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Grain characteristics and engineering properties

of coal ash

A. Trivedi, V. K. Sud

Abstract Ash produced by the coal fired thermal plants
is often used as a geo-material where its characteristics
and mechanical behavior is important. The present study
describes an investigation into the grain characteristics
and the engineering properties of coal ash. The results
of x-ray diffraction, micrographic observation and grain
size distribution are analyzed in relation to maximum and
minimum void ratio, permeability, compressibility and
frictional properties. The grain size is found to be a signif-
icant grain characteristic that may be used for classifica-
tion of ash as well as interpretation of primary, secondary
and index properties. The compressibility and frictional
characteristics depend on stress environment and pack-
ing with respect to a critical state uniquely identified by
material characteristics. The fitting parameters for the se-
lected sets of samples have been evaluated for the Ropar
coal ash. This study presents the data and the correlations
that are pertinent to a wider community of geo-technical
and geo-environmental engineers interested in the utiliza-
tion of coal ash as a structural fill.
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Introduction

Coal ash is identified as a material produced by the burn-
ing of coal in large quantities by coal fired thermal power
plants. The ash is stored in large ash ponds construct-
ed in the vicinity of the thermal plants. It is used as a
structural fill in the ash dikes. Until recently, the mod-
eling of the mechanical behavior of ash has remained
case specific, but it is now recognized that its constit-
utive behavior is largely determined by its particle size
distribution and grain characteristics. The physical, chem-
ical and mechanical properties of the coal ash depend on
the coal type, its origin, handling, grain size, processing
technique, boiler size, disposal and storage methods, etc.
Due to a large variety of the coal ash types and mor-
phology, the engineering behavior of coal ash is complex
to model. The engineering behavior of coal ash such as
non-linear deformation, dilatancy, and permeability is in-
fluenced by the physical properties and the environmen-
tal conditions. The grain size characteristics may be used
for classification of ash as well as for the interpretation
of primary, secondary and index properties. The prima-
ry and secondary physical properties of soils have been
categorized by Spronck [1]. Miura et al. [2] studied pri-
mary physical characteristics and their influence on the
index properties of sands. Iwasaki and Tatsuoka [3] inves-
tigated the effect of grain sizes on the shear modulus of
sands.

The primary properties focus upon permanent features
of the ash type such as its morphology, specific gravity,
shape and distribution. Secondary properties are change-
able parameters such as packing, orientation of grains,
bulk density, void ratio, and permeability, etc. The in-
dex properties include the maximum and the minimum
void ratio, and the angle of repose, etc. The critical angle
is often described as mineralogical-morphological param-
eter [4]. The peak friction angle is recognized as an envi-
ronmental effect of the stress state and the packing with
respect to a critical state uniquely identified by the mate-
rial characteristics [4]. In this study, as a matter of inter-
est to geotechnical and geo-environmental engineers, the
effect of grain characteristics on the properties and the
mechanical behavior of representative ash samples from
various storage locations of the Ropar thermal power plant
Punjab, India have been discussed. Utmost care was taken
so that test sample sets were representative of the grain
size distribution and characteristics as described. These
samples were collected in polyethylene bags and sealed at
the location of collection.
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Sample characteristics

The samples Al and A2 were collected from an ash pond
where they were disposed by a wet method in the form of
slurry. The samples referred as B1 to B7 were collected in
dry state from different hoppers of the electrostatic pre-
cipitators. The sample A3 was obtained as the dry mixture
of the ashes from different hoppers.

