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Technical properties of waste products from coal combustion 

A laboratory study in accordance with soil analysis procedures
Propriétés techniques de déchets provenant de la combustion du charbon 

Etude en laboratoire réalisée selon les méthodes usuelles d'analyse des sols

B. MÔLLER, Swedish Geotechnical Institute, Linköping, Sweden
G. NILSON, Swedish Geotechnical Institute, Linköping, Sweden

SUMMARY This paper presents the results of a laboratory study of the technical properties
of different coal combustion waste products. The investigations have involved fly ashes and bottom 
ashes from pulverized coal combustion, grate firing and oil combustion (only fly ash) and waste pro
ducts from wet-dry and wet flue gas desulfurization procedures. Properties of fly ash found in the 
literature are also included for comparison. The laboratory investigations have comprised determi
nation of the main chemical content, microstructure, general parameters, compaction properties, per
meability and strength and strain properties.

INTRODUCTION

As an assignment for the Swedish Coal-Health- 
Environment (KHM) project, the Swedish Geotech
nical Institute (SGI) has performed an extensive 
laboratory investigation on different kinds of 
waste product from coal combustion.

The main purpose of the investigation has been 
to determine the strength and permeability pro
perties of the waste products. Knowledge of 
these parameters is very important in the util
ization of the products, which will be different 
kinds of fill. Furthermore these parameters are 
essential for the evaluation of a deposit and 
its environmental effects.

Some 90 t coal per hour are combusted in a pul
verized coal combustion plant for the generation 
of 260 MW of electricity. At an ash content in 
the coal of 10-15% 9-13.5 t of ash will be pro
duced per hour. Flue gas desulfurization is in 
operation with the wet-dry method, which in
creases the amount of waste by 6 t/h. Such a 
plant will produce 15 to 20 t of waste per hour 
and, if it operates for 8,000 hours/year, will 
produce 110,000-160,000 t of waste anually.

For comparison purposes, the results of inves
tigations from three different fly ashes, those 
of Braehead in Scotland, Skelton Grange in 
England and Trenton Channel in the USA, are in
cluded in this paper.

GENERAL PARAMETERS

The general parameters of different types of 
waste are presented in Table 1. The grain size 
distribution for different kinds of coal waste 
product varies, depending on from where in the 
processes they are extracted and the type of 
combustion.

Bottom ashes are coarse material in these con
texts, with a relatively high content of grains 
bigger than 20 mm. Slag pieces of up to 500 mm 
in diameter are often found.

The grain density (2,130-2,390 kg/m3) of the 
ashes indicates porous particles and the forma
tion of scenospheres. By comparison, the grain 
density of natural soil is 2,700-2,800 kg/m3. 
The bottom ashes have an even lower grain den
sity, which means that the pieces of slag have 
a higher content of confined pores than f?.y ash

The grain density of the product of flue gas 
desulfurization at Wilhelmshafen is relatively 
high, 2,950 kg/m3, which seems to be an effect 
of the content of calcium sulphite.

The specific surface area of fly ashes is im
portant to the strength properties, especially 
the fact that a higher specific surface area 
increases the reaction speed, but does not in
crease the final strength values, Lin (1971). 
From Table 1 it is clear that no relationship 
exists between the grain size distribution and 
the specific surface area.

MAIN CHEMICAL CONTENT AND MICROSTRUCTURE

One of the most essential components for the 
strength properties of fly ash is the content 
of Si02 + A1203, free lime and the content of 
unburnt coal. These are very important for the 
puzzolanic activity. The values of CaO, pre
sented in Table 2, are the sums of total lime 
content. Analysis of free lime from Braehead 
and Skelton Grange fly ashes shows values 
<0.01% and 0.03% respectively, Sherwood and 
Ryley (1966). Lack of free lime in fly ash will 
eliminate the puzzolanity, Lin (1971).

The microstructure of the waste products also 
plays an important part in the strength pro
perties. The characteristic grain form and the 
structure of the different kinds of waste pro
duct are summarized in Table 3. The fly ashes 
often contain scenospheres. The content of 
spherical grains is almost nil in fly ash from 
grate firing. The bottom ashes often have a very 
porous structure, which then gives a very low 
compact density. Grains of bottom ash have a
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TABLE 1. Summary of general parameters for
different kinds of coal waste product.

