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Abstract

Rice husk ash is a promising pozzola-
nic material produced from rice husk
burning and has significant potential
as a sustainable replacement for ce-
ment in construction and ground im-
provement applications. In this study
the effect of burning conditions on the
ash reactivity and its potential for soil
stabilization applications have been
investigated. Three different burning
procedures were applied: 1) control-
led burning at 500°C followed by ra-
pid cooling, which was according to
literature considered to produce the
highest reactivity, 2) burning at 700°C
with slow heating and cooling, which
was expected to result in lower reac-
tivity due to the crystallization of the
silica and 3) uncontrolled burning in
open-fire. The third procedure unex-
pectedly produced the most reactive

ash, even though it contained less silica

and still some carbon. Adding rice husk
ash and lime to wet clay significantly
increased the strength of the clay after
curing. Again, the carbon-containing
ash showed the largest strength impro-
vement. Incomplete combustion seems
therefore preferable for soil stabilizati-
on applications with rice husk ash.

Keywords: soil stabilization, clay,
rice husks, burning conditions,
pozzolanic material.

1. Introduction

Rice husks (RH) are the hard coatings
protecting rice grains during the gro-
wing season. Combustion of rice husks
produces rice husk ash (RHA) which
is a promising pozzolanic material. It
can be used as a sustainable alternative
for cement in building materials, like

concrete (UNIDO 1984; Cook 1986;

Malhotra and Mehta 1996; Van Tuan

et al. 2011) or in soil improvement ap=
plications (Basha et al. 2005; Munto-
har 2006; Muntohar et al. 2013). In
general, silica can accumulate n locz}l
parts of plants as a result of evaporatl-

on (Handreck and Jones 1968). In the

case of rice plants silica accumulates
in the rice husks forming the protecivé

hard coating. Krishnarao and'(l}od%?f
hindi (1992) showed that the silica II

rice husk was amorphous and boﬂd‘?
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to organic substances. Burning RH
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removes the organic components and
increases the proportion of silica from
20% in RH to about 90% in RHA
(Rao ct al. 1989). The amorphous si-
lica in RHA is a pozzolanic material,
which means that it is able to react
with different alkaline compounds.
The pozzolanic reaction is expected
to occur when RHA is mixed with an
alkaline compound such as calcium hy-
droxide under moist conditions to form
compounds with cementing properties
(Malhotra and Mehta, 1996). Among
the various pozzolanic materials, RHA
is categorized in the group of the most
reactive agents (Agarwal 2006; Walker
and Pavia 2011).

The reactivity of RHA is attributed to
its high amorphous silica content and
small grain size, which are controlled
by the burning conditions applied to
the original RH and grinding energy
applied to the ash after burning. To
completely remove the organic con-
tent, rice husks require 12 hours com-
bustion at 500°C (UNIDO 1984; Nair
et al. 2008). The combustion time can
be shortened by increasing the tempe-
rature, but too high temperatures can
cause the amorphous silica to crystalli-
ze, which lowers the reactivity (Rao et
al. 1989). The crystallization of silica is
sensitive to the burning and cooling du-
ration and temperature. In some cases
the formation of quartz was observed
at burning temperatures above 600°C.
According to the overview by UNIDO

| (1984), silica remains amorphous for

159

prolonged time at a temperature
500°C. Above this temperature the
holding time at which crystallized sili-
ca was detected varied corresponding
to the temperature and local conditi-
ons, e.g. less than one minute at 680°C
recorded by Mehta (1979), or less than
one hour at 900°C recorded by Yeoh
et al. (1979). The general temperatu-
re range reported in later studies to
produce amorphous silica is between
500°C and 800°C; For example Be-
hak and Nuiiez (2013) recently stated
that the optimum burning temperatu-
re to produce highly reactive ash was
between 650 and 800°C and indica-
ted that above 900°C the ash started
to crystallize and became less reac-
tive. Grinding the ash improves the
reactivity because it reduces the grain
size and increases the reactive surface
area, hence resulting in a higher reac-
tion rate with calcium hydroxide. For
example, Cordeiro et al. (2011) showed
that reducing the mean diameter from
200 pm to 20 pm by grinding, lead to
an increase of the pozzolanic activity
by a factor of two. However, the crys-
talline state of silica affects the reacti-
vity of the siliceous material to a much
greater extent than the particle size
(Walker and Pavia 2011). Evaluating
the required energy for both burning
and grinding, Muthadhi and Kothan-
daraman (2010) proposed that burning
for 2 hours at 500°C is the optimum
condition to produce reactive RHA.

