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Recycling of industrial waste is one of the effective ways to overcome their disposal problem. Ash pro-
duced by thermal power plants and lime sludge produced by paper mills require huge disposal land and
may create environmental problems such as dusting and leaching of harmful heavy metals. Stabilization
of the ash can improve its engineering properties and address the environmental problems. This paper
reports the laboratory test results of a Class F pond ash stabilized with lime (2%, 4%, 6% and 8% by weight)
alone and in combination with lime sludge (5%, 10% and 15% by weight). The X-ray diffraction (XRD) and
scanning electron micrograph (SEM) tests were also performed to identify the possible formation of
crystalline phases after stabilization. The effects of lime sludge on the unsoaked and soaked bearing
ratios of pond ash with different lime contents, after 7 d, 28 d and 45 d of curing, were observed. Test
results indicated that the bearing ratio increased considerably up to a 4% lime content which can be
taken as the optimum lime content. Further increase in lime content increased bearing ratio gradually
but at a slower rate. The effect of lime sludge was more pronounced at the optimum lime content,
particularly at a low curing period. Lime sludge improved the bearing ratio in soaked condition signif-
icantly. Leachate analysis of stabilized ash was performed using toxicity characteristic leaching procedure
(TCLP-1311) method. The concentrations of toxic elements Zn, Cu, Cd, Ni and Cr in the stabilized mixes
were lower than those in the unstabilized waste. The results indicated that the pond ash-lime-lime
sludge mixes have potential application as road subbase material.
© 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by
Elsevier B.V. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

1. Introduction

used and an inexpensive management practice worldwide. The mix
of fly and bottom ashes in ash pond is called pond ash.

Coal ash is produced by coal-based thermal power plants (TPPs)
for power generation in many countries. There are two types of ash
produced by TPPs, i.e. fly ash (80%) and bottom ash (20%). The fly
ash is collected by electrostatic precipitators from the flue gases of
power plants, and the bottom ash is collected from the bottom of
the boilers. The ash generated by TPPs is generally disposed by one
of following two ways: (1) fly ash is transported in dry-form for
advantageous recycle or disposal in on-site or off-site landfills, or
(2) fly and bottom ashes are mixed with suitable proportion of
water and pumped out from the TPPs as slurry in the ash pond. The
second method is known as wet-disposal, which is most commonly

* Corresponding author.
E-mail address: manju.manni4@gmail.com (M. Suthar).
Peer review under responsibility of Institute of Rock and Soil Mechanics, Chi-
nese Academy of Sciences.

https://doi.org/10.1016/j.jrmge.2017.12.008

The constant increasing need for wet-disposal storage capacity
and concerns for fly ash leachate and dusting (Ghosh, 2010),
groundwater contamination (Mehra et al., 1998) and impoundment
failure (Ruhl et al., 2010) present environmental and logistical dif-
ficulties. As a result, the situation is expected to deteriorate further
worldwide, with elapsed time. The favorable method to address
these problems is to reuse the pond ash in construction, such as rail
and road embankments, dykes and structural fill, after converting it
into a nonhazardous, good-performance engineering material in a
cost-effective means. Utilization of pond ash in construction is a
solution to the disposal of pond ash and also to the scarcity of
natural construction materials.

According to the ASTM classification (ASTM C618-08a, 2008), fly
ash is classified as Classes C and F fly ash. Class C fly ash with high
calcium content undergoes high reactivity with water even without
addition of lime (Parsa et al., 1996). Class F fly ash contains lower
percentages of lime. There are numerous studies (Ghosh, 1996;

1674-7755 © 2018 Institute of Rock and Soil Mechanics, Chinese Academy of Sciences. Production and hosting by Elsevier B.V. This is an open access article under the CC BY-

NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
mailto:manju.manni4@gmail.com
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jrmge.2017.12.008&domain=pdf
www.sciencedirect.com/science/journal/16747755
http://www.rockgeotech.org
https://doi.org/10.1016/j.jrmge.2017.12.008
https://doi.org/10.1016/j.jrmge.2017.12.008
https://doi.org/10.1016/j.jrmge.2017.12.008
http://creativecommons.org/licenses/by-nc-nd/4.0/

770 M. Suthar, P. Aggarwal / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 769—777

Table 1
Physical properties of pond ash sample (Suthar and Aggarwal, 2015).