The grain sizes present in various ash samples were
obtained from the mechanical sieve shaker and the hyd-
rometer analysis. All the ash samples were passed through
mechanical sieves of aperture 4.75, 2.36, 1.2, 0.6, 0.3, 0.15,
and 0.075 mm, arranged in this order. The ash fraction
passing through 0.075 mm was collected on a pan and
was used in a hydrometer test for the analysis of fines.
Different samples were grouped as coarse grained (A1, A2,
B1, B2, B3) and fine grained ashes (A3, B4, B5, B6, B7).
Studies were carried out for a minimum of three samples,
collected from each location referred to above, producing
consistent results. The grain size analysis plot was trans-
ferred as five equivalent sizes corresponding to 0, 10, 50,
80, and 100% finer by weight for each of the ashes shown
(Fig. 1la & b). The samples were designated coarse and
fine having mean sizes in the range of 200 to 70 and 25
to 5 pm respectively. The coarse (Fig. la) and the fine
(Fig. 1b) samples were having sizes between 4000 and 9
and 1000 and 1 pm respectively. Particle size distribution
studies show that the mean size of particles may generally
vary from less than 200 to 5 pm in diameter.

Ash ranges in size from silt, sandy silt to sand as ob-
served by Leonards and Bailey [5], Toth et al. [6], Skarzyn-
ska et al. [7], Dayal [8], Sridharan et al. [9], Trivedi [10]
and Trivedi et al. [11]. Pond ashes (A1, A2) have higher
specific gravity (either due to weathering reactions or the
presence of bottom ash) compared to the ashes collected
dry from the ESP (electrostatic precipitator) even though
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Fig. 1. (a) Grain size distribution of coarse coal ashes. (b)
Grain size distribution of fine coal ashes

having similar mean size (B1, B2). The coefficient of uni-
formity for the coarse samples varied between 10 to 5 and
that of the fine samples between 6 to 2 (Fig. 2). The coef-
ficient of uniformity is defined as a ratio of Dgg and Dyy.
Dgp and Dy are sizes corresponding to that 60 and 10%
ash being finer by weight. Although firing conditions will
have some effect on the grading of the ash produced, it is
likely that for any power station, initial pulverization of
coal and sedimentation in lagoons, has the greatest influ-
ence on the grading of the ash. Thus coarse-grained ashes
have a higher coefficient of uniformity than the fine sam-
ples (Fig. 2). In the ash ponds the ash is deposited along a
gradient, which also occur due to particle size separation
along the beach. The coarse material containing bottom
ash settles first. It drains rapidly in the pond. It has high-
er grading compared to the particle size distribution of
samples collected from the ESP (Series-B).

Structure, particle shape and composition

Coal ash is derived from a natural material, and as such,
its composition depends upon the type of coal used in the
thermal power stations. The rock detritus in the coal is
likely to vary from one coal sample to the other [12], so
that variations are expected among the ashes. In the burn-
ing chamber subdivision and decomposition occur [13].
The mineral groups present in the coal are hydrated sil-
icate (clay minerals e.g. kaolinite, montmorillonite, and
muscovite), carbonate (calcite, siderite, and dolomite),
sulphate (gypsum anhydrate), silicate (e.g. quartz and
feldspar), phosphate (apatite), sulphide (pyrite and marc-
asite). The minerals in coal and their varying proportion
generally play a major role in determining the chemical
composition of the ash [14]. During combustion as the coal
passes through the high temperature zone in the furnace,
the volatile matter and carbon are burned out whereas
most of the mineral impurities will melt at high temper-
ature. The base metal sulphides are mainly responsible
for flue gases and S-content of the ash. The fused matter
produced in the furnace is quickly transported to lower
temperature zones, where it solidifies as almost spherical
particle of the silicate glass. Some of the mineral matter
agglomerate forms bottom ash, but the most of it flies out
with the flue gas stream and is called fly ash. Coal ash is
subsequently removed from the gas by ESP.

The present ash containing less than 10% lime is gen-
erally a product of combustion of anthracite, bitumi-
nous, and sub-bituminous coal. In the furnace, when large
spheres of molten glass do not get cooled rapidly and uni-
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Fig. 3. X-ray diffraction pattern of coal ash

formly, sillimanite (Al035.Si0O2) or mullite (3A1503.5104)
may crystallize as slender needles in the interior of the
glassy spheres. X-ray diffraction analyses have confirmed
that the principal crystalline minerals in coal ashes are
quartz, mullite, hematite, and magnetite (Fig. 3). These
crystalline minerals are non-reactive at ordinary temper-
atures; their presence in large proportion tends to reduce
its reactivity. These ashes practically behave as an inert
material.

