Collapse Behavior of Coal Ash
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Abstract: The paper describes an investigation carried out to examine the factors influencing collapse settlement of the compacted coe
ash due to wetting. The ashes produced by the coal fired thermal power plants are stored as a high mound in the disposal dump. Some
the ash dumps and ash fill structures wetted under certain conditions of loading may exhibit collapse. Attempts have been made t
correlate the ash characteristics and the specific placement parameters such as ash type, soluble content, degree of compaction, overc
solidation ratio, moisture content, and stress level at wetting with collapse. This was based largely on the oedometer and partly on th
model and the field test results. 378 single oedometer tests were conducted to obtain the collapse potential. The collapse potential w
correlated with the mean size of the ash. The favorable pressure, moisture, fines, compaction, soluble substance, and prestressing decre
the collapse potential of an ash fill. The collapsible and the noncollapsible ashes were identified by the results of oedometer test an
laboratory model test. Normally, if the collapse potential in the oedometer is more than 0.01, the collapse of soils may occur in the field.
However, the model test demonstrated this to be an unconservative criterion. A value of 0.0075 at 80% degree of compaction was foun
appropriate for the ashes examined. The paper explains the technique of field test performed at the controlled densities. The field te
confirmed incidence of collapse on a rising water table for a collapsible ash.
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Introduction dry of optimum. Fourie et al(1999 found that infiltration of the
rainfall may be sufficient to reduce the matric suction within the
Coal ash is a waste product of the coal based thermal power plantash to a low value enough to trigger a shallow failure. Indraratna
The power generation based on coal produces a huge amount o€t al. (1991 studied the engineering behavior of pozzolanic
coal ash. There is a serious problem of its storage and disposal(ASTM class G Thailand ash and indicated its collapsible nature.
Turgon(1988 reported use of blended ash in land reclamation. In However, little information is available on the collapsibility a
recent years the coal ash was studied as a structural fill materiattypical nonpozzolani¢ASTM class F coal ash. It has been ob-
without additivesIndraratana et al. 1991; Sood et al. 1993; Walia served that in a wide range of placement parameters the ash re-
et al. 1995; Trivedi et al. 1996; Trivedi 1999; and Trivedi and Sud mains vulnerable to the collapse on submergence in working
2002. It was recognized that a loose ash fill structure may be Stress range. Fourie et @999 reported the susceptibility of an
prone to collapse on wetting. Therefore an investigation was car-ash slope to instability induced from a prolonged infiltration. A
ried out to examine the factors influencing the collapse of com- slip failure was described by Dhillof1995 at the ash dump of
pacted ash fill on inundation. Vijyawada thermal power plant resulting in the destruction of
Morland and Hasting$1973 evaluated collapse of the dry  several houses and the swamping of land with fly ash. Indraratana
porous volcanic tuff which is similar to the coal ash in its char- et al.(1991 reported the sudden failure of a large fly ash disposal
acteristics. The general characteristics of collapsing soils are adump after rainfall and associated mudflow at Panki, Kanpur.
sudden and a large volume decrease at a constant stress whe®uch failures are not quite representative of conventional failures.
inundated with water. According to Lutenegger and S4heg8 Several studies have indicated that compaction control of coal ash
the collapse is associated with the meta-stable structure of a largdn the field by usual methods is often poor. It adds to the vulner-
open and porous fabric of the material. Holt948 suggested  ability of ash fill to a wetting induced collapse.
that earthen structures such as embankments, road fills and struc- The soils that exhibit collapse have an open type of structure
tural fills may collapse when the placement moisture content is With a high void ratio as expected in the case of ashes. According
to Barden et al(1969 the collapse mechanism is controlled by
Iprofessor, Dept. of Civil Engineering, Res-8 Type V, Delhi College three factors{1) a potentially unstable structure, such as floccu-
of Engineering, Bawana Rd. Delhi, India 110042. E-mail: lenttype associated with soils compacted dry of optimum or with

atrivedil4@yahoo.com loess soils{2) a high applied pressure which further increases the
2Formerly, Professor, Dept. of Civil Engineering, Thapar Institute of instability; and(3) a high suction which provides the structure
Engineering and Technology, Patiala, India 147004. with only temporary strength which dissipates on wetting. As per

Note. Discussion open until September 1, 2004. Separate discussiongn empirical study by Meckechni@989, the dry unit weight and
must be submitted for individual papers. To extend the closing date by water content are generally considered as important parameters

one month, a written request must be filed with the ASCE Managing L
Editor. The manuscript for this paper was submitied for review and pos- that control the collapse of metastable structure of soils, if the dry

sible publication on April 17, 2001; approved on July 31, 2003. This unit weight is less Fhan 16 kN . The tentative dry unit weight
paper is part of theJournal of Geotechnical and Geoenvironmental ~ Of the coal ashes in Ropar ash pond was often found to be less

Engineering Vol. 130, No. 4, April 1, 2004. ©ASCE, ISSN 1090-0241/  than 10 kN m*® suggesting possibility of collapse. Jennings and
2004/4-403-415/$18.00. Knight (1975 indicated that collapse behavior is also dependent
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on the clay fraction. Fos€l973 and Reznik(1993 defined the 10k
magnitude of collapse by PA1 3 Mineral

* 18 1 1C§O47Al;03

Cy=dhihy & {1 By o

where C,=collapse potentialidh=decrease in the height of & N R
specimen subsequent to inundation; dmerheight of specimen -
before saturation. Tadepalli and Fredlud®90 and Fos£1973 _,‘J\J\'

1]

observed that the percentage of collapse decreases with dry unit
weight for Indian Head silt and residual clays of Kenya. As per

10

Booth (1975 the collapse settlement exceeding 1% is likely to 13k

occur when the initial dry unit weight is less than both 15.7 F71 2 Mineral

kN m~2 and 85% of that obtained in the modified compaction test. g 4 L‘lécsﬁ%?:"zos
The collapse potential is quantifiable in terms of the volume g L 265 Si0;
change that occurs when a soil is submerged with water. It is 8 ;23 5:;83
usually obtained by conducting oedometer tests on soil specimen. -

The collapse potential is expressed as a change in void ratio on J

wetting compared to the pre wetting volume of the soil at any "5 lmil TN S WP

20  Degree 70
stress level.

C,=Ael(1+e) ) Fig. 1. X-ray diffraction pattern of coal astPAl and FY

whereAe=change in void ratio upon wetting; amg=void ratio
at the beginning of saturation. Knigtt963 defined the collapse
potential at a stress level of 200 kPa selectnh@s void ratio at
the beginning of compression. If ti@, is less than 0.01, gener-

varying proportions, play a major role in determining the chemi-

cal composition of the ash. During combustion, the above miner-

als are transformed into mullite, magnetite, tridymite, glass, etc.,
d forming a composite ash. In the present study, coal ash was taken

ally there is no risk of a collapse in the field. Lutenegger an from Ropar thermal plant, Punjab, India. It was sampled from
1 ted th i ti f tura- ! ’ ;
Saber(1988 suggested the use ef as void ratio before satura even electrostatic precipitatdESP fields (referred as F1-B7