Owing to its pozzolanic activity, RHA
is used as an additive in combination
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with lime (calcium hydroxide), for soil
improvement and has shown promi-
sing results. For example, A. Seco et al.
(2011) demonstrated that mixing lime
and RHA with an expansive soil from
Tudela, Spain resulted significant im-
provement of strength and reduction
of the swelling capacity. Some resear-
chers intended to produce high quality
ash in their experiments (A,J. Choob-
basti et al. 2010), while others used
uncontrolled burning conditions, eit-
her by collecting the ash from energy
plants (Muntohar 2002; A. Seco et al.
2011) or just by burning the husks di-
rectly at the rice mills in open fire (I
Haji Ali et al. 1992) or by using an in-
cinerator (Basha et al. 2005; Muntohar
2006). Interestingly in all the cases, the
soil was considerably improved. Behak
and Nfiez (2013) looked at the effect
of burning conditions and showed that
RH burned at 650 and 800°C resulted
in much higher strength than RHA
burned at uncontrolled conditions at
the local rice parboiling plant when
mixed with lime and sandy soil. The
various literature sources seem to be
ambiguous about the optimum burn-
ing conditions to produce high quality
RHA ash for soil stabilization appli-

cations as they either did not analyse .

the reactivity of the ash or they used
different grinding procedures, different
mixing ratios or different soil types.

In this study, the effect of burning con-
ditions on the reactivity of the ash and
its potential for ground improvement
applications in clayey soils was investi-
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gated. Three different burning conditi-
ons were applied to produce the RHA,
The properties of three types of ash
were analyzed and their potential for
soil stabilization was evaluated by de-
termining the geotechnical properties
(consistency limits, compressibility and
undrained shear strength) of various
mixtures of clayey soil, RHA, lime and
water using standard laboratory expe-
riments.

2. Materials and methods

2.1. Materials

2.1.1. Soil

The soil used for the experiments was
a commercially available river clay (K-
10000, Ve-Ka, Netherlands). Accor-
ding to ISO 14688 (CEN 2002) the soil
is classified as silty clay with high plas-
ticity. The clay was delivered with a
water content of approximately 35%.
It was then mixed with tap water to
obtain the desired liquidity at a water
content of 48%, corresponding with
Liquidity Index of 0.76.

2.1.2. Rice husk ash and lime

Rice husks were obtained from a paddy
field in Quang Binh, Vietnam. Three
different burning conditions were ap=
plied to produce uncontrolledly burnt
ash, well-burnt ash and over-burnt

ash. The incinerator used to burn the :

ash under controlled conditions had

limited size and heating capacity: Ac- ‘
cordingly, RHA is classified into thre€s

tprSZ

. U-RHA: This ash was produ-
ced in uncontrolled conditions, by
pouring the husks in an open fire. The
ash was taken out of the fire when raw
yellow ice husk was not seen anymore.
Duration was less than 30 minutes.

. 500-RHA: This ash was pro-
duced in optimized burning conditions
suggested by Muthadhi and Kothan-
daraman (2010), which 1s a burning
duration of 2 hours at 500°C. The
incinerator was pre-heated to 250°C

before putting a ceramic cup filled
with rice husks in the incinerator. Due
to the limited size of the laboratory in-
cinerator the husks had to be burned
in small batches of about 40 g to pre-
vent oxygen limitations and allow for
complete burning. It took about 30
minutes for the temperature to reach
500°C. The mass was then left for 2
hours and was quickly cooled down by
immediately removing the cup from
the incinerator. After about 15 minu-
tes, the ash was transferred to a closed
box and stored at room temperature.