Waste product Grain
density
kg/m3

Specific
surface
area
m2/kg

Characteristic 
grain size 

pm
dio d60

Uniformity 
coeff.
Cu - dso/dio

Classification 
according to 
soils system

Asnaes 2280 539 4 - 40 10.0 Sandy silt
Inga 2200 298 3 - 20 6.7 " "
Wilhelmshafen 2210 270 20 - 30 1.5 " “
Trenton Channel 2360 305 3 - 20 6.7 " "

.c Braehead 2240 397 15 - 27 1.6 ■1 H
HJ Skelton Grange 2130 360 4 - 25 6.2 M n

Li_ Norrkoping 2390 - 10 - 125 12.5 Silty sand
Perstorp 2180 - 30 - 300 10.0 ii M

Uppsala 2750 - - -6 - -
(oil burning)

£ Asnaes2̂ 1910 _ 80 - 1600 20.0 Gravey sand, stony
o Wilhelmshafen1̂ 2170 60 - 500 8.3 Sand
•MO W Norrkoping2̂ 2025 - 400 - 7000 17.5 Sandy gravel, stony
CD <Q Perstorp2̂ 2100 - 700 - 8000 11.4
1 -4-i CU U "O | 3 (wet-dry)
tO TD VI N O Asnaes 2520 1240 (-5) - (-20) (4) Silt

o» l. a.3 (wet) Wilhelms
di H- e 3 >— O hafen 2950 - (-3) - (-12) (4) "
Ll_ l/> -*J

Bottom ash from Wilhelmshafen is ground after processing, so it does not contain grains 
>20 urn.

Grain size distribution is performed on material <20 mm. The bottom ashes often consist 
of pieces of slag bigger than -500 m.

vitreous cover, which seems to prevent puzzola- 
nic activity taking place.

The flue gas desulfurization products have a 
microstructure that is derived from their chemi
cal content. The Wilhelmshafen product is 
characteristized by crystals of calcium sulphite 
and calcium sulphate. The calcium oxide domi
nates in the Asnaes product, and appears as a 
fluffy, porous and undefinable structure.

TABLE 2. The essential chemical components in
different kinds of coal waste product.

COMPACTION PROPERTIES

The compaction curves are plots of standardized 
heavy laboratory compaction results. Figure 1 
shows i.a. for fly ashes a variation in the 
maximum dry density, from 0.99 to 1.54 t/m3, at 
a relatively constant optimum water content of
18 to 21%. The fly ashes from pulverized coal 
combustion give the highest density. The maxi
mum dry density for a comparable soil is 1.7- 
1.8 t/m3.

The compaction properties of the bottom ashes 
were determined using a vibration method to 
avoid crushing the material. The maximum dry 
density of Asnaes, Norrkoping and Perstorp 
bottom ashes are 0.67-0.84 t/m3, which is low. 
However, the heavy compaction method was used 
for the Wilhelmshafen bottom ash, because this 
material had been ground to particles smaller 
than 8 mm. Even here slight crushing is to be 
expected. By comparison, the dry density of 
lightweight clinker is 0.35-0.4 t/m3.

The desulfurization products are very unstable 
at water contents above the optimum, which may 
lead to difficulties in compaction work, for 
example. The water saturation limit for both 
products is about 44%.

STRENGTH PROPERTIES

The strength of compacted fly ashes and flue gas 
desulfurization products will be affected by 
variations of their relative density, Rd , curing 
time and water content before compaction.

These parameters can be changed after the waste 
product has left the plant. This means that the 
strength could be increased from one level to 
another by compaction, the addition of water and

Waste product
Si02
%

A12°3
%

CaO
%

Content of unburnt coal 
X

Asnaes 49 26 5.4 3.3
Ingi 53 23 3.3 3.6
Wilhelmshafen 53 30 4.0 0.9
Trenton Channel 47 27 0.9 4.3
Braehead 53 33 1.0 3.7
Skelton Grange 49 25 2.3 1.4

« Norrkoping 32 15 6.1 25>>
Ll_ Perstorp 30 14 5.9 33

Uppsala 1.9 0.4 0.8 65
(oil burning)

Asnaes 46 19 5.1 9.4
Norrkoping 45 20 4.3 18

Eo Perstorp 42 19 6.0 17
4->o Wilhelmshafen 54 27 5.3 0.7CD

«/> t v*« p C 4J (wet-dry)Asnaes 17 10 40O U<— •<- 3 « 3 ■*-> -O (wet) Wilhelms 1.5 0.4 37D irt « O •— 4> N U U- -O •«- Q. hafen

1272



3 /C /10

TABLE 3. Summary of grain form, structure and colour 
of different kinds of coal waste product.

Waste product C h a r a c te r i s t i c  g ra in  form and s t ru c tu re Colour

F
ly

 
a

s
h

 

p
u

lv
e

ri
z

e
d

 
c
o
a
l 

c
o
m



b
u

s
ti

o
n

Asnaes

IngS

Wilhelmshafen 

Trenton Channel 

Braehead 

Skelton Grange

Main ly  sph e r ica l  g ra in s ,  p a r t l y  

scenospheres.
Non-spherical g ra ins  are occasion

a l l y  encountered.

Grey

F
ly

 
a

s
h

g
ra

te
fi

r
in

g Norrkoping

Persto rp
Main ly  g ra ins  o f  undef inab le  fo rm , w i th  a 

porous and f ib r o u s  s t r u c tu re .