. ; S
tlo_n _at an applied strfess _of 300 kPa. The_y recomme_ndgd that amixed ash of ESP mixed hoppéH) and pond astiPAL and
soil is slightly collapsible if the value o, is below & limit of PA2). The ash collected from the ESP fields and the furnace bot-
0.02. Their investigations reveal that the soils which have place- ; o .

ment void ratio between 0.9 and 1.05 are slightly or moderately tom is classme_d as fly ash and b°“°”? ash, respectively. The as_h
collapsible. The insitu void ratio of coal ash used in this study disposed by mixing the bottom ash with ESP ashes and water is

was found to be in a range between 0.8 and 1.6 suggesting a risllmown as pond ash. There are a large variety of particles found in
of collapse the ashes. It comprises floating scum to heavy ceramic compos-

In this study several oedometer tests were performed and theltes in varying amount. Together this assortment of particles is

results were verified by specially fabricated model test. A work known as coal ash.
program was devised to study the influence of ash characteristics, ) o ) N
density, solubility, moisture content, stress level, and overconsoli- Physical Characteristics and Chemical Composition

dation on the collapse of ashes. A field work was planned t0 ap y.ray diffraction was carried out to identify the mineral phases
examine the influence of density and rising water table on the present in the astmodel: Rigaton D/max Il ¢ X-ray diffraction
incidence of collapse. It was observed that the ash having aghowed that the ash contains traces of aluminum silicate, quartz
marked morphological difference with the natural soils require a 504 some heavy minerals like haematite and magnetite. Identifi-

distinct criterion for the classification of its collapsibility. Based 4tion of definite crystalline mineral was based on Bragg’s equa-
upon the oedometer and the model tests a new limit of collapsejq,

potential was assigned for the ashes. The collapsibility of ash was

found to be highly correlated with its grain size characteristics. A=2dsin 29 3)

where A\=wavelength of x-ray specific to the Cu target element
(=1.542 A; andd=inter planner spacing. The test was conducted
between 0° and 70%26), at a rate of 0.8°/s using the ®,
characteristic radiation of Cu target element. The inter planner
The ash was characterized to evaluate the feature and the qualitgpacing of respective peaks on the x-ray pattern were calculated
that made it recognizable in physical, chemical, and engineeringfrom the correspondingangle. These peaks were associated
sense. The characteristics of ash depend upon the quality of coalith the characteristic minerals. The potential clay minefalg.,
used, the performance of washeries, the efficiency of furnace andillite, kaolinite, and montmorillonite were absent in the Ropar
several other factors. The physical and chemical properties of ashash. This pointed towards lack of the structural cohesion in the
are dependent on type.g., anthracite, bituminous, subbitumi- ash. Ash samples contain distinguishable amount of amorphous
nous, and ligniteand source of coal, method and degree of coal phase minerals due to the presence of the unburned coal. Various
preparation, cleaning and pulverization, type and operation of ash samples reveal a constant overall chemistry but variation in
power generation unit, ash collection, handling and storage meth-the proportion of crystalline and amorphous phases distinguish-
ods, etc. able by sharp peaks and gradual humps in the x-ray diffraction

The mineral groups present in coal, such as clay min¢eads, pattern. The amorphous phase was at large in the coarse grain
illite, kaolinite, and montmorillonite carbonate(calcite and sid- ashes. The fine ash was predominantly crystalline as manifested
erite), sulphatggypsun), silicate(quartz and feldsparphosphate by the sharp peaks obtained in the x-ray diffraction pattern
(apatitg, sulphide (pyrite and marcasijegroup etc. and their  (Fig. 1).
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Table 1. Chemical Composition of Coal Ashes

Chemical

components British American Swedish Polish  Indian Ropar

(%) asht astt astt astt astt  asif

Sio, 38-58 30-58 30-53 43-52 55-71 57.5

Al,Oq 20-40 7-38 14-33 19-34 20-27 27.2

Fe,03 6-16 10-42 10-14 0.7-10.7 1.7-4.8 54

CaO 2-10 0-13 0.9-6.1 1.7-94 0.5-56 31 PAl F7

MgO 1-3.5 0-3 4-6 1-29 0.2-0.9 0.4 . .

Na,O, K,0 2-55 04-2 16-35 04-09 0.7-0.81 0.9 Fig. 2. Electron micrograph of ash sampl@2A1 and F7

SO 0.5-25 0.2-1 0.4-15 0.3-0.8 0.1-05 —

Unburned — 0-48 0.9-33 19-99 02-06 41 Various ash samples were scanned by an electron microscope.
carbon Electron micrographs of PA1 and F7 samples revealed the pres-
aSkarzynska et al1989. ence of predominantly open type of structures, similar to the col-
bDayal (1996. lapsible soils(Fig. 2). The coarse ash contained rounded, sub-

rounded, and opaque particles. F7 was mostly composed of the
superfine spherulgsize ~0.01 mm). The ash samples containing
superfine had a tendency to form lumps on pressing called ag-
glomerates. Fig. 3 shows grain size distribution of various
samples. The grain size analysis plot was transferred as seven
equivalent sizes corresponding to 0, 10, 50, 60, 80, and 100%
finer by weight for each of the ashes. The maximum frequency of
particle was in the range of fine sand to silt. F4, F5, F6, and F7
were uniformly graded with decreasing coefficient of uniformity.

The chemical composition of the ashes was obtained from the
noncombustible components produced by burning of the coal.
The main chemical components of the coal ash are identified as
silica, alumina, iron oxide, and alkalis. The comparison of a typi-
cal range of chemical composition of ashes from different parts of
the world along with the Ropar ash is given in Table 1. The
ASTM classification of the coal ash is related to the percentage of

ga!gléjmhc;mdeélrfl Lh;r daesr?.nThergsgz'seWIthhzlr?hna?oonligf;toggalgtjerr F6 and F7 contained significant fraction of particles finer than the
xiae show sefl- INg properties w : WaET. it size. The cohesionless soils of similar gradation as that of ash

Such ashes are deglgqated as class C ash. They are.obt(?uned tﬂ)( general are characterized as coarse sand to silt as per ASTM
the burning of the lignite coal. The ashes from the bituminous

coal, which do not possess self-hardening properties, are called(D2487) soil classification system.
' ) . ' .~ Th I | ash ically h I ifi
class F ash. Due to low percentage of CaO in the Ropar ash, it e selected coal ashes typically have lower apparent specific

may be classified as class F ash gravity than the natural soils of similar gradation. A low value of
The biggest constituent of the Ropar ash was silica followed the specific gravity can be attributed to the trapped micro bubble

by alumina, axides of iron, and calciuffable 9. The presence of air in the ash particle and the presence of unburned carbon

of sodium and potassium salts was known by the qualitative (Raymond 196 It was noticed that as fineness of the ash in-
. ! L F1-F7%, th ifi ity also i EeRabl
chemical analysis. The submergence of ashes was critical com creases 7, the specific gravity also increaseable 2 due

- to the release of entrapped gases. WelS)Y3 and Leonards and
pared to the other granular soils due to the presence of theseBailey (1982 reported a similar phenomenon in ash grounded by

zglu;rlzterragterti.e-rt?srf]mUb;'lgr (;fngatﬁz ?ggnrﬁlfevaasergtetregml'znscdhmortar and pestle, thought to indicate the release of gas by break-
P y fing w perature. ing of the bigger particles. The mineralogical composition is one

?izzlr?t'\r/\{aaz thgrr%?g:tly ?;ﬁid ;g:z;he tﬁ(;lrlllc?%c\)llvc?te;t?; r?].StgﬁL'eof the other reasons for variation in the specific gravity of the ash
Ire exper W P Wi W X relative to soils. The ashes with high iron content tend to have a

rorc])ng ten:&efr_ﬁture. Thli’h m'XiuTe dwash flltergq dthroughl thte_ higher specific gravity. Pandian et £1.998 found that the pres-
whatman-22 filtér paper. The retained ash was dred in an €1ecliiCy .o ot haqyier minerals such as hematite and magnetite result
Into a higher specific gravity. Seals et @972 indicated that the

obtained. The solubility was significantly affected by the tempera- bottom ash typically had a higher specific gravity. The pond ash

ture of water as shown in Table 2.