Specific Color Particle size distribution (%)

Particle size Particle size Particle size Uniformity Coefficient of

gravity - - - with 10% fines, with 30% fines, with 60% fines, coefficient, C, curvature, C¢
Coarse sand Medium sand Fine sand Silt D1o (mm) Dso (mm) Deo (mm)
(4.75-2 mm) (2.0-0.425 mm) (0.425—-0.075 mm) (0.075—0.002 mm) ~ '° 30 60
2.05 Gray 0.06 0.21 46.27 53.46 0.015 0.03 0.091 6.07 0.66
Table 2
Chemical composition of pond ash, lime and lime sludge (%).
Material type Si0, Al,03 Fe,03 Ca0/CaC0s3 TiO, P,05 K>,0 MgO MnO Nay0 SO3 LOI Others
Pond ash 62.45 27.77 4.45 0.66 1.78 0.5 143 0.45 0.05 0.08 0.09 2.39 —
Lime 0.43 0.07 0.06 65.21 - - - 12.34 0.01 — 0.08 21.76 0.04
Lime sludge 23 0.21 0.28 57.11 - 0.41 0.16 1.22 9.2 x 107 0.84 0.64 36.67 0.15

Note: The data of pond ash are obtained from Suthar and Aggarwal (2015). LOI represents loss on ignition.

Pandian, 2004; Ghosh and Subbarao, 2007; Tastan et al., 2011) on
Class F fly ash, stabilized with lime, cement, gypsum, or in combi-
nation, to improve the engineering properties of fly ash.

A number of studies have been conducted on effective utiliza-
tion of fly ash in bulk quantity in many civil engineering applica-
tions, such as using fly ash as fill material (DiGioa and Nuzzo, 1972;
Faber and DiGioa, 1974; Joshi et al., 1975; Horiuchi et al., 2000),
lightweight aggregate (Bin-Shafique et al., 2004), subbase material
(Sherwood and Ryley, 1966; Leelavathamma et al., 2005; Ghosh and
Subbarao, 2006), and volume replacement and self-compacting
material for increasing the workability of concrete (Ganesh and
Siva, 1993; Siddique, 2003; Jaturapitakkul et al., 2004; Yen et al.,
2007; Mustafa et al., 2009), and also for soil stabilization (Tastan
et al., 2011), replacement of cement (Xu and Sarkar, 1994), coastal
land reclamation (Kim and Chun, 1994), and the manufacture of
clay flooring and terracing tiles (Bou et al., 2009).

Lime sludge is another waste material, generated from paper,
acetylene, sugar, fertilizer, sodium chromate, soda ash industries
and water softening plants. Approximately 4.5 million tons of lime
sludge is generated annually from these industries in India (Sahu
and Gayathri, 2014), and disposal of the lime sludge is also a
problem (Calacea et al., 2005; Mahmood and Elliot, 2006; Battaglia
et al., 2007). As lime sludge contains calcium carbonate (Medhi
et al., 2005), researchers proposed to utilize lime sludge in many
civil engineering applications as building material (Singh and Garg,
2008), partial replacement material of cement in mortar (Sahu and
Gayathri, 2014), subgrade material (Zhang and Yu, 2012) and even
subbase material in village road (Talukdar, 2015).

Few studies are reported on the characteristics of pond ash-
lime-lime sludge (PA-L-LS) mixes. The present study investigates
the bearing ratio of Class F pond ash with lime (2%—8% by weight)
alone and lime combined with lime sludge (5%—15% by weight),
after different curing periods (7 d, 28 d and 45 d) under unsoaked
and soaked conditions. The X-ray diffraction (XRD) and scanning
electron micrograph (SEM) tests were also carried out on the sta-
bilized pond ash samples. Further, to study the leaching behavior of
selected harmful metals from lime sludge, unstabilized and stabi-
lized pond ash samples, leaching tests was conducted using toxicity
characteristic leaching procedure (TCLP-1311) method.

2. Materials and method
2.1. Experimental materials

2.1.1. Pond ash

Pond ash was collected from Deenbandhu Chhotu Ram Thermal
Power Plant, Yamuna Nagar, India. According to ASTMC 618-08a
(2008), the ash belongs to Class F. The physical properties and
chemical composition (Suthar and Aggarwal, 2015) of the pond ash
are presented in Tables 1 and 2, respectively.