Spherical g ra ins  do e x i s t .
Black

B
o

tt
o

m

a
s
h

Asnaes

Wilhelmshafen
Norrkoping

Persto rp

Grains o f  undef inab le  fo rm, w i th  a 

v i t re o u s  cove r,  o f ten  m e lt  i n t o  b igger 
aggregates. The gra ins  are porous under 
the v i t re o u s  cover.

Black

F
lu

e
 

ga
s 

d
e

s
u

l-

fu
r
iz

a
ti

o
n

p
ro

d
u

c
ts

(w e t -d ry )  Asnaes 

(wet) Wilhelmshafen

Main ly  undef inab le  s t r u c tu re .  Porous 

sm a lle r  g ra ins ,  sometimes connected to  
form aggregates.
In t h i s  case, spher ica l  gra ins  from f l y  

ash are p resent .

Thin f la k e s  o f te n  connected, sometimes 
l i k e  roses in  form.

Grey

White

FIG. 1. Compaction properties of different
kinds of coal waste product, determined 
from standardized heavy laboratory 
compaction tests.

curing. The absolute strength level is deter
mined by the combustion technique, combustion 
efficiency and composition of the coal. In this 
context, the technical parameters that can be 
changed are the chemical composition, grain

size distribution, content of unburnt coal and 
grain form.

A statistical calculation has been done on the 
results of unconfined compression tests per
formed on fly ash from the Asnaes plant. The 
compressive strength can be expressed by the 
relationship shown in equation (1), with a mul
tiple correlation coefficient of 0.93 and a 
significance of 99.5%.

o = a log (t) + b Rp + d (1)

where

a = compressive strength (kPa)
t = curing time (days)
Rq = degree of compaction
w = water content
a,b,c,d = constants

Statistical calculations have also been done on 
the compressive strength of the wet-dry gas 
desulfurization product from Asnaes, where the 
products are also dependent on the water content 
equation (2). The relationship has a multiple 
correlation coefficient of 0.89 and a signifi
cance of 99.99%.

a = a + b * R D + c * t  + d -  w (2)

The constants (a, b, c, d) in the equations (1) 
and (2) are affected by the content of Si02 + 
A I 2 O 3 ,  free lime, specific surface area and the 
content of unburnt coal, consequently, such 
parameters are dependent on the combustion tech
nique, operation, coal quality and type of ash 
separation and handling.

Figure 2 shows the compressive strength related 
to the curing time for the coal waste products 
investigated, together with references. The 
compressive strength was determined at optimum 
water content and at a degree of compaction of
0.90, with the exception of the reference ashes.

1 2 7 3
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FIG. 2. The compressive strength in relation 
to the curing time for the waste 
product.

The strength and its increase with time are 
very low for the ashes from grate firing ,at 
Norrkoping and Perstorp, which is an effect of 
the large amount of unburnt coal and the irregu
lar grain shape. The explanation for this is 
that the unburnt coal covers the grain surfaces 
so that they are not available for puzzolanic 
reaction.

The content of free lime in fly ashes seems to 
be very important for the puzzolanic reaction. 
Several investigations such as Sherwood and 
Ryley (1966) and Sutherland et al (1964), show 
that free lime has a decided effect on the 
strength after curing. Sherwood and Ryley report 
that if the fly ash consists of more than 0.1% 
free lime (crystalline) the cementing effect 
will be high.

Triaxial tests on compacted and cured fly ash 
give an angle of internal friction <j>' = 40°-45°, 
which seems to be independent of the puzzolanic 
activity. By constrast, the cohesion is related 
to the value of the cementing effects.

PERMEABILITY

The results of permeability tests are presented . 
in Figure 3, together with figures for the re
ference ashes.

The permeability will decrease with increasing 
degree of compaction. There seems to be no re
lation to curing time in the interval 1-90 days. 
One exception is the wet-dry desulfurization 
product which exhibits a slight decline in per
meability with curing time.

CONCLUSIONS

This study shows that soil laboratory investi
gation methods are applicable to coal waste pro
ducts. The number of tests is larger than in 
traditional soils because the increase of

1. Perstorp fly ash
2. Norrk8ping fly ash
3. Trenton Channel fly ash
4. Braehead fly ash
5. Asnaes fly ash
6. Asnaes fly ash: dry flue gas desulfurization 

product 1:1, 2:1, 3:1
7. Asnaes wet-dry flue gas desulfurization 

product
8. Wilhelmshafen wet flue gas desulfurization 

product

FIG. 3. Permeability related to the degree of 
compaction for different kinds of coal 
waste product.

strength with time give one more parameter to 
consider.

The investigation shows also that the final 
strength value depends very much on the coal 
quality and combustion technique, but improve
ment of strength can be done due to water con
tent, aging and compaction, consequently such 
parameters which can be changed after the waste 
product has left the plant.
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