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CHAPTER 1

INTRODUCTION

The development of pulverized-coal-fired boilers and the 
advancements in combustion technique have been a great con­
tribution to the world economy by providing electric power 
at low costs. During the same time, however, massive amounts 
of fly ash have been produced and the annual output continues 
to grow at a substantial rate. As a result, the disposal of 
fly ash has become a critical problem in many areas, and the 
public is also becoming increasingly conscious of the fly ash 
nuisance.

During 1969 the electric utility industry in the United 

States produced over 22 million tons of fly ash. Output will 
continue to increase, and by 1975 it is estimated by Brackett 
(1970) that the production rate will be about 29 million tons 
per year, and it could result in an annual tonnage of 36 million 

tons by 1980 in spite of the fact that an increasing percentage 
of power is expected to be produced by nuclear power plants. 
Furthermore, the output figures cited above do not include 
the bottom ash and boiler slag output which amounts to 11 

million tons per year currently and is estimated to reach an 
annual production of 16 million tons by 1980.

1
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The location of fly ash production is also of interest. 

Most of the output is concentrated in the Great Lakes region. 
The states of Illinois, Indiana, Michigan, Ohio, and Wisconsin 
contribute more than one third of the national fly ash produc­

tion.
Because of the diversity in its physical and chemical 

properties and a lack of basic knowledge relating to this 
material, the utilization of fly ash has been quite limited. 
Consequently, fly ash has been usually considered as an unwanted 
waste byproduct. The most common method of disposal has been 
"dumping,” and this will tend to be the traditional method as 
long as the cost of dumping is less than that required to develop 
a market. However, disposal sites have become scarcer and more 
costly, particularly in the large urban or metropolitan areas. 
As production rates continue to increase and as environmental 
controls on dumping of residuals become more stringent, fly 
ash disposal will be a major problem for coal-fired power plant 
operation in the immediate future.

In view of this problem, some attention has been devoted 
to the development of fly ash utilization in recent years. 
A limited effort has been made in the United States in this 
direction, however, the percent utilization is quite low com­
pared to most European countries. Britain and France, for 
example, use 42 and 55 percent respectively of their output as 
opposed to only 9 percent in the United States. Also, in terms 
of total tonnage British and Germany each use more than does 
the United States. In addition, from the figures shown in
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Table 1.1, it can be noted that the rate of fly ash utilization 
in this country has not increased in the period of 1968 

through 1969 while the output increased 12.6 percent. It is 

even more disturbing to note that the total percentage of ash 
utilization (including bottom ash and boiler slag) has dropped 

from 17.5 percent in 1968 to 15*9 percent in 1969*

TABLE 1,1 - Comparative Ash Utilization in the USA, 
1966 through 1969» Tons

1966 1967 1968 1969

Produced* 
Fly ash 17,123,144 18,409,854 19,813,747 22,304,513
Bottom ash 8,065,683 9,131,453 7,259,212 8,042,017

• Boiler slag — * 2,554,569 3,020,282
Total 25,188,827 27,541,307 29,627,528 33,366,812
Total 
Utilized 3,050,669 3,794,714 5,194,016 5,306,764

Percent ash 
Utilized* 
Fly ash 7.9 8.2 9.6 9.4
Bottom ash 21.0 25.0 25.0 27.3
Boiler slag * — 57.8 33.7

(from Brackett, 1970)

Major uses for fly ash at present in the United States 

are as follows1
(1) Lightweight sintered aggregate.
(2) Soil stabilizer for road and highway subbases.
(3) Cement replacement in mass concrete.
(4) Cement replacement in concrete products.
(5) Mineral filler in asphalt paving.
(6) Constituent in Portland cement.
(7) Grouting agent in oil well cementing.