2.1.2. Lime
Hydrated lime was used in the study. The chemical composition
of the lime is presented in Table 2.

Table 4
Table 3 MDD and OMC of various pond ash mixes.
Summary of mixes. Mix Standard Proctor compaction

Sample No. Mix combinations Designation MDD (g/cm?) OMC (%)
1 Pond ash PA PA 1.093 322
2 Pond ash + 2% lime PA2L PA2L 1.094 31.3
3 Pond ash + 4% lime PA4L PA4L 1.118 31
4 Pond ash + 6% lime PA6L PA6L 1.127 28.7
5 Pond ash + 8% lime PASL PASL 1.123 31.7
6 Pond ash + 2% lime + 5% lime sludge PA2L5LS PA2L5LS 1.12 303
7 Pond ash + 4% lime + 5% lime sludge PA4L5LS PA4L5LS 1.137 29.8
8 Pond ash + 6% lime + 5% lime sludge PAGL5LS PAGL5LS 1.144 27.7
9 Pond ash + 8% lime + 5% lime sludge PASL5LS PASL5LS 1.142 30.7
10 Pond ash + 2% lime + 10% lime sludge PA2L10LS PA2L10LS 1.14 29
11 Pond ash + 4% lime + 10% lime sludge PA4L10LS PA4L10LS 1.148 28.3
12 Pond ash + 6% lime + 10% lime sludge PAGL10LS PAGL10LS 1.124 30.7
13 Pond ash + 8% lime + 10% lime sludge PASL10LS PASL10LS 1.166 279
14 Pond ash + 2% lime + 15% lime sludge PA2L15LS PA2L15LS 1.125 31.7
15 Pond ash + 4% lime + 15% lime sludge PA4L15LS PA4L15LS 1.157 28
16 Pond ash + 6% lime + 15% lime sludge PAGL15LS PAGL15LS 1.16 26.3
17 Pond ash + 8% lime + 15% lime sludge PA8L15LS PA8L15LS 1.17 26.1
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Fig. 1. Bearing ratio of lime-stabilized pond ash at 7 d, 28 d and 45 d of curing period:
(a) Unsoaked test and (b) Soaked test.

2.1.3. Lime sludge

Lime sludge was collected from the Ballarpur Industry Limited
(paper mill), Yamuna Nagar, India, which is also a waste from the
industry. The chemical composition of the lime sludge is presented
in Table 2.

2.2. Experimental program

A series of laboratory test was performed on the pond ash sta-
bilized with varying percentages of lime (2%, 4%, 6% and 8%). Effect
of lime sludge (5%, 10% and 15%) on lime-modified pond ash was
also studied. In order to assess the engineering properties of sta-
bilized pond ash, Proctor compaction and bearing ratio tests were
performed after curing periods of 7 d, 28 d and 45 d under
unsoaked and soaked conditions.

To identify the substantial changes in the stabilized pond ash
structure, mineralogical and morphological analyses were also
carried out using XRD and SEM tests, respectively. Finally, leachate
analysis was performed on selected soaked stabilized pond ash
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Fig. 2. Bearing ratio of stabilized pond ash with varying lime and lime sludge contents
for 7 d of curing period: (a) Unsoaked test and (b) Soaked test.

samples. A summary of mixes along with designations is presented
in Table 3.

2.3. Testing procedure

2.3.1. Compaction test

The maximum dry density (MDD) and optimum moisture con-
tent (OMC) of each mix were determined using standard Proctor
compaction test as per IS 2720-7 (1980). The values of MDD and
OMC for all mixes are presented in Table 4.

2.3.2. Bearing ratio test

The bearing ratio is a vital parameter used in the empirical
flexible pavement design approaches. The bearing ratio tests were
performed on all the mixes as per IS 2720-16 (1987) under
unsoaked and soaked conditions. To study the effect of curing/
pozzolanic reaction on bearing ratio, compacted samples were
sealed in the plastic bag (to prevent rapid moisture loss) at room
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Fig. 3. Bearing ratio of stabilized pond ash with varying lime and lime sludge contents
for 28 d of curing period: (a) Unsoaked test and (b) Soaked test.

temperature, for 7 d, 28 d and 45 d. To evaluate the effect of soaking
on the bearing ratio, the cured samples were soaked in water for
96 h before testing.