s 700-RHA:
put in the incinerator at room tempe-
rature in batches of 100 g using a ce-
ramic cup. Then the incinerator was
turned on and set at 700°C. Without
pre-heating it took about 2 to'3 hours
to heat up to 500°C and about 5 hours
to reach at least 650°C. The incinera-
tor was turned off after 7 hours and
t}.}e rice husk ash was kept in the in-
“lierator overnight for cooling down.
Alfiter burning the ashes were weighed

Rice husks were
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to calculate the ash content over the
original RH, then it was ground using
a vibration grinding mill (HSM 100,
Herzog, USA) with a capacity of 10
ml, for 30 seconds to obtain fine ash.
Dry powdered calcium hydroxide
(ime) (Sigma-Aldrich, ACS grade,
296%) was used in both ash reactivity
analysis and the soil improvement ex-
periments.

2.1.3.Mixtures of soil, rice husk
ash and lime

RHA was mixed with lime as a dry
powder using a 1:1 mixing ratio. Then
the mixture was added to the wet clay
in varying amounts up to 6% of the
wet clay weight. As a reference, also
mixtures were prepared with only lime
and only U-RHA at similar weight %.

2.2.Methods

2.2.1.Rice husk ash characteriza-
tion

Several physical properties related to
RHA reactivity were investigated:

(1) the surface area was determin-
ed according to the Brunauer—Em-
mett— Teller (BET) method using
Gemini VII 2390, MicromeriticsR.
Before measuring the specific surface
area, samples were dried at 105°C for
2 hours;

(i)  crystal structure and minera-

logical composition were analysed by
X-ray diffraction analysis on a Bru-

ker-AXS D5005;
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(iii) particles were observed using
an Environmental Scanning Electron

Microscope, Philips X130 ESEM ;

(iv) particle density was defined
using a pycnometer filled with ethanol;
(v) elemental composition —was
analysed by using an XRF Spectrome-
ter,  Epsilon 3XL Panalytical.

The pozzolanic activity of the rice
husk ash was evaluated using electrical
conductivity measurement as proposed
by Luxén etal. (1989): 5 g of ash was
added to 200 ml of a saturated lime
solution at 40°C, which was constantly
stirred. Electrical conductivity and pH
of the mixed solution at 40°C were re-
corded at 10 seconds intervals using a
benchtop meter (CG3010, Consort, Bel-

gium)

Reactive silica content was identified
according to EN 197-1 (CEN 2011),
which is determined by subtracting
the insoluble fraction of the ash from
the total silica content. The total silica
content was obtained from XREF re-
sults, and the insoluble fraction was de-
termined according to section 10.2 of
the standard EN 196-2 (CEN 2005), by
treatment with hydrochloric acid (HCI)
and potassium hydroxide (KOH).

2.2.2.S0il improvement evaluati-
on

The water content and Atterberg Li-
mits of the various clay mixtures were

determined according to CEN ISO/
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TS 17892-12 (CEN 2004). Undrain-
ed shear strength was determined for
various curing periods using the fall
cone test according to ISO/TS 17892-
6 (CEN 2004). After preparation the
clayey mixtures were transferred in
100 mL plastic jars, which were co-
vered by plastic foil and closed with
plastic caps to prevent evaporation and
stored at room temperature of 25°C.
One-dimensional consolidation tests
were performed to determine the com-
pressibility of the clayey mixtures using
a standard beam oedometer according
to ISO/TS 17892-5 (CEN 2004). Af-
ter the clayey mixtures were installed
in the oedometer set up, the samples
were left to cure for 7 days under a sta-
tic load of 85kPa. After that, additional
load steps were applied after the end
of the primary consolidation phase
was observed. In each step the previous
load was approximately doubled.

3.Results

3.1.The properties of rice husk
ash

After burning and cooling, the three
ashes differed in colour: 500-RHA

was grey, U-RHA was black, likely the = |

result of unburned carbon, and 700-
RHA appeared light pink (Figure l)f

After grinding, the colour of 500-RHA

and U-RHA remained unchange
where 700-RHA turned grey.