The ash collection and utilization in 1969 are shown in Table

1.2. More detailed information on the above uses has been

TABLE 1.2 - Fly Ash Collection and Utilization 
in the USA, 19^9

Fly ash, 
tons

Bottom 
ash, 
tons

Boiler 
slag (if 
separated 
from bot­
tom ash), 
tons

1. Ash collected 22,304,513 8,042,017 3,020,282

2. Ash utilized*
a. Mixed with cement 

clinker or cement 
(pozzolan cement)

b. Mixed with raw 
material before 
forming cement 
clinker

32,759

132,226 5,000 ■

c• Partial replacement 
of cement in* 
1. Concrete pro­

ducts 175,086 5,686
2. Structural con­

crete 194,322 . — —
3, Dams and other 

mass concrete 163,809 * —
d. Stabilizer for road 

bases, parking 
areas, etc. 264,224 20,617 73,240

e. Lightweight aggre­
gate 250,251 19,388 *

f. Fill material for 
roads# construction 
sites, etc. 73,440 1,102,240 548,606

g. Filler in asphalt 
mix 114,067 10,084 89,970

h. Miscellaneous (see 
table 2) 244,508 648,052 257,204

Total 1,644,692 1,811,067 969,020
3. Ash removed from plant 

sites at no cost to 
utility but not cover­
ed in categories list­
ed under "Ash Util­
ized" 452,522 381,076 48,387

Total Utilized 2,097,214 2,192,143 1,017,407
^^cm-Ûrâc^êt^
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presented in recent symposia on ash utilization (1967*1970)• 

The use of compacted, stabilized fly ash by itself in 
load-bearing fills has received very little attention in this 

country. This is largely because potential users lack know­
ledge and experience on the one hand and the producers are 
discouraged by some possible handling problems on the other. 
However, problems of the latter type either are exaggerated 
or have been solved by European ash producers. For example, 
the dust problem mentioned by Zimmer (1967) can be controlled. 

Fly ash used as fill is usually shipped in a damp condition, 
preferably at or near the optimum moisture content. Therefore, 
it is generally dust free and can be transported in open or 
sheeted trucks. Of course, this requires the ash producer to 
install a special "conditioning” plant. The problems of the 
former type can be overcome by capitalizing on knowledge and 
experience gained from countries with an active ash utilization 
research program such as Britain. Figure 1.1 shows the status 
of ash utilization in Britain. It should be noted that more 
than 50 percent of utilized fly ash was used as load-bearing 
fill material. This should not be considered as merely 
accidental but as a clear indication of its successful util­

ization in engineering practice.
The advantages of using compacted fly ash as a replace­

ment for conventional earthfill material in load-bearing 
fills are as follows*

(1) It solves two problems with one effort, viz., 

elimination of a solid waste problem on the one hand and
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Figure 1.1 Commercial 
utilization of ash 
from pulverized fired 
plants, Central Gen­
erating Board.
(from Wilson & Barber 
1970)

provision of a needed construction material on the other. 
Both these two problems are becoming acute in the urban 
environment because it is here where most coal-fired generating 
plants are located and where the supply of natural earthfill 

material is scarce.

(2) Properly compacted and stabilized fly ash generally 

possesses strength comparable to that of conventional, compacted 
earthfill. Furthermore, because of its age hardening property, 
compacted, stabilized fly ash will exhibit a cohesion not 
found in normal soils and develop additional strength with 
time.
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(3) The compacted fly ash has low dry density. This 

is advantageous if the fill or embankment must be placed on 
ground of low bearing capacity or where long term settlement 
is possible. This is also advantageous economically because 
one ton of compacted fly ash represents a greater volume than 

one ton of conventional earthfill.
(4) Fly ash can be readily conditioned (i.e. mixed with 

the right amount of water and lime or cement) at the plant 

so as to arrive on site in a state ready for compaction. It 
can be easily handled and placed by conventional compaction 

plants.
In addition, many of the bituminous coals that are pro­

duced throughout the world, and particularly in the United 
States, are relatively high in sulfur content. When these 
coals are burned in modern furnaces the amount of S02 that is 

released has created considerable concern about pollution of 
the atmosphere. The elimination of the S02 emission during the 
combustion process will become an important issue. Among a 
few trial processes currently being developed, Minnick (1970) 