100
Table 2. Results of Specific Gravity, Proctor Compaction, and o |
Solubility Tests ol
Ash Y proctor oMC Soluble by weigh{%o) 20l
type Gs (KNm™3) (%) 100°C 28°C 3ol
F1 1.72 9.10 42 0.8 0.6 _B? 50
F2 1.78 10.0 36 0.8 0.6 E ool
F3 1.88 10.2 35 0.4 0.3 = ol
F4 1.91 10.5 34 0.4 0.3 a0 |
F5 1.93 11.7 32 1.1 0.9
F6 2.02 12.8 26 0.4 03 h
F7 2.03 13.1 24 0.4 0.3 ?)001 ) 001 Oil . 1
MH 1.90 11.7 33 0.5 0.4 Graln Size (cam)
PA1 1.98 9.50 40 0.2 0.0
PA2 2.00 10.3 375 0.2 0.0 Fig. 3. Grain size distribution of ashes
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(PA1 and PA2 had a higher specific gravity than the other u
samples. It was partly due to the presence of bottom ash in the
pond which contained heavier components of the coal ash. Some

of the ash solids possess less specific gravity on measurement, _ 1%
while the specific gravity of constituent mineral remains in the
usual range. In such cases it is referred to as apparent specific
gravity which is based on the weight in air of a given volume of
ash solids and includes all the particles.

Dry Unit Weight (kNm™)
K=

~o~ Vibration Table
& Plate Vibration in Field
—&—Proctor Test

Compaction

)

Dry Unit Weight ( KNm

The target unit weight was achieved by compacting a calcu-

into account the compaction characteristics of the ashes. The hy- 0 1o 20 30 40 50
loosest state by a slow pouring technique. The ash was poured in e pAL
cnt. The ash was vertically vibrated at double amplitude of 0.38
e )
10

encountered in using this technique. The capping plate was modi- ,___.__//a\
plitude of vertical vibration of 0.38 mm was found to be optimum o 0 0 2 40 s 5
centage of fines, the coal ash may be compacted both by theFig. 4. (8 Compaction plot for coal askPA2) and (b) effect of
paction hammer resulted into the displacement of ash almost
compaction tests on a typical ash sam(f&2). Generally, the The compressibility of coal ash was estimated by a 20 mm height
served with moisture content, in the vibration test but not in the ton- The degree of compactioDf) is defined as a ratio of a
result of vibratory compaction of a cohesionless sibster D (%) = (¢/Y proctod X 100 4)

aht df d wid ¢ itical moisture due t lated weight of dry ash to fill the sampler. A seating load of 5 kPa
welght increased far and wide away Irom critical moisture due fo applied on the sample and was withdrawn. An identical dry
=40%) in the vibration test than the proctor test. The attempt to compression that occurred under 5 kPa was assumed to arise pri-

The maximum dry unit weight of coal ash was found to be less e dry and the submerged samples were compressed by an

draulically disposed ash in the ash ponds is normally in a low- @ Water Content (9

a fixed volume mold from a constant height of fall of 20 mm. In 1 ~F2

vibration test, ash was deposited at varying moisture contents ina % ,, | ;__'/ﬁ :S

mm for seven minutes in this mold mounted on a vibration table

fied to fit the top of the mold so that it pressed the ash with a o1 @__——e——""’/\

for all the ash samples. (b) Water Content (%)

vibration and the proctor methods. In the proctor test ash could Proctor compaction on various ashes

equal in volume. Compressibility

density in the vibration test was lower than that in the proctor test @1d 60 mm diameter conventional oedometer test on the dry and
proctor test. This is commonly due to the bulking of ash at a low @rget dry unit weight ;) to the maximum dry unit weight
1962. The minimum value of the dry unit weight of PA2 was

the reduction in the surface tension force. The second maxima insample was submerged in the water at 5 kPa for the submerged
compact ash by vibration beyond this moisture content ( marily from the softening due to the sample disturbance and was
than that of the natural soils. This is likely due to a low specific axia| Joad increment until the consolidation ceased. The compres-

In design of the ash dykes and the ash fills, it is desirable to take 7
density state. The void ratio of various ashes was obtained in the o
standard thick walled cylindrical mold with a volume of 2,830 ——MH
1t J\ :i:

with a frequency of 60 Hz. Difficulties of flow of the fines were
minimum clearance between the capping and mold. Double am-

Being nonplastic in nature and containing a significant per-
not be compacted in dry statev&0) as the impact of the com-

Fig. 4@ shows the results of the vibratory and the proctor
in the dry side of optimum. A reduction in the density was ob- the submerged ash samples of PA2 at varying degree of compac-
saturation level W<<10%). Similar phenomenon is observed as (Yproctod Obtained in the proctor compaction.
observed at a critical moisture content of 20%. The dry unit
dry unit weight was obtained at a higher moisture contemt ( test. The displacement on the dial gauge was reset at zero. Any
>40%] provided variable dry densities. not included in the compression measurements.
gravity and a high air void content. Raymo(kb61) and Moulton  gjon of the ash sample was recorded before the application of the

(1978 found that the air voids percentage in ad®-15% is next load increment. This process was repeated for the dry and the
greater than the natural soil$—5% at maximum dry density in  submerged ash samples made to the varying degree of compac-
proctor test. tion. Ash being a free draining material, a nearly saturated condi-

Fig. 4(b) compares the proctor compaction of the various ash tion was observed at the end of the tests.
samples. As the fineness of the ash increases, its optimum mois- Fig. 5 shows the compressibility of the dry and the submerged
ture content reduces and the maximum dry unit weight increases.ash at varying degree of compaction. The submergence and the
The coarse ashes show a higher air void content compared to thelecrease in the density decreased the stiffness. The difference of
fine ashes. The presence of the porous particles tends to increaseoid ratio as per the best fit in the dry and the submerged condi-
the optimum moisture content owing to absorption. tions increased with vertical pressure and decreased with the den-
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16 void ratio of coal ash in ash pond was found to be in a range

~6—Dc=76.7 % Dry

-0 D767 % Submerged between 0.8 and 1.6. The water content of ashes in the ash pond
S Do.86% Supnzsd typically ranged between 10 and 35% on the beach and 30 and
14 K Desses Dy 50% in the decantation zone. The ash collected from the ESP and

—©- Dc=96.68 % Submerged

the upstream surface of the ash pond contained moisture from
zero to 6%. The SPN value of a loose ash deposit was often
found to be less than 4Cunningham et al. 1977; Sood et al.
1993; Dayal 1995 All these conditions favored the collapse of an
ash fill on inundation in the working stress range.
The collapse of soils on wetting is generally measured by the
M oedometer testKnight 1963. The collapse of coal ash was ob-
‘ —% served in the single and double oedometer, the model, and the
100 1000 field collapse test. A laboratory investigation was carried out to
Pressure (kPa) examine the relative importance of factors influencing the col-
lapse settlement. The study was planned in terms of the variables
that can be rapidly controlled in the practice, including degree of
compaction, stress level, overconsolidation, and moisture content.