The results of the other analyses
summarized in Table 1. XRD anal
(Figure 2a) showed that all the ashes

L
;
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Fig. 1. Residu
Table 1
Determined rice husk ash properties
Type of rice husk ash 500-RHA 700-RHA U-RHA
Crystal structure amorphous material and some quartz
(XRD)
Ash content (Ash%) [%] 12 12 21
Pozzolanic activity (PA) [mS cm™] 236 1.33 2.61
(EC reduction in first 2 min)
Specific surface area (SSA) [m?g™] 47 27 68
(Nitrogen Gas Adsorption)
Particle density (PD) [g cm™) 2.08 2.05
(pycnometer with ethanol) (+0.09) (#0.11) (£0.05)
Silica content (Si%) [% of total ash weight] 94.5 94.2 54.9
XRF
(XRF) @2) =2) “2)
Carbon content (C%)" [% of total ash weight] - - 40.0
XRF
e @
Reactive silica content (Si*%)  [% of total ash weight] 93.6 92.8 52.1
(Boiling in KOH) (=2.0) (#2.9) (£2.6)

* derived from lost weight in XRF

were mainly amorphous, containing
only a few small peaks which corres-
pond to the mineral quartz. For all
three types of ash, treatment with HCI
and KOH resulted in dissolution of al-
most all the ash, indicating that most
of ﬂ?e silica is reactive and therefore
considered to be amorphous, which is

cConsistent with the XRD analysis.
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The ESEM image of a rice husk (Fi-
gure 3) showed that silica is concentra-
ted on the outer epidermis of the rice
husk, especially at protuberances and
needle areas. In ESEM images of bur-
ned ashes, little differences were obser-
ved between 500-RHA and 700-RHA,
except the large spherical particles of
700-RHA which seem to be products
of sintering effects (Figure 2b and Fi-
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gure 2d). In U-RHA, two different ty-
pes of particles could be distinguished:
dark and light grey (Figure 2c). As the
greyscale in ESEM images i related to
the material density, the dark particles
are considered to be carbon where the
light particles are silica.

All three types of ash showed good
pozzolanic activity according to the
classification provided by Luxéan et al.
(1989). As indicated in Figure 4, for all
ashes the electrical conductivity redu-
ced more than 1.2 mS/cm within the
first 2 minutes after adding the ash to
the lime solution.

U-RHA, int x 0.7

g
Silica

164

A .

otMagn Det xp

) 250x BSE99 1 1.0 Torr Cr-RHA mixed
2 VORI MK T @ AV

Fig. 2. RHA properties: the struc-
ture is mainly amorphous in all

three types of ash; the particles
are granular; sintering effect was

seen in 700-RHA.

As expected, the 500-RHA, showed a
higher reactivity than the 700-RHA.

Unexpectedly, the U-RHA showed the
highest reactivity. The silica content,
according to XRF analysis, was about
94% for both 500-RHA and 700-
RHA, and about 55% for U-RHA.
The sum of all elements in the XRF

oz

o) : 1 /
A
A,
Organic fibre
AcoV. SpotMagn Det WD Exp
160KV 50 D BSE82 1 1.0 Torr RH cover

Fig. 3. Silica concentrates on tﬂ
outer epidermis of a rice husk,
servation at the outer surface
and at a cross section (b).

100 gan

—+—700-RHA
—=—500-RHA
—*—U-RHA

Y

ECu(mSlcm)

%)

(=]

2 4 12 14

o

6 8 10
Time (minutes)
Fig. 4. Reactivity with saturated
lime solution: all the RHA are ve-

active as their electrical conduc-
tivity reduction in the first 2 mi-

nutes is over 1.2 mS/cm; U-RHA
is the most reactive.

for U-RHA did not reach 100% as it
did for the other two samples, but only
60%. It was assumed that the missing
other 40% in U-RHA was carbon,
which could not be detected by the
XRF methodology used in this study.
Likely as a result of the considerable
amount of carbon, U-RHA had the
smallest particle density.

3.2.Results of soil treatment
3.2.1.Plasticity modification
Mixing the clay with lime and RHA
immediately changed the consistency
of the clay from soft to firm and lumpy.
The significant increase in soil consis-
tency is represented by a considerable
reduction of liquidity index from 0.76
tonearly zero. The addition of dry ad-
ditives decreased the water content of
the soil from 48% down to about 43%
’depending on the amount of added
material. However, the reduction in
Moisture content alone could not ex-

‘Plain the change in soil consistency.