2.3.3. XRD and SEM tests

To understand the mineralogical and morphological behaviors,
XRD and SEM tests were carried out on stabilized pond ash sam-
ples, respectively. For XRD test, a small amount of sample was oven-
dried at 105 °C for 24 h, and powdered and sieved through a 50 pm
sieve. The sample finer than 50 pm was placed onto the X-Ray
diffractometer equipment and scanned over a scattering angle 26 of
10°—70°. An XRD pattern of the sample was then compared to the
standard patterns (JCPDS data files) for possible compounds in the
stabilized samples. SEM tests were performed by using a model
JEOL JSM-6510LV. For SEM analysis, a solid piece of approximate
10 mm size was selected from the stabilized sample. Solid piece of
the sample was oven-dried at 105 °C for 24 h. Then, the dried
sample was mounted on the sample holder and coated with a thin
layer of gold-palladium alloy with a JEOL JFC-1600 auto fine coater
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Fig. 4. Bearing ratio of stabilized pond ash with varying lime and lime sludge contents
for 45 d of curing period: (a) Unsoaked test and (b) Soaked test.

to make them good conductor. The coated sample was placed in
SEM equipment and the photographs were recorded.

2.3.4. Leaching test

The TCLP-1311 test method was used to investigate the leaching
behavior of the ash samples. TCLP is one of the main leaching
procedure tests that have been used to analyze the risk of heavy
metal leachability from the stabilized pond ash sample.

In order to perform the test, leachate solution was prepared by
adding 5.7 mL glacial acetic acid to 500 mL distilled water. Further,
1 mol/L NaOH was added to the solution and the final solution was
made to 1 L by adding additional distilled water. During this pro-
cess, the pH value of this solution was maintained at 4.94. The
selected sample of 100 g was immersed in this solution (acetic acid-
NaOH buffer solution). The prepared leachate solutions were pre-
served in a closed container and were kept in desiccators at room
temperature for the one-month duration. The leachate solutions
were shaken at a rate of 30 + 2 RPM (revolutions per minute) to
aggravate the reaction between the sample and leachate solution
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Table 5
Percentage increase in bearing ratio of pond ash stabilized with lime.

Mix Percentage increase (%)
7 d of curing 28 d of curing 45 d of curing
Unsoaked  Soaked Unsoaked  Soaked Unsoaked  Soaked
PA2L 32.69 287.96 69.41 158.59 58.75 122.98
PA4L  106.96 712.78 10037 496.08 94.33 44313
PA6L  151.55 919.16  154.14 610.01 142.13 543.13
PASL 17547 1208.6 203.39 89594  182.57 751.52
Table 6

Percentage increase in bearing ratio due to addition of lime sludge to lime-stabilized
pond ash.

Mix Percentage increase (%)

7 d of curing 28 d of curing 45 d of curing

Unsoaked Soaked Unsoaked Soaked Unsoaked Soaked
PA2L5LS 6.57 3933 16.16 1325 21.13 125.93
PA2L10LS 27.36 10342 26.77 161.9 32.76 161.98
PA2L15LS 41.24 144.08 42.21 19833  40.26 196.99
PA4L5LS 13.33 3721 26.84 2091 22.62 28.44
PA4L10LS 27.77 56.95 36.66 3342 3255 41.67
PA4L15LS  41.99 68.92 5094 48.85 44.72 56.36
PAG6L5LS 16.55 33.56 15.66 1885 16.7 27.33
PAGL10LS 24.86 40.67 21.71 28.55 235 39.04
PA6L15LS  34.1 49,57 28,53 3549 31.46 46.89
PASL5LS 16.01 8.15 9.74 1041 15.56 11.35
PASL10LS  20.86 1115 14.74 1826  24.11 18.6
PA8SL15LS 26.54 184 19.09 2436 28.87 24.93

on a daily basis. Although, as per CLP-1311, the leachate solution
should be filtered as soon as possible after agitating for 16 h, but
when reviewing in the literature, the concentration of toxic ele-
ments in stabilized samples is significant up to 30 d. According to
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Guleria and Dutta (2013a, 2013b), a marginal increase has been
observed when the different leachate solutions were tested after
90 d corresponding to the leachate results obtained after 30 d.
Keeping this in mind, superannuated leachate solution was filtered
after 30 d through a 0.45 mm filter paper by vacuum filtration
system for analyzing the selected heavy metals. The MP-atomic
emission spectrophotometer (MP-AES) was used to determine the
concentration of elements.