The chemical composition of the ash is determined by
the chemical composition of the non combustible compo-
nents in the coal. Different minerals in coal with a con-
stant overall chemistry will result in ashes of the same
chemical composition but may lead to different mineral-
ogical composition. The chemical analysis of Ropar ash in-
dicates SiOq (57.5%), AlaO3 (27.2%), Fe2O3 (5.4%), CaO
(3.1%), MgO (0.4%), soluble (~1%), and unburned car-
bon (~4% by weights). It has been reported that the me-
chanical properties of ash depend on the grain size, shape
and distribution. Micrographic observation (Fig. 4) indi-
cates the existence of the following constituents in ash (i)
clear and brownish glass spheres, (ii) sub rounded porous
grains, (iii) irregular agglomerates, (iv) opaque spheres
or angular grains of magnetite (dark gray) and hematite
(red) identified by their color, (v) irregular porous grains
of unburned carbon (black). Micrographic evidence sug-
gests that most of the particles in fly ash occur as solid
spheres of glass. In addition a small number of hollow
spheres, which are called cenospheres (completely empty)
and plerospheres (packed with numerous small spheres or
crystals) may be present.
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Fig. 4. Electron micrograph of typical ash samples

Apparent specific gravity

In the present study the apparent specific gravity was ob-
tained with a pyconometer. Compared with natural soils
having specific gravity in the range of 2.5 to 2.7, coal
ashes have low apparent specific gravity (G4, 1.6 to 2.1)
(Fig. 5). The specific gravity of the ash is a function
of both chemical constituents and fineness. The specific
gravity of various individual chemical components name-
ly nepheline or Nay0.Al;035.5i05 (G5, 2.5 to 2.6), mullite
or 3A1203.25102 (Gs, 3.1 to 3.6), quartz or SiOy (G,
2.65), hercynite or FeO.Al,O5 (Gs, 3.5 to 4.1), fayalite
or 2Fe0.5i05 (Gg, 4.3), hematite or FesO3 (Gs, 4.9 to
5.3) and magnetite or FeoO3 (G, 5.18) is higher than the
apparent specific gravity of coal ash because of different
arrangements in their solid state. It is apparent that ash
with high iron content (Fe;Og3) will have a corresponding-
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Fig. 5. Apparent specific gravity plotted against mean size



96

ly high specific gravity [15]. Lower values for floating scum
(0.8) are attributed to high concentration of cenospheres.
The cenospheres and plerospheres are also observed in the
non-floating coarser fraction of the coal ash. The specific
gravity of pond ash in the discharge zone (2.17) is report-
ed to be higher than that of out flow and transition zone
(2.13 to 2.06) [7], because of the concentration of bottom
ash in the discharge zone. Pandian et al. [16] reported a
variation of specific gravity in relation to the grain size
(Ga, 1.6 to 1.9, for Korba pond ash) and iron content
(G, 1.6 to 2.0 for iron content between 3.5 to 9%). The
specific gravity of in situ (2.27) and powdered ash (2.36)
samples [5] suggested an increase in the apparent values
due to breaking of the coarse ash to the fine one. The ap-
parent specific gravity decreases with the mean particle
size of the ash material (Fig. 5). There is a sporadic scat-
ter of apparent specific gravity values of pond ash due to
the presence of bottom ash.