Figure 5a shows that both the liquid
limit and the plastic limit were signifi-
cantly affected by the addition of lime

(a) 90
80 e .
704
60 1~

s 50 A

% ——

= 40 W ///ﬁ - S —
30 7 4+ (Clay + (lime.: 500-RIIA =1)
20 L x Clay + (lime : U-RHA =1)
i6 - % Clay + (lime ;700-RIIA = 1)

—o— Clay + (lime)

0

0% 1% 2% 3% 4% 5% 6%
Amount of lime in the additive mixture

(b) 450 1
400 A
350 1
300 A

=
50 4

5200 —&—Clay + (lime_; U-RHA =1)
150 - —s¢—Clay + (lime ; 500-RIIA =1)
—+—Clay + (lime_:700-RIIA = 1)
100 A —o—Clay + (lime)

— —% - Clay + (S-RIIA)
50 A

0

2% 3% 4% 5% 6%
Amount of one additive |

Fig. 5. Immediate and long-term
influence of RHA on lime treat- %
ment for wet clay: (a) Similar im-
mediate effect on the Atterberg li-
mits of the treated clay, resulting
in an improvement of its plasti-
city; (b) different effect of RHA on
the development of wundrained
shear strength after 28 days; in
combination with lime, U-RHA
resulted in the largest improve-
ment.

and RHA to the wet clay. Adding 2 %
of lime to the clay increased the liquid
limit from 56% to 76% and the plas-
tic limit from 22% to 44%. As both
liquid limit and plastic limit increased
to the same extend the plasticity index
remained more or less constant about
33%. Adding more than 2% of lime
did not affect the plasticity limits any
further. The change of plasticity limits

0% 1%
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was mainly attributed to the lime. Ad-
ding RHA did not seem to have any
additional effect on the plasticity limits
nor did the type of RHA.

3.2.2.Consolidation behavior

Mixing the clay with the additives
significantly changed the consolidati-
on behaviour of the clay as shown in

Stress (kPa)
100

@ 1 10 1000 10000

=)

Void ratio
£=3
2 2

—%—Clay + 3% lime + 3% 500-RIA

—y—Clay + 3%lime + 3% URIIA
—+—Clay + 3%lime * 3% T00RHUA  —&—Clay + 6% lime
0,5 —o—Clay + 3%ime —8—Clay

Clay + 6% lime
Clay + 3% lime + 3% U-RHA.

Clay = 3% lime = 3% 700-RHA

Clay +6% U-RHA

14 Tim(dn’z;s 2

Fig. 6. Results when replacing
3% of lime by RHA: (a) similar
improvement of consolidation
characteristics of the clay; (b) dif-
ferent trend of strength develop-
ment: U-RHA generated the most
development.

Figure 6a. There was not much diffe-
rence observed between the various
type of additives nor between the va-
rious amounts of additives. In all the
cases, the change in consistency af-
ter mixing and 7 days of curing cau-
sed the normal compression lines to
shift to the right compared to the clay
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without additives, resulting in an ap-
parent pre-consolidation pressure of
approximately 200 kPa. The compres-
sion index, Cc, was slightly affected by
the additives, about 20% higher than
for the clay without additives, while
the unloading compression index, Cr,
was reduced by a factor of two. The
consolidation coefficient, cv, for the
clays with additives was a factor 20-30
higher than for the clay without additi-
ves (see Table 2).

3.2.3.Undrained shear strength

Although the addition of RHA to the
lime treatment did not affect the results
of soil consistency directly after mixing,
it did show an effect on the undrained
shear strength after curing. In all the
cases with lime, the strength increased
rapidly within the first day after mixi-
ng and kept increasing at least during

- the first week after which the strength

increase gradually slowed down. When
comparing the mixtures with 3% lime
(Figure 6b), the sample with only lime
showed an increase in undrained shear
strength from about 100 kPa to about
900 kPa, while mixtures with lime
and 500-RHA or 700-RHA increased
from 100 to almost 300 kPa, and the
lime and U-RHA showed the largest
strength increase reaching 400 kPa,
which was close to the strength incre-
ase of a sample with 6% lime without

RHA. Mixtures with only RHA and

without lime, did not show a significant

strength improvement, as shown for @88

mixture with U-RHA.