Void Ratio
o

10 |

0.8
10

Fig. 5. One-dimensional compression of ash in oedom@Rép)

sity. It varied among 0.04-0.01 for loose and dense placement
conditions at 200 kPa. The ashes which show difference in the
void ratio in the dry and the submerged states have a tendency td~or the oedometer test, the ash was oven dried at 105°C for 24 h.
collapse upon wetting. The dry or moist specimens were compacted into a standard 60
mm diameter and 20 mm thick oedometer ring under a static load
using a specially designed mold. The static method was selected
Shear Strength to keep the uniformity in the sample though it was recognized that
The shear strength of agiiAl and PA2 was determined by  change in the method of compaction also influences the collapse.
direct shear test on the dry and the submerged san(pigs6). By calculating the exact amount of ash required for filling the
The dry samples were prepared by compacting calculated weightmold, any predetermined dry density was obtained. In this way
of the dry ash to fill the shear box at varying degree of compac- virtually identical specimens were prepared. A sample of known
tion. In this way the target density was achieved. A seating load of initial dry density was mounted in the oedometer ring. The verti-
5 kPa was applied on the sample and was withdrawn. An identical cal load was successively increased to a desired stress level. The
dry sample was submerged in the water at 5 kPa for the test on thespecimen was permitted to attain an equilibrium deformation at
submerged ash. The samples were sheared at normal stresses efich stress level so that the rate of deformation was less than 0.05
100 and 200 kPa. The angle of internal friction was generally mm/h. The sample was inundated by the water from bottom at a
proportional to the degree of compaction above 90%. The cohe-desired stress level through an air dried porous stone to allow for
sion was equal to zero in the dry and the submerged states. Ashthe escape of air bubbles. The equilibrium deformation of sample
being a free draining material, a nearly saturated condition waswas recorded on inundation. At least three tests were conducted to
observed at the end of the tests. The ashes which show a differobtain the mean value of the collapse potential, consequently a
ence in the angle of internal friction in the dry and the submerged total of 378 single oedometer tests were carried out to determine
state may collapse upon wetting. the effect of various parameters. These tests were performed on
the different ashes under variable dry unit weight, water content
and pressure on wetting. The collapse potential in the single
Collapse Behavior oedometer was calculated using E8). selectinge; as the initial
void ratio at the beginning of saturation. In order to examine the
Under certain placement condition, in the specific type of ashesreproducibility of the results, 15 samples of PA2 were tested each
the collapse settlement occurs on wetting. In this study the insitu at 80 and 90% degree of compaction . The standard devia-
tion in the collapse potential was observed to be 0.0004 and
0.00029, respectively, at 80 and 90% degree of compaction.

Single Oedometer Test

44
A
a2 A OX Double Oedometer Test
a
40 | o X In the double oedometer test, the collapse potential was estimated
& =] by indirect measurement. The deformation of two identical
£ 87 A M samples one in the dry or moist and other in the submerged state
z % | . N was obtained as described in the section of compressibility.
g X APA2Dry The collapse potential in the double oedometer was calculated
4t X(PAZ Submerged using Eq.(2) selectinge; as void ratio of the dry and\e as
difference of the dry and submerged sample at a specified stress
27 level. At least three set of the tests were conducted to obtain the
30 e R ‘ mean value of the collapse potential. Consequently a total of 27
20 85 % 05 100 double oedometer tests were carried out to compare the collapse
Degree of Compaction (%) potential obtained from the single oedometer test. A difference

was recorded in the magnitude of collapse potential obtained from

Fig. 6. Effect of degree of compaction on angle of friction the single and the double oedometer tests on a collapsible ash.
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01 e Table 3. Variation of Collapse Potential in Single Oedometer with
- BE Stress Level
P = ° i EH Ash type Predictor R2
. /ﬁ————)")’—" . F7 0.0026:0-64¢8 0.93
5 e o MH 0.0022; 04747 0.91
; 001 | pe 7y A A A - 2 o e F1 0.0%y —0-008 _
5 * PA1 0.0y 018 —
&} & F3
‘\‘ s F2
+ PA2
~#-PAl tial. At 200 kPa, the collapse potential decreased with increasing
0.001 ‘ e ‘ ) : coarseness of the grains. The collapse potential is represented as a
@ ° % S o 200 0 function of stress level by the equation
Stress Level (kPa) y q
0100 Single Oedometer F7 sz ao b, (5)
/M/b Poble Gedometer 7 wherea andb=fitting constants for an ash type; ane-effective
M —— normal stress in kPa in the oedometer test. A negative valle of
- K Double OedometerMH suggests a decrease in the collapse potential with an increase in
5 the stress level.
& Effect of Testing Technique
S Fig. 7(b) compares the collapse potential of dry ashes in the
single and the double oedometer at 80% degree of compaction.
Fig. 7(c) attempts to classify the ash collapsibility on the basis of
ratio of collapse potential obtained in the single and double
0.001 . 5‘0 1;10 1;0 2(’)0 25‘0 o oedometer test. A significant scatter in the data was observed at
(b) Stress Level (kPa) low stress levels. However, at 200 kPa the collapse potential ratio
20 tends to stabilize. If this ratio is greater than one, ashes selected in
B xF7 the present data set have a tendency to collapse. The results of the
g . « oMH single and double oedometer tests differed on the account of
g: x x 5 aFl sample preparatiofdry and wet conditions measurement of col-
E ° . o lapse potential, wetting under actual condition of stress and dis-
ERN ¥, . solution of soluble. The double oedometer test only measured the
g N a . a . N difference in deformation characteristics of the dry or moist and
'% “ the fully saturated specimen; while the collapse is characterized
£ by the suddenness of settlement on inundation. This situation was
g closely simulated in the single oedometer tests. Ash being a free
S oo . ‘ L o draining material, a nearly saturated condition was observed at
" s0 100 150 200 250 the end of the tests. The difference in the final degree of satura-
(© Stress Level (kPa) tion in the single and the double oedometer tests was insignificant

) o in case of the ashd3rivedi 1999 as compared to the plastic silt
Fig. 7. (a) Effect of stress level on collapse potential in single and the loes¢Reznik 1993

oedometerfb) collapse potential in single and double oedometer; and
(c) classification of ash collapsibility on basis of oedometer test

0.1

Result of Oedometer Tests

Effect of Stress Level
Fig. 7(a) compares the collapse potential of ashes prepared dry at _ 44, | MH