Maximum and minimum void ratio

The maximum and the minimum void ratios depend on
the grain properties and the state of compaction. The
maximum void ratio was determined by a slow pouring
technique. The minimum void ratio was obtained by pour-
ing ash in a standard mold with a volume of 2,830 cm?
using a thick walled cylindrical tube. The maximum den-
sity was achieved by densifying dry ash in this mold using
an electromagnetic, vertically vibrating table with a fre-
quency of 60 Hz. For fine ashes (Fig. 1b) difficulties of the
flow of fines were encountered in using this technique. The
capping plate was modified to fit at the top of the mold.
Double amplitude of vertical vibration of 0.38 mm was
found to be optimal for all the ash samples. The careful
execution of this procedure leads to a reasonably repro-
ducible value. Figure 6 gives both the maximum and the
minimum densities of various ash samples. Fine ashes tend
to have a higher maximum density than the coarse ash of
parallel gradation (B2 & B3). An increasing coefficient of
uniformity for the common mean particle size (A3 & B4)
increases the maximum density.

All ash samples were compacted in a Proctor stan-
dard mold and the void ratio was determined. The
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Fig. 6. Variation of unit weight of coal ashes with void ratio

minimum void ratio corresponding to the maximum densi-
ty achieved in a dry vibration and the Proctor compaction
test is compared (Fig. 7) for various ash samples. A lower
void ratio is obtained essentially in the dry vibration test.
The difference between the void ratio in dry vibration and
Proctor compaction decreases with increasing mean size
and becomes insignificant for the coarse ash samples (Fig.
7). This difference is attributed to slacking of ash due to
the presence of moisture in the Proctor test. Breaking of
cenospheres is observed in the modified Proctor test due
to greater impact. The difference between the maximum
and the minimum void ratio, defined as void ratio extent,
is plotted for various ashes (Fig. 8). There is a gradual re-
duction of the void ratio extent with the increasing mean
size. The ratio of maximum and minimum void ratios has
been plotted to find a relation with the mean size. The
trend line (shown in Fig. 9) indicates a satisfactory coef-
ficient of reliability of 0.9 in the relation

(1)
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Proctor compaction

Proctor compaction test was conducted on various ash
samples to find out the relation between the compaction
properties and the grain size distribution. With increas-
ing fineness, the maximum dry density increases (Fig. 10)
and the optimum moisture content decreases (Fig. 12).
The decrease of the optimum moisture content with in-
creasing fineness is contrary to the observed phenomenon
for natural soils of similar grain size distribution. Coal
ash has a variation of dry density with moisture content
that is smaller than the variation of well-graded soils with
the same median grain size [9]. Normal soils have air voids
between 1 and 5% at maximum dry density, while ash con-
tains 5-15% air voids at maximum dry density [17]. The
minor variation of the dry density of ash with increasing
moisture is explained by the air void content of ash as
high as 20% in the present case.

In fine ashes (Fig. 1b), less gas is trapped in the fused
state, so that the specific gravity will be higher and par-
ticles will be smoother, achieving a maximum dry density
at a lower moisture content. High void contents of ash are
generally associated with a higher coefficient of uniformi-
ty (Fig. 11) and the presence of porous particles in the
coarse fraction. High void contents allow the coarse ash
(Fig. 1a) to be compacted over a higher moisture content
(Fig. 12).

Coal ash does not experience a density increase of same
magnitude as are experienced by fine-grained soils from
comparable changes in the compactive effort. Bottom ash
shows a significant density increase under a modified Proc-
tor compaction. This is the result of partial crushing of the
porous bottom ash particles under heavy energy input ([5],
[6], and [7]).