Table 2

Effect of the different additives to the compressibility parameters

Soil o'y € o' tso G Ce
= (kPa) - (kPa) (s) (m?/year) x10°
ay 17.1 0.344 0.033 35 2225 0.23 5.83
64 1711 0.27 -
' 124 1472 0.28 425
Clay + 3% lime 200.0 © 0412 0.019 278 ol 6.5 1.62
357 68 6.6 2.10
—_— 1104 67 59 2.16
ay o lime + 3% 122 0.419 0.020
i iy 277 98 5.1 1.49
556 79 5.7 1.95
o el 1103 78 5.0 1.68
ay + ime + 3% 215.8 -
oA, 0 ( 0.441  0.018 276 73 7.0 1.99
5§85 T3 6.2 1.89
o " 1102 67 6.0 215
ay + 3% lime + 3% 2163 0.422 0.019
e 276 86 5.9 1.41
550 68 6.8 1.95
. 1097 61 6.6 2.16
Clay + 6% lime 232.5 0.407 0.014 279 77 67 1.26
554 66 72 1.78
1106 62 6.7 2.13
4.Discussion tering of the minor elements (Rao et

4.1.The effect of burning conditi-
ons on rice husk ash reactivity
Overall, the properties of the rice husk
ashes were in agreement with literatu-
re, except for the reactivity. The com-
mon color of completely burnt RHA
is grey to white (Siddique 2008), which
corresponds to the 500-RHA showing
a light grey color after burning. The
light pink color of 700-RHA was also
reported by Rao et al. (1989) and Be-
hak ar.ld Nuilez (2013) as a result of
&xcessive burning. The aggregation
Of particles which was observed in the
ESEM images of ground 700-RHA
could be attributed to the effect of sin
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al. 1989). The black colour of U-RHA
is likely from black carbon, a typical
product of incomplete combustion of
organic materials, which occurs either
when the burning duration is short or
when the oxygen supply is limited. The
lower density of black carbon com-
pared to that of silica, might explain
the lower particle density of U-RHA.
Black carbon is also a highly porous
compound with a large specific surface
area (Donnet 1993), which could ex-

plain the large surface specific area of
the U-RHA.

Comparing the reactivity of the rice
husk ashes, the results were different

/B
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than expected. As the pozzolanic acti-
vity of rice husk ash is commonly attri-
buted to the presence of reactive silica
(Malhotra and Mehta 1996), it was ex-
pected that 500-RHA would be more
reactive than 700-RHA, as higher
burning temperature and duration
would have caused the amorphous sili-
ca to crystallize. The pozzolanic activi-
ty measurement confirmed this expec-
tation. However, both 500-RHA and
700-RHA showed a similar amount of
reactive silica. Apparently the crystal-
line silica was not obtained in the pro-
cess of 700-RHA. This might be be-
cause the temperature 700°C was not
enough to form the crystalline silica.
For example Behak and Nufez (2013)
showed that at least 900°C was requi-
red to observe a decrease in reactivi-
ty. Although the reactive silica content
was the same, the specific surface area
for 500-RHA was much larger than
for 700-RHA, which could explain the
difference in reactivity. Dividing the

pozzolanic activity by the specific sur-
face area showed that both 500-RHA
and 700-RHA had similar reactivity
to surface area ratios (Table 3), insi-
nuating the higher reactivity of 500-
RHA was the result of a larger specific
surface area and not of a difference in
reactive silica content. It could be that
sintering of the particles at higher tem-
perature and longer burning duration
affected the grind-ability of the ash,
resulting in the lower specific surface
area, as observed in the ESEM analysis
of 700-RHA.

The high reactivity of U-RHA was
unexpected as the amount of reac-
tive silica in the ash was much lower
than in the other two ashes and the
presence of carbon was considered
to have adverse effect on the pozzo-
lanic reactivity (Al-Khalaf and Yousif
1984), due to its interfering impact on
the formation process of cementitious
calciumhyrdosilicates.