80% degree of compaction. Virtually identical samples were in- —_ .
undated at varying stresses between 50 and 200 kPa at an interva \

of 25 kPa in separate tests. For F7 and MH increase in stress level 2 \ PAz
tend to increase collapse potential while F1 and PAL show a § ;. | PAl
somewhat opposite trend. The fine ash exhibited the collapse po- -
tential well above the limiting valu€0.01 for the soils while Sand
coarse asliF1) had collapse potential close to the limiting value.
It was found that the collapse potential increases with the increase | ‘ X ‘ L ‘
in the stress level for fine ashes up to 200 kPa. The predictors of 78 20 2 84 36 33 %0 o
collapse potential for fine ashes showed a satisfactory coefficient Degree of Compaction (%)

of determination(Table 3. The collapse potential slightly de- . . .
creased with the increase in the stress level for the coarse ashe§'g' 8. Effect of degree of compaction on collapse potential at
The coarse ashes indicated scatter in the observed collapse pote 00 kPa

Potential

Collap:
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Table 4. Collapse Potential, Dry Compression, and Recompression 1.0
Index of Ashes

Dry compression Collapse potential Swelling; recompression

Ash index atD, of atD, of index atD of 0os |

type 80%  90%  80%  90% 80% 90% . - Compresion sonprsionan
PA1  0.096 0.076 0.0037 0.0020  0.0120 0.0110 g Scocrs

PA2 0.070 0.049 00075 0.0021  0.0140 0.0130 > > oon-1

MH 0053 0.046 0.0250 0.0088  0.0166 0.0157 080 ;o

Sand 0.019 0.016 0.0008 0.0005  0.0014 0.0014

0.85

Effect of Degree of Compaction 0 100
Fig. 8 shows the effect of the degree of compaction on the col- Stress Level (kPs)
lapse potential of selected ashes and a sand sample in single.. I :
oedometer at 200 kPa, The samples were prepared dry and cor’r‘%lg' 9. Effect of overconsolidation on collapse potential of &shr)
pressed in increments up to 200 kPa. At 200 kPa, the samples

were inundated and the changes in voids were allowed to stabi-

lize. The submerged samples were allowed to swell against theinundation in these tests was not significantly different. At an
withdrawal of stresses. The samples were recompressed and theverconsolidation ratio of 5 and 4, the collapse potential reduced
recompression index was evaluated. With the increase in the deto a minimum value.

gree of compaction, the collapse potential, the dry compression The reduction in the collapse potential at a high overconsoli-
index, the swelling and recompression index decre&&able 4. dation ratio was attributed to the agglomeration of particles on
The swelling index of coal ash was equal to the re-compressioncompression. Stability of the sample was not significantly af-
index (0.012—0.01% The small value of the swelling index indi- fected in the oedometer even in a steady state of saturation. At an
cated stability of the densified ash fill by preloading and that of overconsolidation ratio of two, the collapse potential was
the recompression index showed stability of the compacted ash(0.0017%, which is much below the limit of collapse for soils

fill to moderate and heavy loads after the collapse. The collapse(0.01). At an over consolidation ratio of one at 200 kPa collapse
potential of 0.01 is normally considered to be a limiting value for potential was as high as 0.0ZBable 5. This pointed to a mod-

the evaluation of soil collapse in the single oedometer. Luteneg- erate collapsibility of the ash. At 400 kPa and an overconsolida-
ger and Sabef1988 indicated that the soil is slightly susceptible tion ratio of one, the collapse potential was just at the limiting
to the collapse if the collapse potentj&éq. (2)] was below 0.02. value(0.01, criterion for soils In the oedometer tests the collapse
At 80% degree of compaction, PA1, PA2, and sand samples werepotential of ash is significantly reduced on overconsolidation.
noncollapsible while MH was collapsible. There was a sharp de-

cline in the collapse potential of fine ashes MH and PA2 as com- Effect of Soluble Substances

pared to the coarse ashes PAl and F1 with an increase in theThere is a significant effect of the soluble substar{segium and
degree of compaction from 80 to 90%. At 90% degree of com- potassium saljspresent in the ash on its collapsibility. Reginatto

1000

paction even the fine agiMiH) showed noncollapsible nature. and Ferrera1973 proposed that the quantity of dissolved salts
and the chemical constituents in pore fluid are more fundamental
Effect of Overconsolidation than the initial unit weight in contributing to the collapse. The

Fig. 9 shows the effect of overconsolidation in the single oedom- effect of soluble substances can be evaluated indirectly by esti-
eter tests of a dry fine agMH) pressed at overconsolidation ratio mating their magnitude in the specific asi@&able 2. It is rec-

of 5, 4, 2, and 1 from a constant initial degree of compaction ognized that the ash is largely an inert material. It has coating of
(80%). The overconsolidation ratio is defined as a ratio of the soluble substances on the surface of the grains. These are washed
maximum stress the sample had experienced in the past to theaway on the application of water causing instability at the contact
present state of stress. The samples were compressed in increpoints. The weight and volume changes associated with the dis-
ments to a desired stress level. The stresses were withdrawn to aolution of the soluble substances is estimated by knowing the
target stress level to get an overconsolidated sample. The samplelifference in weights of the dry and the water washed samples
was inundated to find the collapse. The degree of compaction atand weight volume relationship of the ash. The volume change

Table 5. Collapse Potential of Mixed Hopper ASMH) at Different Overconsolidation Rati@®CR)

Inundation D. at

Preconsolidation pressure inundation Collapse Comment on
pressurdkPa (kPa OCR (%) potential collapse
400 80 5 86.00 0 Noncollapsible
400 100 4 86.00 0 Noncollapsible
400 200 2 86.30 0.0017 Noncollapsible
400 400 1 86.60 0.0110 Slight
200 200 1 83.92 0.0250 Moderate
100 100 1 82.64 0.0190 Moderate

80 80 1 82.24 0.0160 Moderate
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Table 6. Correction for Collapse Potential due to Soluble in Ash 1000 o e —

Placement Moisture Content Prior to Wetting

Samples ——wo=0%
-o-we=15%
Ash type F1 F2 F3 F4 F5 F6 F7 MH PAl PA2 —n—wc=;g“;o
—ewe =20%
Correction 6 6 3 3 9 3 3 4 0 0 0.100 | e we=30%

(X1079)

Collapse susceptible soils, Cp > 0.01

ollapse Potential

due to the dissolution of soluble substances alone is defined as a © o0 |
correction required for the collapse potential of dry collected Collapse susceptible ashes, Cp > 0.0075
ashes. There were no soluble substances in PA1 and PA2 being
wet disposed ashes; the collapse correction was not required
(Table 6. A correction equivalent to the release of the soluble 0 % 1(')0 1;0 200 250
substances on inundation was applied to the ashes collected in the @ Stress Level (kPa)
dry state(Table 7. At a high overconsolidation the effect of [T ———
soluble was negligible in the oedometer.