Permeability

The permeability of coal ash was determined at the Proc-
tor density by the falling head method, in which water is
allowed in the sample through a constant diameter ver-
tical standpipe until the falling level in the vertical tube
reaches a previously established mark when the timer is
set in operation. The head continues to fall at a decreasing
rate until a second mark is passed, when upon the tim-
er and the flow both are stopped. The permeability of the
ash is calculated from the known data of the cross section-
al area of the vertical stand pipe and that of the sample,
initial total head difference across the sample, and head
difference at time recorded by the timer. The permeabili-
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ty of the ash depends on its particle size distribution and
its void ratio. Ash is loosely deposited in the pond. As a
result, the values of permeability are higher in ash ponds
due to a very high void ratio. The permeability of com-
pacted ash is related to the effective size or the mean sizes
at Proctor density (Fig. 13). The coefficient of reliability
for the effective sizes was found to be 0.89 as compared to
0.85 for the mean size of the ashes. The permeability k is
expressed as a function of grain sizes at Proctor density
as:

k = 0.054 (D1o)*' (2)
k = 0.0026 (Ds50)%%% | (3)

where the unit of & is mm s~!, D is the effective size
and Dsg is the mean size in mm.

Attempts were made to relate the permeability of ash
samples with the void ratio (Fig. 14). At the maximum
void ratio, it may be several times that of the permeabili-
ty at Proctor density. However in the loose state, internal
erosion plays a greater role than the permeability.
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Compressibility
Compressibility is an important parameter to estimate the
settlement of a ground in stressed conditions. The com-
pressibility of ash was estimated in a 60-mm diameter and
20-mm thick oedometer ring on the reconstituted loose dry
samples. Samples were prepared in the oedometer ring by
the dry pluviation method. The dry ash was funneled with
a zero potential energy in the ring to obtain samples with
the loosest possible density. The sample was then pressed
under a surcharge of 1 kPa and filled-in to obtain a de-
sired specific volume. The specific volume is defined as the
volume of ash sample containing unit volume of the ash
grains. All reconstituted ash samples show a common pre-
consolidation pressure of 100 kPa probably because of the
exposure of the ash material to a common thermal stress
in the combustion furnace during formation. With increas-
ing coarseness the compression of coal ash closely resem-
bles that of sandy soils. There is certain evidence of grain
crushing with increasing effort in tests on coarse ashes [18].

At higher consolidation pressures the compression
curves of fine ashes (B5, B6, and B7) may be represent-
ed by a unique normal consolidation line (ncl) and their
specific volume may be determined by the current state
of stress (Fig. 15). There is a progressive increase in the
stiffness with decreasing initial specific volume. The stiff-
ness is higher for the samples having a void ratio close to
their minimum void ratio.

The slope of the loading line (Vi-log p plot)
in 1-to 100-kPa range depends upon the placement

W B N N ®

Specific Volume

S S S S S S Sl )

f=3

» o

1 10 100 10000

Pressure (kPa)
Fig. 15. Specific volume plotted against the pressure for
various ashes

0.05
© Loading 1-100 kPa
Z0.04 = url 100-800 kPa
; a ncl 800-1600 kPa
£0.03 o Loading 100-800 kPa
2 o
Zo02 | ° o ° o
=]
g o °
=] < (o]
a 0.01 2’2**‘ —oﬁ ° .: °
& T ap Y
0.00 .
0.001 0.010 0.100 1.000

Mean Size (mm)

Fig. 16. Variation of slope of ncl and url with mean size

specific volume of the ash. For the loading curve in
the range of 100-800 kPa, the slope tends to sta-
bilize. The trend slope of the normal consolidation
line (ncl) in the range of 800-1600-kPa decreases with
increasing mean sizes (Fig. 16). The trend slope of
the unloading reloading line (url) at 100-to 800-kPa
increased with increasing mean sizes neglecting hysteresis.
The ratio of the slopes of ncl and url does not indicate any
definite trend, however, considerable advantage in under-
standing can be gained by analyzing the effect of fines or
the occurrence of crushing. Ashes that are predominantly
fine show a minimum void ratio significantly lower than
coarse ashes. Compression beyond 800 kPa tends to pack
them to a denser state than that obtained by vibration
and there is negligible rebound on unloading (Fig. 17).