suggested that the introduction of limestone or dolomite into 

the furnace may be an effective way of dealing with the problem. 
Based on the results of additive treatments available at the 
present time, there may be more than a stoichiometric require­
ment of lime needed to react with the sulfur gases. If this is 

so, fly ash will contain more than 50 percent by weight of 
lime compounds in the final mix, and the physical and chemical 

properties of these new ashes will differ substantially from 
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those of fly ashes produced at present. Minnick also pointed 
out from the studies made to date, that new fly ashes seem to 
have limited application in concrete, lightweight aggregate 
and ceramic brick. On the other hand, because a high lime 
content assists in producing self-hardening reactions in com­
pacted fly ash, the use of this new fly ash as a structural 
fill may become increasingly attractive.

The main objective of this dissertation is to study the 
engineering properties of compacted fly ash as a material for 
load-bearing fills and subbases. This includes the study of 
index properties, strength, and compressibility behavior. Fly 
ash may be liable to frost heave because of its grain size 
distribution. It is important, therefore, to include a study 
of the frost heave characteristics of some typical local fly 
ashes in this dissertation because frost heave is one of the 
major concerns of soil engineers in regard to its use as a fill 
material.

Accordingly, this study can be divided into three parts» 
1) index properties and strength, 2) compressibility, and 
3) frost susceptibility. Each of these topics is described 

separately in three chapters. Chapter 3 contains information 
on the index properties and strength of some compacted Michigan 
fly ashes. A general discussion of the possible variables 
that affect the age hardening of fly ash is given, and the 
effects of lime stabilization and curing temperature on strength 

of fly ashes are also discussed. The frost susceptibility of 
some Michigan fly ashes is treated in Chapter 4. The effects 
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of cement and lime stabilizations on the frost heaving of 
these ashes are also described. Chapter 5 deals with the com­
pressibility behavior of compacted fly ash. The load-deforma­
tion-time relationship of this material is studied theoretically 

and experimentally by taking into account the age hardening 
property. The effect of partial saturation on the compressi­
bility of compacted fly ashes is also discussed in this chapter.

The scope of this study has been confined to laboratory 
investigations; no attempt has been made to carry out a field 
study. However, the importance of field trials should be 
emphasized and the conclusions drawn from laboratory investi- 
gâtions should be validated by a series of field trials.



CHAPTER 2

REVIEW OF PAST WORK

Fly ash investigations, particularly in this country, 
have focused primarily on chemical reactivity and strength 
development. Leonard and Davidson (1959) and Minnick (196?) 

attempted to assess the strength development in compacted ash 
samples in terms of their pozzolanic activity. Leonard and 
Davidson studied the pozzolanic reaction in terms of the rate 
of calcium absorption which was in turn determined by using 
a conductivity method. Minnick analyzed the reaction from 
X-ray diffraction and the differential thermal analysis results, 
from which the reactants and the reaction products were 
identified.

Soil engineers, on the other hand, are more interested 
in strength of fly ash than the pozzolanic reaction itself. 
Some investigators, e.g., Snyder (19&7), believe that strength 

development is not a simple function of the extent of pozzo­
lanic reaction. The long-term strength of fly ash cannot be 
determined solely by measuring the extent to which the fly 
ashes react with calcium hydroxide. Leonard and Davidson also 
recognized that there is a relationship between the absorption 
of lime and the compressive strength, but the total strength 
development of lime-pozzolan mortars is dependent cn other

10
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factors in addition xo the pozzolanic reaction itself. David­
son et al. (1958), Vincent et al. (1961)» Mateos (1964), 

Raymond (1965), Thorne and Watt (1965)» Sherwood and Ryley 
(1966), Sutherland and Finlay (1967)» and Sutherland et al. 
(1968) have all attempted to find statistically significant 
relationships between strength and compositional variables. 
Unfortunately, no general relationship that can serve as a 
guide for practicing engineers to assess the strength of this 

material has been found. In spite of the diverse nature of 
fly ash and the difficulty of establishing a unique relationship 