0.001

Placement Moisture Content Prior to Wetting
—wec=0%

-o-we = 10%
Collapse susceptible soils, Cp > 0.01 we =10%

Effect of Moisture Content e,
The coal ash is deposited at varying densities in the ash pond, at
moisture contents between 0 and 50%. In order to examine the
effect of moisture content on the collapsibility of ash, the samples
were prepared by mixing a known weight of the ash with a pre-
determined quantity of water. The compaction water content was T
varied between 0 and 30%. Wet filter papers were placed between Collapse susceptible ashes, Cp> 0.0075
the sample and the porous stone provided to induce wetting
through an outer water jacket. Identical samples were compressed

. . . 0.001 et ‘ : : et =
to varying stress levels between 50 and 200 kPa in the increments o 50 100 150 200 250
of 25 kPa. The wetting was induced at a target stress level to find (b) Stress Level (kPa)

the collapse potential. Increasing the moisture content from zero _ ) ) )
Fig. 10. (a) Collapse potential at varying stresses and prewetting

to a critical value(identified in vibratory compactiorthe surface : MH 4 (b coll ial X q
tension increased hence the compressibility decreased. In the dr)llnonsturg( ) an (b) collapse potential at varying stresses an
rewetting moisturé¢PA1)

and the completely wet conditions this stiffness was lost. Figs. P
10(a and b show the collapse potential of a fine and a coarse ash
respectively. The collapse potential increased significantly if esti-
mated in a partly wet compared to a dry condition. In a partly wet dimensional volume change is quantified by the oedometer, the
condition, even the ash classified noncollapsible in dry condition actual field conditions of side expulsion, the slip of fines and the

0.010 |

Collapse Potential

(PA1) became collapsiblgFig. 10a)]. proximity of loads to the shear failure remain far from incorpo-
The ashes showed a maximum collapse in a range of the criti-rated. The model plate test simulates the condition of field col-
cal stressesi.e., 50—100 kPaand the critical moisturé.e., 10— lapse closely. Reznik1993 suggested verifying the oedometer

30% for MH and 20-30% for PA1 At the critical stresses, the  results by the plate load test, where an actual wetting is employed.
ashes had a greater tendency to collapse. The collapse potentidkeeping this point in view, the model plate load collapse tests
decreased at a high moisture contents due to the dissolution ofwere conducted in a specially fabricated tank under a plane strain
soluble and a decrease in the surface tension forces. The summargondition. Three tests were performed in each density states for
of increases in the collapse potential at the critical moisture com- the ashes PA1, PA2, and MH, identified by the oedometer test as
pared to the dry state at various stresses indicate three- to sixfoldhoncollapsible and collapsible according to the existing criteria
increase in both types of ashéable 8. for soils.

Model Plate Load Collapse Test Model Test Setup

The collapse potential obtained by the oedometer is qualitative in A tank of inner plan dimension of 155 by 600 mm and a height of
nature. The oedometer test takes in to account the one dimen500 mm was made up of a 10 mm thick mild steel skEgg. 11).
sional volume change of the sample strictly confined within a ring The horizontal and the vertical stiffeners were provided to restrict
and two rigid plates. In the field there is a possibility of a vertical the lateral movement of the vertical plates on the load application.
deformation of the ash accompanied with a volume change, sideOn the front vertical face, a cut slot 100 mm wide was left for the
expulsion, slip, and migration of the fines under a slow rising placement of a plate with fine perforations. The perforated plates
head of water. The collapse of the ash structure below foundationswere provided to allow the seepage of water into the deposit from
may also depend upon the proximity of the applied loads to the the downward to the upward direction. The perforations were
ultimate loads required for a shear failure of the ash. While one plugged with the filter to disallow migration of fines outside the

Table 7. Corrected Collapse Potential at 200 kPa &ng-80%

Ash type F1 PAl PA2 Limit of collapse for soils F2 F3 F4 MH F5 F6 F7
ObservedC, 0.009 0.0037 0.0075 — 0.012 0.014 0.023 0.025 0.050 0.060 0.076
CorrectedC, 0.003 0.0037 0.0075 0.01 0.006 0.011 0.020 0.021 0.041 0.057 0.073
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Table 8. Collapse Potential of Dry and Moist Ash Tnner Tank
Ash Condition Collapse potential at stress lev@&Pa Loading Frame Hydraulic Jack / _~ Outer Tank
type at collapse 50 75 100 125 200 Vertical Stiffener.__%oading Plate
. . N |4 .} /

PA1  Critical moisture 0.032  0.02 0.015 0.013 0.0115 [ Compacted Ash -

content T E:: Settlement

Dry condition ~ 0.0046 0.0044 0.0041 0.00405 0.0037 A [ O~ To
C, criticallC, dry 6.95 454 365 320  3.10 L perforsed stos Top

MH  Critical moisture 0.084 0.099 0.088 0.082  0.08 [ H°'i1°"‘a'l Siiff"""'s ree j Podestal IH_]

content < —

Dry condition 0.014 0.018 0.021 0.022 0.025 . )
C, criticallC, dry  6.00 550 4.19 3.72 3.20 Fig. 11. Line sketch of model plate load collapse test

inner tank containing saturated ash. The displacement of longitu-tual wetting was induced at a stress level of 80 kPa. The dry
dinal stiffeners was monitored by mounting the dial gages on both settlement up to the collapse load, the collapse settlement on in-

sides of the tank. undation, and the postcollapse wet settlement of ash pressed at
various overconsolidation ratio were noted for all the tests. The
Model Testing Technique post collapse degree of saturation was recorded on the completion

The coal ash is a predominantly silt sized cohesionless material.of each of the test.
The rainfall or vibratory densification technique is generally used
for the deposition of cohesionless material on a uniform density. Result of Model Tests
It was found to be unsuitable for the deposition of the dry ash, as Table 9 summarizes the results of the model tests on various
with a little blow of air, ash became air borne. A special technique ashes. PA1 showed insignificant settleméntl7%) on wetting
was adopted for the densification in tank by first pouring ash in a for the tests conducted on pressed ash at all the denfitigs
loose state up to a specified depth by a slow pouring technique. A12(a)]. The tests conducted on PA2 at a high overconsolidation
55.8 mm thick layer of ash was uniformly pressed by a stiff plate ratio (OCR=5; D.=96%) indicated an arrested increase in the
to achieve a desired dry density in the tank. A density gradient settlement of dry ash upon wettifgig. 12b)]. Normally, the
was observed to exist along thickness if the thickness of loosevolume change of ash at 962, should not trigger any signifi-
layer was kept above 55.8 mm. Several such pressed layers wereant settlement. This settlement was visibly accompanied with the
required to fill the tank. After filling the ash to a desired density, side expulsion of ash particles. In the oedometer at &)%he
load test was conducted using a plate 155 mm long, 100 mm ash was loosely bound that allowed for the rearrangement of par-
wide. The clearance was filled with a tight packing of the smooth ticles on saturation. At 909 there was insignificant collapse
strips of polythene to ensure least friction between the plate and(C,=0.0021) which neither explains significant volume change
the tank wall. To check the plane strain condition, the deflection nor the rearrangement and relocation of particles.
of the tank walls was monitored with the dial gauges placed on It was seen that PA2 with a collapse potential of 0.0075 at 80%
both sides of the tank during the loading of the test plate. D. collapsed in the model tests at 87 and 98%. Further in-

The collapse tests were conducted by keeping the model ashcrease in the density of this ash arrested the collapse in the model
filled tank in a submergence taik00 by 500 mm plan and 600 test. Coal ash PA1 with a lower collapse potenttaD037 at 80%
mm deep. After the deposition of the ash at a desired unit weight, D.) did not collapse at all. Mixed hopper ash with a higher col-
the load was applied through a hydraulic jack, corresponding to alapse potential0.021 at 80%D.) showed collapse at all the
specified stress level and the plate settlement was recorded. Thelensities examined in the model test. Mixed hopper ash showed
water was allowed into the external tank for the saturation of the continuous settlemerjfig. 12c)] of plate upon wetting in spite
ash. The water level in the external tank was finally maintained of the high overconsolidation ratio. Therefore, the limiting value
exactly at the level of the ash fill in the internal tank to ensure of the collapse potential for classification of the collapsibility of
saturation. The settlement of the loading plate was continuously coal ashes was recommended as 0.0075 at 80% degree of com-
monitored and the load level was constantly maintained. The ac-paction in the oedometer.

