, which were defined by X;(n), X,(n), ..., Xs(n),
respectively (as listed in Table 6).

The correlation degree and polarity between the sub-
sequences and parent sequences were analyzed by grey
correlation analysis as summarized in Table 7. It can
be observed that, overall, during the six subsequences,
the correlation degree of four subsequences emerges as
a consistent developing rule that contains the same ar-
ranging order. Meanwhile, the particle size of 15 pum is
a critical factor in determining the correlation polarity in
different subsequences. From Table 7, in terms of cor-
relation polarity, the particle size below 15 um in RHA
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TaBLE 4. Chemical composition of RHA by EDX (wt %) analysis and LOI of RHA.

styles | Number C 0 Na | Mg Al Si P S Cl | ca | Fe K | Lor*
LOH60 | 28.09 | 41.67 | 0.07 | 0.14 | 0.04 | 2639 | 0.13 | 0.11 |0.08 | 036 | 0.35 | 2.56 | 24.5
p(e)r‘ilzd LOHI20 | 4.53 | 49.85 [ 0.03 | 0.00 | 0.10 | 41.77 | 0.17 | 0.00 | 0.13 | 0.89 | 0.03 | 2.49 | 10.4
LOHIS0 | 5.60 | 4526 | 0.00 | 0.09 | 0.00 | 4563 | 0.64 | 042 | 1.86| 038 | 0.13 | 1.86 | 7.2
L30H30 | 39.56 | 37.85 | 0.06 | 0.12 | 0.04 | 2090 | 0.07 | 0.04 |0.00| 030 | 0.00 | 1.07 | 27.2
L30H60 | 534 | 53.19 [ 0.05| 007 | 0.17 | 3891 | 0.00 | 0.06 [008| - | 027 | 1.8 | 114
Two L30H90 | 552 | 49.62 [0.02] 023 | 009 | 4152 | 017 | 030 [0.13] 0.88 | 0.03 | 1.47 | 531
periods | L6OH90 | 4.85 | 53.17 | 0.04 | 0.19 | 0.09 | 40.10 | 0.17 | 0.1 | 0.09 | 0.25 | 0.04 | 0.93 | 4.93
L90H90 | 3.34 | 52.58 | 0.07 | 0.09 | 0.13 | 4136 | 0.08 | 0.07 | 0.08 | 0.41 | 0.18 | 1.61 | 4.28
L60H120 | 2.66 | 4826 | 0.05 | 0.12 | 0.06 | 46.03 | 0.15 | 0.06 | 0.18 | 0.54 | 0.24 | 1.65 | 4.5

*LOL: loss on ignition

can have a positive influence on promoting the strength
development of mortar. According to the correlation de-
gree of six subsequences, the particle size of 5-10 pm
in RHA contributes mostly to the strength development,
followed by 10-15 pm and <5 pm. Analyzed by the
above value of correlation degree, a smaller particle size
of <5 pm is inconsistent with the conclusion that the
finer particle of RHA contributes to the higher pozzola-
nic reaction. That is possible because of the increase of
grinding degree, which destroys some pore structures of
RHA particles, thus inducing the porous microstructure
to collapse and partially break into finer ones (40).

On the other hand, using RHA with a particle size
exceeding 15 um could result in a negative correlation

10.0pm

Figure 9. SEM-EDX micrograph of (a) Ref paste and (b) RHAS.9 paste.

on the strength of mortar complying with correlation
polarity analysis. The largest negative effect of particle
sizes will be reflected when the particle size of RHA is
greater than 45 pm, followed by 0-45 um and 15 pm-
20 pm in accordance with the correlation degree of six
subsequences. Hereby, the grinding time of raw RHA
should be reasonably controlled in 15-30 min to im-
prove the particle content under 15 pm in RHA and
significantly reduce the particle content above 45 pum.

3.2.3 Microstructure

The microstructure of Ref and RHAS.9 samples
analyzed by scanning electron microscope (SEM)

(R

T
4 : 0 .
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and energy-dispersive X-ray (EDX) are illustrated

in Figure 9 and Figure 10. The chemical composi- Ref
tion of hydrates products is listed in Table 8. The i = % ——RHA59
atom ratio of Ca/Si in hydrates products decreased “”“W”JL*

from 5.88 to 1.03 when cement was replaced by ; !

RHA with a mean particle size of 5.9 um, indicat- F O B

ing that using RHA substitute cement contributed oom in

to the pozzolanic reaction of RHA, thus forming

a new C-S-H gel that its Ca/Si is lower than 1.5 l,\\Q B

and presents a fibrous gel of fine C-S-H (I) (41). 5 Py MM
Furthermore, from Figure 10. It could be observed

that the peak intensity of portlandite (260=near 18°)

in Ref was higher than that of portlandite in the

RHAS.9, indicating that RHA with a mean particle :

5 10 15 20 25 30 35 40 45 50 55 60 65

s.iz_e of 5.9 um presepted a supgrior pozzolanic ac- 2 Theta(degres)

tivity. Additionally, incorporating RHA weakened

the pgak intensity of ettringite (26=near 90)9. which FiGure 10. XRD patterns of the mixtures (A:Alite-C,S; B:-
also indicates that RHA accurate the hydration de- Belite-C,S; E:Ettringlite-AFt; Q:Quartz-SiO,; P:Portland-
gree of cement. ite-Ca(OH),).