Some anomalies overtly exist in the behavior of A3 and
B4 ash samples having similar mean sizes. The presence
of a significant percentage of coarse particles in the finer
matrix leads to a rebound on unloading. The presence of
porous particles, as expected in the floating scum, may
reduce the rebound to insignificant levels due to crush-
ing. The coal ashes having a compression index C¢, in the
range of 0.006 to 0.01 and recompression index C,,, be-
tween 0.0003 and 0.003, show significant stiffness to dry
compression in the oedometer that further increases in the
un-loading re-loading cycle. It implies that virgin compres-
sion may lead to significant gains in the stability of an ash
dump.

Angle of repose

There exists a close relation between the angle of re-
pose (¢,) and the grain characteristics of granular soils.
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Terzaghi [19] and Taylor [20] interpreted the angle of re-
pose as a kind of angle of internal friction obtained in the
limiting conditions. Miura et. al. [2] suggested that the an-
gle of repose of sands corresponds to the angle of internal
friction in the loosest state at a limiting confining pres-
sure. A procedure is standardized for the measurement of
the angle of repose of ashes.

The angle of repose was measured on a flat surface by
slow pouring through a funnel and a sieve, keeping a dis-
tance of 20 mm between the deposit level and the pouring
end. The average angle of repose of at least three tests on
each ash was plotted with the mean size (Fig. 18). The
angle of repose for the ashes under consideration varies in
the range of four degrees. The angle of repose of coal ash
increases with the mean size (Fig. 18). There is a little or
no effect of the coefficient of uniformity on the angle of
repose of the sands [2]. It may be noted that fine ashes
show a poor reproducibility in the angle of repose due to
the formation of agglomerates.

Peak friction angle

The peak friction angle was estimated for the selected ash-
es with varying relative densities in a dry state with the
direct shear test. The shear strength of coal ash is initial-
ly a nonlinear function of the overburden pressure with
zero cohesion intercept. The peak friction angle results
are plotted (a mean of five tests at each relative density)
demonstrating a linear variation at a normal stress of 100
kPa. Coarse ash Al shows a slightly lower friction angle
as compared to the finer ash A2; see the best fit drawn
in Fig. 19. A close observation of the best-fit equation re-
veals fitting constants having friction intercepts of 27.6
and 28.1 for A1 and A2, respectively at zero relative den-
sity. Its physical meaning is associated with the angle of
repose. No definite trends are observed for the frictional
properties of ashes in relation to their mean grain sizes. A
general explanation is offered in terms of the stress-dila-
tancy and the packing state dependence of the peak angle
of friction. Normally a loose ash contracts and a dense
ash expands as it approaches the critical state, generally
defined as shearing without change in shear strength or in
volume. The critical state was found to be independent of
the initial density and the confining pressure. The triaxial
shear test results [11] of various ashes indicated a peak an-
gle of internal friction corresponding to a relative density

1.000

(RD) and a mean confining pressure (p) for these tests.
The critical angle was obtained by shearing ash samples
to the axial strains in excess of 30%. The values of the
fitting parameters (Q and r) were obtained from several
triaxial shear tests (Fig. 20). The value of @ for coal ash
is found to be 7.7. The value of @ and r for clean quartz
sand is reported as 10 and 1 respectively [4]. The critical
angle for coal ash, a morphological mineralogical parame-
ter, was observed in a range of 22° for fine ashes and 30°
for coarse ashes. As per Bolton [4], in the triaxial test con-
ditions a relation among the peak and the critical angles
of friction exists. It is conveniently expressed as,

Q.RD — r = 0.33(¢, — ¢c) + RD.In(p) , (4)
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$40 -
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Fig. 19. Peak friction angle plotted against relative density
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Fig. 20. Variation of fitting constants for ash
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Table 1. Grade of correlation between grain size and properties of coal ash

Grade of Cy Ga €min  €max €min/€min  YmaxProctor OMC k k ncl-slope url-slope ¢, dp Q
correlation
Dso Dso Dso Dso Dso Dso Dso Dso Dio Dso Dso Dso Dso  Dso
R & N A \Y & & & \Y A \Y A\ V V ~

where ¢, and ¢. are the peak and critical angles of fric-
tion, ) and r are material fitting parameters uniquely
represented for an ash, RD is the relative density and p is
the mean confining pressure in the units of kPa. The esti-
mates of @ on the basis of equation (4) and experimental
observations of ¢,, ¢., RD and p are presented in Fig. 20
selecting r as zero. The coefficient of reliability present-
ed in Fig. 20 improves further on rejection of low density
data points.