Table 3

Calculated rice husk ash properties

Type of rice husk ash 500-RHA  700-RHA U-RHA
Pozzolanic activity per g of RHA [mS em® g7] 0.47 0.27 0.52
(PA)

Pozzolanic activity per m” of RHA [mS cm? m?] 0.0099 0.0100 0.0077
(PA/SSA)

Pozzolanic activity per m” of silica [mS cm™ m-silica) 0.011 0.011 0.015
(PA/SSA/ST*%)*

Pozzolanic activity per g of RH [mS cm™ g] 0.056 0.032 0.109
(PA/Ash%)

2 assuming all pozzolanic activity in the RHA is attributed to silica and all other materials are inert.

b assuming the fraction of surface area of each compound in RHA is proportional to its mass percentage.
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A possible explanation for the high re-
activity of U-RHA could be the large
specific surface area. Similarly, Cordei-
ro et al. (2009) showed that high re-
activity could be obtained for a RHA
with a relatively high carbon content
of about 12%, as long as the ash was
sufficiently grinded to obtain a large
specific surface area. Comparing the
ratio between pozzolanic activity and
the specific surface area, U-RHA sho-
wed a lower activity per square me-
ter of ash than the other two types of
ash (Table 3). This seems reasonable,
considering that U-RHA has a signifi-
cantly lower silica content and that the
pozzolanic activity is attributed to the
reactive silica.

However, assuming that 1) the pozzo-
lanic activity is attributed only to the
silica and all other materials are inert
and 2) that the surface area of the sili-
ca, carbon and other elements is pro-
portional to their mass percentage, the
pozzolanic activity per square meter of
silica can be calculated by dividing the
pozzolanic activity by the specific sur-
face area and the reactive silica content
(Table 3). And based on these calcula-
tions the silica in U-RHA appears to
be about 40% more reactive than in
the other two ash types. The difference
between the reactivity of the silica of
U-RHA and the other two ashes could
be even larger, considering the surfa-
ce area of the silica and carbon is not
hecessarily proportional to their mass
Pe€rcentage. In fact, the relative surfa-
€€ area of silica can be considerably
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smaller, due to the porous nature of
the incompletely oxidized organic car-
bon, which can yield an extremely lar-
ge specific surface area (Donnet 1993;
Cordeiro et al. 2009). This result seems
peculiar as the ratio between reactive
and total silica did not significantly
vary for the different ash types (Table
1). In fact, a lower reactivity of the si-
lica was expected for U-RHA, consi-
dering that uncontrolled combustion
causes a higher amount of crystalline
silica due to locally high temperature
values, as illustrated by the more pron-
ounced quartz peaks in the XRD ana-
lysis (Figure 3a).

Another explanation for the high reac-
tivity of U-RHA could be that the as-
sumption that silica is the only reactive
compound in the ash is not correct and
that the carbon is contributing to the
reactivity of the ash. It is well known
that black carbon has good adsorptive
properties (Donnet 1993), but so far
no reports have been found attributing
pozzolanic activity to black carbon.

Overall it is clear that incomplete
combustion by uncontrolled burning
conditions led to a higher pozzolanic
activity for U-RHA compared to the
controlled burning conditions for 500-
RHA and 700-RHA. On top of that,
U-RHA has a higher yield, meaning
more ash is produced per ton of rice
husk: about 21% for U-RHA compa-
red to about 12% for both 500-RHA
and 700-RHA. As a result, the activity
per gram of RH for U-RHA is almost
twice as high as for 500-RHA and
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more than three times as high as for
700-RHA (Table 3). Consequently, ba-
sed on a higher pozzolanic activity and
a higher product yield burning conditi-
ons leading to incomplete combustion
and high carbon content seems to be
the preferred method to produce hig-
hly reactive RHA.