Table 9. Model Plate Load Collapse Test Results

Overconsolidation Settlement at 80 kPa
Ash Dry unit weight Pressure D. Dry state On inundation Increase(%)
type (KN/md) (kPa Ratio (%) (mm) (mm) on wetting Collapsibility
PAl 8.66 100 1.25 91.15 4.17 4.88 17.00 Noncollapsible
8.81 200 2.50 92.73 2.50 291 16.40
9.12 400 5.00 96.00 1.75 2.04 16.57
PA2 9.00 100 1.25 87.37 4.50 Controlled —
9.75 200 2.50 94.66 2.25 Controlled — Low collapsible
9.94 400 5.00 96.50 1.80 3.90 116.66
MH 9.12 100 1.25 77.94 3.80 Controlled —
9.37 200 2.50 80.08 2.10 Controlled — High collapsible
9.62 400 5.00 82.22 1.80 Controlled —
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Fig. 13. Line sketch of field collapse test

0

1

2

3 . . . . .

ol Desnam  Oninundation woven fabric from a plant of Linden family; family: Tiliaceae,
&~ Dc=94.66% . . .

s | Desssw Species: Corchorus Capsularisembrane was placed to separate

it from the ash. The ash was deposited in a moist state in loose

6

;

8

9

Settlement (mm)

lifts of 150 mm each and compacted by a plate vibrator mounted
on a rectangular platel52 by 390 mnmy The plate vibrator had a
dead weight of 0.2323 kN and 2950 rpm, and was operated by a
three-phase motor. Three passes were sufficient to get a desired
10 degree of compaction. The pressure on the loading plate was in-
®) Pressure (kPa) creased in increments with the hydraulic jack against a reaction
0 20 40 60 80 100 120 140 truss. The bearing plate settlement was measured with an accu-
‘ ‘ ‘ , , ‘ racy of 0.01 mm. A separate test was conducted to asses load
deformation response of the ash fill. The magnitude of pressure
up to which the deformations were directly proportional to the
load applications is known as proportionality limit. The pressure
B yarlyei at proportionality limit was estimated to be 670 kPa for the dense
~+ De=82.22% ash. For the collapse test the load increments were applied up to a
stress level of 205 kPEFig. 14@)]. After the initial settlement,
On inundation  ——-—- —— the flooding was induced from bottom through a sand and gravel
layer by a connected supply column. A controlled amount of
water was allowed into the water column for saturation. The
water was allowed to wet ash up to a fixed level called wetting
© front. A wetting front (W,) was defined as a ratio of the depth of
water level in supply column from plate ba&® to the width of
Fig. 12. (a) Collapse settlement in model ted?Al); (b) collapse plate (B)
settlement in model tesPA2); and(c) collapse settlement in model
test(MH) W, =2/8 (6)
Along with the plate settlement, moisture content at the surface
was also recorded. With the upward movement of wetting front,
Field Collapse Test an increase in settlement was observed. The increase in settlement
Reznik(1993 and Houston et al1995 have described a method (S,) is defined as a ratio of percent settlement on saturatih (
for field collapse tests with a difference in the technique and the at collapse stress to the settlement before saturafigh (
scale of trial. In the present study the field collapse test was con- _
ducted on a square plat800 by 300 mm on the surface of ash S=(S5:/S5) > 100 ()
(PA2) compacted on wet side of critical moisture contebx, ( The collapse settlement was rapid when the wetting front ratio
=85.4 and 90.3% The ash was deposited in a test(@it5 by 1.5 decreased below onéig. 14b)]. The attempt to maintain col-
m plan ad 2 m deep in the field with sides covered by imper- lapse pressure actuated large deformations in ash and tilting of
meable high density poly ethylene membrane. The soil profile plate. To allow only vertical movement of base plate the guide
below the test pit was silty sand with an average observed valuerails consisting of arl. section were vertically installed in the
of standard penetration tedlg, of 16. A 200 mm thick layer of compacted ash through a reaction truss. The collapse settlement
well-compacted sand and fine gravel was provided all around thewas taken as an average of readings of all the settlement gauges.
walls and bottom of the pit to serve as a free draining layer for There was a sudden increase in the settlement when the degree of
upward flow of watekFig. 13. Inundation was induced through a  saturation at surface of ash fill increased beyond 88%. The field
constant head supply column provided in the vicinity of fill to test demonstrated that magnitude of collapse depend upon the
maintain a constant depth of wetting front from ground level. depth of wetting front. If the wetting front ratidX;) is more than
Above the sand and gravel layer, a 10 mm thick Juearse 1.8, there shall be no risk of collapse.

Settlement (mm)
W e N WU B W N = O

=]
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Fig. 14. (a) Pressure settlement plot in field collapse {€%t2) and

(b) effect of wetting front ratio on settleme(iPA2)

Criteria for Collapsibility of Coal Ash

The physical and the chemical characteristic of coal ash calls for
the treatment of this geomaterial like a cohesionless soil. It is
recognized that a granular material follows a closer packing under
a favorable condition of pressure and moisture. This tendency
may be quantified in terms of the distance of placement void ratio
to the minimum void ratio. It is supposed that minimum void ratio
occurs in proctor compaction. Therefore a collapsibility fa¢er

is defined as

F= (& —emin)/€min

(8)

wheree,=placement void ratio of ash; are},;,=void ratio cor-
responding to maximum dry density in proctor compaction.
Larger the value of, ash is more predisposed to collapse. Fig.
15(a) shows a reduction in collapsibility factét, with mean size

2.50 - -0.4607
F(in loosest state ) =0.2072 Dy, » F in loosest state

R*=0.8672 o F at Dc=80%
a F at De=90%

200

1.50

F (Dc=80%) = 0.4184 Dy, %

100 | )
R?=0.7463

Collapsibility Factor F

050 | F(Dc=90%)=0.1859 Dy, %%
R>=0.7463

0.00
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R*=0.8885
0.100 |
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0.010 L R*=0.805
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1.000

Cplcotrected) = 0.0006 Dy ">
R?=0.9481 X Cp (corrected) at Dc=80%
. -0.7854
Cp(with soluble) = 0.0013 Dy, A Cp (with soluble) at De=80%
R*=0.805