TABLE 5. Parent sequences.

Sample Xo1(n) Flexural strength 7d/ X, (n) Compressive Xo3(n) Flexural Xo4(n) Compressive
MPa strength 7d/MPa strength 28d/MPa strength 28d/MPa
RHA35.5 7.22 22.85 9.07 31.26
RHA28.2 8.58 24.61 9.78 33.42
RHA9.9 8.64 25.61 10.02 36.49
RHAS.9 8.98 26.31 10.08 38.86

Note: all of the Xy, (n). Xo2(n). Xo3(n) and Xy, (n) belong to the parent sequences of {Xy(n)}.

TABLE 6. Subsequences.

Sample X1 (m)/% X,(m)/% X;(n)/% X,(n)/% Xs(n)/% Xe(M)/%
(<5 pm) (5-10 pm) (10-15 pm) (15-20 pm) (20-45 um) (>45 pum)
Al 8.43 9.25 8.73 5.45 30.47 37.68
A2 14.39 11.94 9.95 5.59 24.68 33.45
A3 39.13 10.99 13.08 5.13 25.46 6.26
A4 47.96 11.75 13.45 5.03 18.52 3.31

Note: all of the X;(n). X,(n), ..., X¢(n) belong to the parent sequences of {X;(n)},i €[1,6]and n € [1,4].

TaBLE 7. Correlation degree and correlation polarity.

Particle size <5 um 5-10 um  10-15 pm  15-20 pm  20-45 pm >45 pm
7d Flexural strength (+)0.512 (+)0.957 (+)0.827 (-)0.863  (-) 0.794 (-) 0.405
7d Compressive strength (+) 0.504 (+) 0917 (+)0.811 (-)0.868 (-)0.816 (-) 0.402
28d Flexural strength (+) 0.492 (+)0.903 (+)0.789 (-)0.881  (-) 0.817 (-) 0.399
28d Compressive strength (+) 0.541 (+)0.921 (+)0.875 (-)0.851  (-) 0.804 (-)0.412

[Tk

Note: the sign of “+” an present the positive and negative effects on the strength of mortar.
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TaBLE 8. EDX element analysis of hydrate products.

Mixtures Element 0} Mg Al Si K Ca Ca/Si
Ref At% 58.14 1.01 2.02 5.60 0.34 32.90 5.88
RHAS.9 58.94 1.19 3.80 17.41 0.82 17.84 1.03
4 DISCUSSION strength of mortar was also explored by using grey

In this paper, using two periods burning condition
could effectively decrease the potassium content
of RHA to a certain extent compared to one peri-
od burning process, which is a new finding. The de-
sign idea was original from R.V. Krishnarao (23),
which reported that potassium oxide in RHA could
be dissociated with potassium when the tempera-
ture exceeds 620 K (347°C). Thereafter, the disso-
ciated potassium react with other substance to form
potassium complex compound which is hard to be
removed at a high temperature. Therefore, prolong-
ing the low temperature under 347 °C could reduce
the transferred potassium complex compound and
contribute to the release of K,O. However, the de-
creasing degree of potassium content in RHA was
gradually weakened as the burning time increased.
This is possible due to the fact that more time than
60 min at 300 °C could not motivate the evaporation
of potassium accompanied by carbon due to the re-
stricted oxygen in the furnace which was supplied
from the outside air in this study. Hence, a firing de-
vice should be developed to contribute to the effec-
tive combustion process in the future. Overall, two
periods combustion type of rice hush is promising to
reduce the potassium content in RHA.

In general, finer RHA possesses higher pozzolanic
activity. The precise optimal particle size of RHA
contributed to the gaining strength has not been re-
ported in previous studies. Actually, RHA with an
average particle size of 5.9-35.5 pm was composited
by various particles ranging from 0-100 pm where
fine particles show high pozzolanic activity, and
coarse particles only show the filling effect and low
pozzolanic activity. In this paper, correlation analy-
sis could judge the influence of various particles in
RHA on its pozzolanic activity. The particle size less
than 15 um in RHA positively promotes the mortar
strength development, especially in the optimal par-
ticle group (5-10 um).

5 CONCLUSIONS

In this paper, nine combustion types were em-
ployed to investigate the influence on the morpholo-
gy, chemical composition, and crystallinity of RHA
due to different combustion modes. Moreover, the
influence of particle size distribution of RHA on the

correlation analysis and strength testing. The special
conclusions can be drawn as follows:

(1) An optimum processing technic of RHA as
SCM was proposed, including combustion type
L60H120 and particle size zone (5-10 pm).

(2) The amorphous silica content of RHA can be
up to 91% and carbon content of declines sharply
when using L60H120.

(3) The pozzolanic activity index of RHA critical-
ly depends on RHA particle size, and RHA containing
a median particle size of 5.9 um presents much better
pozzolanic activity index of 101 % and 114 % than the
other three RHAs at 7 and 28 curing days, respectively.

(4) The improving mechanism of mortar by add-
ing RHA includes both combined packing effect and
pozzolanic reaction of RHA, and the substitution of
cement by RHA contributes to the pozzolanic reac-
tion to form C-S-H having a low Ca/Si, which re-
sults in the significant gaining strength of mortar.
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