3. Results and discussion
3.1. Compaction test

The results of the compaction tests of pond ash stabilized with
lime (2%, 4%, 6% and 8%) and lime plus lime sludge (5%, 10% and 15%)
are shown in Table 4. The results indicate that there is an increasing
trend in the MDD value and a decreasing trend in the OMC value
with increase in lime/lime sludge doses. However, some localized
variations are observed there. The values of MDD and OMC of the
pond ash were 1.093 g/cm® and 32.2%, respectively. The value of
MDD of stabilized pond ash varies from 1.094 g/cm? to 117 g/em?,
and OMC varies from 31.7% to 26.1%. The observations are in
agreement with Ghosh (2010).

3.2. Bearing ratio test

The bearing ratio test results of pond ash, stabilized with varying
percentage of lime under unsoaked and soaked conditions, are
presented in Fig. 1a and b, respectively. The bearing ratio test results
of pond ash stabilized with lime only and lime plus lime sludge for
7 d, 28 d and 45 d of curing period, under unsoaked and soaked
conditions, are presented in Figs. 2—4, respectively. The effects of
lime and lime sludge content, curing period and soaking on the
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Fig. 5. XRD patterns of pond ash with varying percentage of lime along with 15% lime sludge at (a) 28 d and (b) 45 d of curing.



774 M. Suthar, P. Aggarwal / Journal of Rock Mechanics and Geotechnical Engineering 10 (2018) 769—777

SEI 15kV WD10mm SS43

(c) PA4L15LS-28D e

s ! -
WD10mm ss28 x2,000 10pum

WD12mm SS29

(b) PA2L15LS-28DR

wWD11mm sSs28 x2,000 10pm
il = sl

- * (d) PA6L15LS -28D

x2,000  10pm

x2,000 10pm

Fig. 6. SEM photographs of pond ash with varying percentage of lime along with 15% lime sludge at 28 d of curing period: (a) PA, (b) PA2L15LS-28D, (c) PA4L15LS-28D, (d)

PAG6L15LS-28D, and (e) PASL15LS-28D.

bearing ratio behavior of stabilized pond ashes are presented in the
following sections.

3.2.1. Effect of lime content

Table 5 shows the percentage increase in bearing ratio of lime-
stabilized pond ash as compared to unstabilized pond ash under
unsoaked and soaked conditions. The bearing ratio increases with
increase in lime content, at a steeper rate up to 4% of lime. From the
results, it is evident that the soaked bearing ratio of unstabilized
pond ash (after 7 d of curing) reduces from 23% to 4%, due to the
softening of the unstabilized sample during soaking. The addition
of lime increases the bearing ratio value in both unsoaked and
soaked conditions, but the percentage increase in bearing ratio is
much higher in soaked conditions. Addition of lime increases the
bearing ratio, which may be due to pozzolanic reaction that has
taken place in the presence of lime. The results also show that as
the quantity of lime increases, the effect of soaking on bearing ratio
reduces at all curing periods.

3.2.2. Effect of lime sludge content
Table 6 shows the percentage increase in bearing ratio due to
the addition of lime sludge along with lime in pond ash as

compared to lime alone. It can be observed from Figs. 2—4 and
Table 6 that effect of lime sludge is more significant at lower doses
of lime, i.e. up to 4% and in soaked condition. At higher doses of
lime, i.e. 6% and 8%, the effect of lime sludge on soaked bearing ratio
is marginal. It is also observed that addition of lime sludge reduces
the effect of curing period.

From the above results, it can be concluded that the lime sludge
plays a predominant role in the improvement of pond ash bearing
ratio particularly with low lime content and at low curing periods.