= 0.100
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Fig. 15. (&) Variation of collapsibility factor with mean size})
variation of probable and observed collapse potential with mean size;
and (c) effect of mean size on observed and corrected collapse po-
tential

in the loosest and the compacted states. Compared to the loosest

state, all the ashes reach almost a common collapsibility level in a

compacted state. At 90% degree of compaction a low collapsibil- dry density in proctor compaction. The probable and the observed
ity level is reached, which is associated with a small volume collapse potential are plotted in Fig. (b). It shows that the de-
change on collapse that does not reflect collapse. Moreover, it hasreasing mean size tend to reduce the difference between the
practical problem of precise measurement of the volume change.maximum probable and the observed collapse at 80% degree of
Thus, the variations in the measured collapse at 90% degree ofcompaction. While at 90% degree of compaction a significant
compaction may forbid interpretation of any trend. The collaps- scatter of data is observed.

ibility factor allows for assessment of the probable collapse. The

As a result of the above observations the classification of coal

probable collapse is assumed to occur if the sample attains aashes at 80% degree of compaction was found to be appropriate
minimum void ratio on inundation. The maximum probable col- for the evaluation of collapse. The mean particle size was seen to

lapse potential is computed by
Cpr: (ei—emn)/(1+e)

9)

where C,,=maximum probable collapse potentia|=void ratio
in a loose state; ang},,;,=Vvoid ratio corresponding to a maximum

control the collapse of ashes. If the mean size was greater than 0.1
mm the ashes were noncollapsible and others were collapsible
under specific conditions. The value of collapse potential for PAL1
in the critical range of stress and moisture was 3—6 times that of
the corresponding dry condition. It suggests susceptibility of a
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Table 10. Classification of Ashes

Classification Collapse potential Ashes
Noncollapsible Less than 0.0075 PA1
Collapsible

Low 0.0075-0.01 F1, PA2
Medium 0.01-0.015 F2, F3
High greater than 0.015 MH, F4—-F7

noncollapsible dry ash to the collapse in partly saturated condi-
tion. In order to obtain the value of collapse potential of partly
wet ash from Fig. 1&), a multiplier may be applied on the pat-
tern shown in Table 8.

The collapsible ashes were further divided into the ashes of
low, medium and high collapsibility on the basis of their collapse
potential(Table 10. The collapsible and the noncollapsible ashes
were identified using the model plate load collapse test on se-
lected samples. Normally, the weight of a particle of a natural soil
of similar grain size distribution is 1.5—1.3 times that of an ash.
These soils remain stable at or less than 1% volume chaBge (
=0.01). Being light in weight, the ash has a propensity to be
unstable in the presence of buoyancy which plays a role in the
model and the field tests. Therefore, among the light weight ash
particles 0.75% volume chang€(=0.0075) triggered collapse 4.
failure in the field. Coincidentally, 1% volume change of soils is
1.3 times that of the limit recognized for the collapsible ashes.

At a common mean size of 0.08-0.1 mm, the ashes condi-
tioned and collected dry from the ESP are more collapsible due to
the presence of the soluble substances. The ashes are disposed in
a dry condition by the hopper. If dispensed loose in the ash ponds,
normally a rain may wash away the soluble substances. For the
ashes obtained from the dry disposal mode, a correction equiva-
lent to the dissolution of the soluble substances was applied on
the collapse potentidFig. 15c)]. It was observed that the sand
and the F1 had very close value of the median size, F1 being an
ash collected dry and having around 25% particles in silt range, 5.
had a higher collapse potential than the sand. It was recognized
that all the collapsible ashes had more than 50% fines. Among
coarse grained ashes a scatter in collapse potential was observed.
A relationship between corrected collapse potential at 200 kPa
(D.=80%) and mean particle size is obtained with a satisfactory
coefficient of determinationR?=0.94). The corrected collapse
potential is expressed by

Cy=n-DJ, (10)

wherecgr=corrected collapse potential of an aBhy;=mean par-
ticle size in mm;m=—0.9535; andn=0.0006 are fitting con-
stants for the coal ashes.

The coefficient of determination for the fitting curve of ob-

framework for the assessment of collapsibility of the ashes. Sev-
eral single and double oedometer collapse tests have been per-
formed to test the collapsibility of coal ashes and the results were
verified using the model and the field collapse test. Based upon
the test results various outcomes of this study are summarized as:

The collapse potential obtained by the oedometer test is a
dependent parameter of several factors such as grain size
characteristics, stress level, testing technique, degree of com-
paction, a finite consolidation ratio, moisture content, soluble
substance, etc.

At a prewetting critical moisture content and in the critical
stress rang€50—125 kP the ashes tend to collapse more
than those in the dry condition. The observed collapse po-
tential was proportional to the collapsibility factor identified
from the maximum and minimum void state of the ashes.
The ashes with more than 50% of the particles in silt size
range were found to be collapsible.

The dry disposed ashes were more collapsible due to the
presence of soluble substances as compared to that obtained
by the wet disposal. Therefore a correction was applied in
the observed collapse potential of the dry disposed ashes to
obtain a common correlation with the mean size as of the
wet disposed ashég§ig. 15c)].

The generally recognized lower limit of collapse potential
for the collapsible soils in the oedometer is 0.01. It was
observed that the coal ash with a collapse potential of 0.0075
at 80% degree of compactiolD() collapsed in model tests

at 87 and 949%® .. Increasing the density of this ash arrested
the collapse in the model test. The coal ash with a lower
collapse potential0.0037 at 809D ) did not collapse at all,
while an ash with a higher collapse potenti@l021 at 80%

D.) collapsed at all the densities examined in the model test.
Therefore, the lower limit of collapse potential of the col-
lapsible ashes was recommended as 0.0075 at 80% degree of
compaction in the oedometer.

In field, the collapse may occur due to the accidental wetting
or a rise of water table. In such cases the magnitude of mea-
sured collapse is a function of the depth of wetting front
from the ground level. If the wetting front ratio is more than
1.8, a threat of collapse is bare minimum. The field collapse
test is recommended under an actual condition of wetting, if
ashes are to be used as a structural fill.
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Conclusions

The collapsibility of coal ash is one of the most important param-
eters for using ash as a fill material. The present work provides a

Notation

The following symbols are used in this paper:
a,b,mn

fitting constant for ashes;
width of plate in field collapse test;

B
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C,.Cy,Cy = observed, corrected and maximum probable
collapse potential;
D. = degree of compaction;
Ds, = mean size;
dh = decrease in height of sample on inundation;
€max:& :emin = VOId ratio in loosest, placement, and proctor
compaction;
F = collapsibility factor;
F1-F7 = ash obtained in dry state from field1 to 7
of hopper;
hy = height of sample before wetting;
| = intensity of characteristics radiation in x-ray
diffraction;
OMC = optimum moisture content;
R? = coefficient of determination;
S,,S:. = settlement before and after wetting at collapse
stress in field test;
S, = percent increase in settlement in field collapse
test;
W, = wetting font ratio;
w, = prewetting placement moisture content;
Z = depth of water level below plate base;
Ae = change in void ratio upon wetting due to
collapse;
o = normal effective stress in oedometer; and
¢ = angle of internal friction.
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