4.2.The suitability of RHA for
soil stabilization of clayey soils

The addition of lime and RHA to wet
clay significantly affects the geotech-
nical properties. The results of expe-
riments on treated soils showed that
RHA needs lime to be activated, and
when mixed with lime the ash contri-
buted to enlarge the positive effect of
the lime. The immediate effect of the
additives - i.e. the increase in plastic
and liquid limit and resulting incre-
ase in consistency, undrained shear
strength and apparent pre-consolidati-
on pressure - can be attributed exclusi-
vely to the addition of lime as directly
after mixing, no significant differences
were observed between the samples
with lime only and mixtures of lime
and RHA, nor between the different
ash types. On the long term the addi-
tion of RHA to clay (in combination
with lime) did have a significant ef-
fect on the development of undrained
shear strength. Especially in the case of
U-RHA, it can reduce the amount of
lime required to reach a target strength
significantly, e.g. for a strength of 400
kPa almost by a factor 2. The fact that
lime is required to activate the siliceous

RHA and that the effect of RHA on

El
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strength development is only observed
after significant curing time is similar
to what is observed in concrete or ce-
ment and typical for pozzolanic mate-

rials (Hill et al. 1992).

Considering the effect of burning con-
ditions on the suitability of RHA for
ground improvement applications in
clayey soils, the differences between
the ash types in the geotechnical tests
were not as large as expected from the
activity measurement. No significant
differences were observed between
the three ash types in the geotechni-
cal properties directly after mixing,
After curing U-RHA showed a larger
strength increase than the other two
ash types, which seemed to correspond
with the reactivity measurements. Whi-
le the reactivity of U-RHA was slight-
ly higher than 500-RHA, its ability to
increase the strength seemed much
better after curing than that of 500-
RHA, despite the fact it had a much
lower silica content. The difference in
strength after curing between the other
two ash types was negligible, even
though 500-RHA showed significantly
higher activity than 700-RHA. Based
on the large strength increase after cu-
ring for U-RHA it seems strict burning
conditions are not essential to produce
highly reactive RHA and conditions
of incomplete combustion might even
be preferred when producing RHA for

soil stabilization applications.

The clarification of these results and
their implication for practical applica-

tions still requires further investigation.
The results are somewhat contradic-
tory with the general conviction that
the carbon content of RHA should be
minimized, as it would interfere with
the chemical reaction producing the
cementitious  calciumhydrosilicates.
Also it had been found that uncontrol-
led burning of rice husks in open fire
or in industrial processes for rice par-
boiling or electricity generation results
in RHA with relatively high carbon
content and low activity. Behak and
Nuanez (2013) showed that residual
RHA with high carbon content from a
rice-parboiling plant was significantly
less effective when mixed with lime as
a stabilizing agent in sand compared
with RHA which was prepared under
controlled conditions and almost free
of carbon. However, the presence of
carbon is not necessarily the reason for
the observed low activity of the residu-
al ash as uncontrolled burning condi-
tions can locally reach higher tempe-
ratures which promote crystallization
of the silica reducing the pozzolanic
activity. Also differences in specific sur-
face area of the ash - which is signifi-
cantly affected by the composition and
the grinding procedure - and different
mixing ratios of RHA and lime could
be a reason for the observed differen-
ces in literature.

Applying uncontrolled burning to pro-
duce RHA for soil applications has
both pros and cons that require eva-
luation at large scale. Its downsides
are that it could lead to undesired gas
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emissions such as carbon monoxide or
volatile organic compounds, which are
typical products of incomplete com-
bustion and other byproducts of the
oxidation process (Jenkins et al. 1998),
while aiming for incomplete combusti-
on might affect the efficiency of using
rice husks as a fuel. On the other hand
the addition of activated carbon to
soils has additional positive effects be-
sides the potential increase in strength
and consistency as it improves fertility
and forms a sink of carbon to mitiga-
te the anthropogenic carbon dioxide
emissions (Glaser et al. 2002).

5. Conclusions

The effect of burning conditions on
the pozzolanic activity of rice husk
ash (RHA) and its implication for sta-
bilization of clayey soil was evaluated
for three different burning procedures:
uncontrolled burning in open fire and
controlled burning at 500 and 700°C.
Unexpectedly, uncontrolled burning
produced RHA showed the highest
activity and also the largest strength
improvement when it was mixed with
wet clay in combination with lime, de-
spite a high carbon content. Based on
a higher reactivity and larger product
yield, incomplete burning appears
more favourable to produce RHA for
soil stabilization purposes, and strict
burning conditions are not necessary.
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