3.2.3. Effect of curing period

To study the effect of curing period on the bearing ratio of sta-
bilized pond ash, the samples were cured for 7 d, 28 d and 45 d. The
bearing ratios in both unsoaked and soaked conditions increase
continuously with an increase in curing period of lime-stabilized
pond ash for each lime content (Fig. 1). The increasing trend in
the bearing ratio of pond ash stabilized with lime and lime sludge
content is also observed in Figs. 2—4 for curing period up to 45 d.
The reason for increase in bearing ratio with curing period is
pozzolanic reactions. As per Sahu et al. (2013), the pozzolanic re-
action is a slow process, and the amount of gel formed in the mix
increases with an increase in curing period resulting in a higher
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strength. In all the mixes, the bearing ratio after 28 d of curing
period is approximately 80%—90% of bearing ratio after 45 d of
curing period.

3.2.4. Effect of soaking

To investigate the effect of soaking on the bearing ratio of sta-
bilized pond ash, cured samples were soaked in water for 96 h. The
soaked bearing ratio is about 80% of that of the unsoaked bearing
ratio for all the mixes and all curing periods except for samples PA,
PA2L (curing periods of 7 d, 28 d and 45 d), PA4L, PA6L and PA2L5LS
(curing period of 7 d). The soaked bearing ratio is so high because
particles are sufficiently bonded due to adequate pozzolanic reac-
tion that has taken place during curing, hence the effect of soaking
is reduced. For samples PA, PA2L (curing periods of 7 d, 28 d and
45 d), PA4L, PA6L and PA2L5LS (curing period of 7 d), soaked
bearing ratio is relatively lower, about 20%—70% of respective
unsoaked bearing ratio. The reason may be attributed to an insuf-
ficient quantity of lime/lime sludge and curing period for necessary
pozzolanic reaction.

As per Indian Road Congress guidelines (IRC 37, 2001), the
subbase material should have a minimum bearing ratio of 20% for

cumulative traffic up to 2 million standard axles (msa) and 30% for
traffic exceeding 2 msa. The results show that after 28 d of curing,
the sample PA2L5LS is good enough to be used as a subbase course.
A minimum quantity of lime in the pond ash mix satisfying the
subbase course requirement is 2%, i.e. mixes PA2L10LS (7 d of
curing) and PA2L5LS (28 d of curing).

3.3. XRD analysis

The XRD test results of the unstabilized and stabilized (with
lime and 15% lime sludge) pond ash samples after 28 d and 45 d of
curing and soaking are shown in Fig. 5a and b, respectively. Results
show that the major crystalline phase in the unstabilized pond ash
is quartz (Q) and others in small amount are mullite (M), hematite
(H) and magnetite (Ma). Fig. 5a and b reveals the formation of new
peaks of calcium hydroxide (P) and calcium carbonate (K) in all
stabilized pond ash samples which came from addition of lime and
lime sludge. Formation of these new peaks of calcium hydroxide (at
18° and 34.1°) and calcium carbonate (at 29.4° and 43.2°) were
found to match well with the JCPDS Nos. 44—1481 and 85—1108,
respectively. Thus, the increase in bearing ratio as observed
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Table 7

Concentration of heavy metals in lime sludge, unstabilized and stabilized pond ash (mg/kg).

Elements PA LS PA2L15LS PA4L15LS PAGL15LS PA8L15LS Waste acceptance criteria (Akar et al., 2012)
Inert Nonhazardous Hazardous
Zn 0.15 0.03 0.04 0.01 0.03 0.03 4 50 200
Cu 0.09 0.05 0.03 0.03 0.04 0.04 2 50 100
Pb 0.34 0.83 0.74 0.72 0.76 0.77 0.5 10 50
Cd <0.01 0.01 ND ND 0.01 0.01 0.04 1 5
Ni 0.08 0.02 0.16 0.03 0.03 0.03 0.4 10 40
Cr <0.05 0.09 ND 0.02 0.02 0.01 0.5 10 70

Note: ND - not detected.

experimentally for stabilized samples with lime and lime sludge
after curing periods of 28 d and 45 d is attributed to the formation
of these new peaks.