Conclusions

The characteristics and properties of coal ashes were inves-
tigated in the present work. This knowledge is useful for
the engineering community involved in geotechnical ap-
plications of coal ash. This paper highlights the need for
a mechanical model or a tool for analysis that attempts
to capture primary, secondary and index properties of ash
material from physical and chemical properties. The crit-
ical state, that is recognized to be independent of envi-
ronmental conditions, is an intrinsic parameter related to
constitution and general nature of the particle surface.
The mean grain size was studied in relation to the various
properties of the ash material to find the grades of correla-
tion, R (interpreted from the coefficient of reliability, R?;
Table 1) such as outstanding (é&), reasonable (A), poor
(V), and independent (~).

Based on the test results, various characteristics of ash
are briefly summarized:

1. The ashes sampled for the study have a common min-
eralogical origin. The uniformity coefficient is larger
for the ash collected near the location of its discharge,
when compared to the ash collected far away; where
the ash is generally fine. The fine ashes have slightly
higher apparent specific gravity than the coarse ashes.
The void ratio extent, i.e. a difference of eyax and emin,
or a ratio of eyax and emin, decreases with an increase
of the mean size.

2. The maximum densities obtained in dry vibration and
Proctor tests differ for fine ashes. The maximum dry
density decreases and the optimum moisture content
increases with the mean size increasing.

3. The permeability of ash at the Proctor density is more
appropriately related to the effective size than to the
mean size. There is a scatter in the relation of perme-
ability and void ratio because of the presence of pores
in the ash particles.

4. The ashes indicate a pre-consolidation pressure of 100
kPa. The slope of Vs-log p plots of normally con-
solidated ashes beyond a loading of 800 kPa shows
a decreasing trend with increasing mean size. The
unloading-reloading plot suggests induced stability of

ashes due to pressing. The slope of the unloading-
reloading plot indicates elastic rebound, which gener-
ally increases with increasing mean size.

5. The angle of repose increases with the mean size for
coarse ashes.

6. The peak friction angle is a function of the relative
density, the mean confining pressure and the material
characteristics controlling the critical angle.

7. The coal ashes show a lower value (7.7 & 0) of material
fitting parameter @ and r as of clean quartz sands (10

&1

List of notations

ey Or, p critical angle, angle of repose and peak
angle of friction for ash.
Yd max maximum dry unit weight in dry

vibration test.

maximum dry unit weight in
Proctor test.

Ymin minimum dry unit weight.

0 diffraction angle in degree.

Yd max Proctor

C.,C,., C; compression, recompression, and swelling
index in dry state.

Cy uniformity coefficient.

Do size of which 10% particles are finer.

Dso mean size.

ESP electrostatic precipitator.

void ratio corresponding to loosest state
and densest state.

€max; €min

Al, A2 ash obtained from ash pond location —1, 2
respectively.

A3 composite ash obtained from out let of
ESP

AU intensity of x-ray diffraction in arbitrary
units

B1 to B7 ash obtained in dry state from ESP
hopper location 1 to 7.

Gs,Gq specific gravity of solids, apparent specific
gravity.

k permeability.

ncl normal consolidation line in V;-log p plot.

OMC optimum moisture content.

Q,r fitting parameters.

P overburden pressure in oedometer test &
mean confining pressure in triaxial test
(kPa).

R, R? grade of correlation, coefficient of
reliability.

RD relative density.

url unloading reloading line in Vs—log p plot.

Vs specific volume.
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