3.4. SEM analysis

The SEM test results of the unstabilized and stabilized (with
lime and 15% lime sludge) pond ash samples after 28 d and 45 d of
curing and soaking are shown in Figs. 6 and 7, respectively. The SEM
photographs (Fig. 6b—e) of stabilized pond ash show a better
bonding among pond ash particles and formation of ettringite
needles on the surface of pond ash particles. A gradual increase
(Fig. 6b—d) was observed in the bonding and ettringite needles up
to PAGL15LS, with an increase in lime content from 2% to 6% and
15% lime sludge. But the ettringite peak was not identified by the
XRD test, probably because of lesser amount of lime/lime sludge
content. Contrary to this, the SEM results of unstabilized pond ash
(Figs. 6a and 7a) show no bonding among the pond ash particles.
Furthermore, with the increase in curing period to 45 d of the
stabilized pond ash (Fig. 7b—e), there is an increase in the forma-
tion of the ettringite needle which is filling the void space among
the pond ash particles. The filling of void spaces by ettringite
needles makes the sample denser, which increases the bearing
ratio. Similar observations were reported by Shi (1996), Das and
Yudhbir (2005), Yang et al. (2008) and Sivapullaiah and Moghal
(2011) for fly ash-lime-gypsum mixtures. From the results, it is
concluded that with the increase in the curing period from 28 d to
45 d, there is an increase in the bonding and ettringite formation in
stabilized ash samples results in a higher bearing ratio.

3.5. Leachate analysis

The TCLP test was performed on lime sludge, unstabilized and
stabilized pond ash with lime (2%, 4%, 6% and 8%) and 15% lime
sludge. The concentration of the selected elements (Zn, Cu, Pb, Cd,
Ni and Cr) in solutions obtained from TCLP leaching test was
analyzed by MP-AES. The results of the leachate analysis are shown
in Table 7 along with the limiting values of waste acceptance for
land filling as per Annex 2 of the 2003/33/CE Council Decision
(based on 1999/31/EC Directive) (Akar et al., 2012).

Concentrations of higher toxic elements Zn, Cu, Cd, Ni and Cr as
detected in unstabilized pond ash, stabilized pond ash and lime
sludge samples are very low and within inert limit. Concentrations
of these elements are further reduced in stabilized ash sample
than unstabilized one. Further, in unstabilized and stabilized waste
materials, the concentration of Pb is higher than the inert limit but
lower than the nonhazardous limit for waste acceptance criteria.
Based on the above results, it can be concluded that concentra-
tions of the selected trace elements are detected within nonhaz-
ardous limit of waste acceptance for land filling as per EC
Directive.

4. Conclusions

In the present study, a sample of pond ash is stabilized with lime
(2%—8%) alone and in combination with lime sludge (5%—15%). The
bearing ratio under unsoaked and soaked conditions was deter-
mined after curing periods of 7 d, 28 d and 45 d. The XRD and SEM
studies were carried out on stabilized pond ash samples to examine
changes in chemical composition and bonding among the particles.
Further, the TCLP tests were also conducted to determine the po-
tential contamination of groundwater by toxic elements. Based on
the results, the following conclusions may be drawn:

(1) With the increases in lime and lime sludge contents, the
MDD increases and OMC decreases with minor variations.

(2) The bearing ratio increases with the increase of lime content,
at a steeper rate up to 4% of lime.

(3) Contribution of lime is more significant in increasing the
soaked bearing ratio of stabilized pond ash as compared to
unsoaked bearing ratio.

(4) Increase in soaked bearing ratio is higher as compared to
unsoaked bearing ratio when the pond is stabilized with lime
and lime sludge instead of lime only.

(5) Lime sludge along with lime increases the bearing ratio at
lower curing periods.

(6) The bearing ratio increases with curing period due to pozzo-
lanic reaction which is evident from the XRD and SEM results.

(7) Concentrations of toxic elements Zn, Cu, Cd, Ni and Cr in
unstabilized and stabilized pond ash samples are within the
inert limit. There is a reduction in the concentration of these
elements in stabilized pond ash samples as compared to
unstabilized pond ash sample. The concentration of Pb is
larger than the inert limit in both unstabilized and stabilized
waste materials. However, it is lower than the nonhazardous
limit for waste acceptance criteria of solid wastes imposed by
the EC Directive.

Addition of lime sludge to lime-stabilized pond ash enhances its
engineering properties for potential application in roadway
embankment and as subbase material. This may address the
problems of waste disposal and scare natural resources.
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