’ between fly ash properties and strength, the consensus of these 
studies is that many ashes, being pozzolanic materials, acquire 
a considerable amount of strength with time after compaction. 
It appears from these studies that compacted fly ash is a 
satisfactory structural fill material as far as its strength 

is concerned.
A considerable amount of information regarding strength 

and stabilization of compacted fly ash was also presented in 
the proceedings of two symposia on fly ash utilization (1967, 

1970). A good summary of much published literature in this 
area was given in the fly ash stabilization handbook published 
by the British Central Electricity Generating Board (1967) •

In the United States, fly ash is used more often as an 
admixture in base course stabilization and pozzolanic pavements 
than it is by itself in load-bearing fills. Examples of the 
former include many roadway projects in Alabama (Hester, 1967)» 
pozzolanic pavements in the Chicago area (Savage, 1970), and 
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the runway construction at the Newark Airport, New Jersey 
(Engineering News-Record, 1969)» In all these projects, fly 

ash was used only as a pozzolanic additive in a lime-fly 
ash-soil or cement-lime-fly ash-soil mixture. The use of 
compacted fly ash in structural fills is relatively unknown 
in the U.S.A. Consequently, the published information and 
engineering data on this subject are quite limited in U.S. 
journals. A relatively good summary on some design features 
of fly ash fills and field compaction properties of fly ash 
from Pennsylvania has been presented by DiGioia and Nuzzo 
(1970). However, no actual construction data nor descriptions 

of case studies were given therein. Some preliminary test results 
of engineering properties of some typical Michigan fly ashes 
have also been presented by Gray and Lin(1971).

On the other hand, a considerable number of British 
technical publications in this area are available. The use 
of compacted fly ash as a highway embankment and structural 
fill material has been studied by Raymond (1961), Raymond and 
Smith (1966), and Margason and Cross (1966). Raymond investi­

gated some ashes from northwestern England and western Scotland 
and also reported the results of two field trials. Raymond 
and Smith examined a fly ash fill behind an abutment. Methods 
for calculating active pressure on fly ash retaining structures, 
bearing capacity and settlement of structural fill were also 
presented. Margason and Cross described the construction of 
two bridge sites where fly ash was used as fill behind one 
abutment of each bridge and conventional soil fill was used 
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for the other abutments. They reported that settlements 
beneath compacted fly ash embankments were considerably less 
than those beneath conventional granular fills. The use of 
stabilized fly ash in road construction was reported by Ray­
mond and Smith (1964), Sherwood and Ryley (1966), and Suther­
land et al. (1968). Sherwood and Ryley assessed those 
properties of fly ash likely to affect its use as a road con­
struction material, on the basis of laboratory investigations 
on nine British fly ashes. Raymond and Smith described the 
construction and performance of a road sub-base made from 
stabilized fly ash at Halewood, England. Sutherland et al. 
gave a description of the successful use of fine and coarse 
fly ashes in road construction work in Warwickshire, Birtain. 
The successful use of fly ash as bulk fill for airport runways 
at Birmingham airport was also reported by Woollard (1967). 
Field handling techniques and emplacement procedures have been 
discussed by Raymond (1961) and Raymond and Smith (1964, 1966). 

Engineering properties of compacted fly ash have been discussed 
in almost all the preceding references.

In general, the use of properly compacted and stabilized 
fly ash in engineering practice has been quite satisfactory. 
The main problem encountered appears to be the lack of corre­
lation between predicted settlements based on standard labor­
atory consolidation tests and actual field settlements. 
Application of conventional consolidation theory to oedometer 
test results tends to give exaggerated settlements, Raymond 
and Smith (1966). An adequate characterization of the com- 
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possibility of compacted fly ash and the development of re­
liable settlement predictions are still required.

Prost susceptibility of compacted fly ash has been studied 
by many British investigators. Raymond and Smith (1964) car­

ried out a field and laboratory test on ash from the Bold 
power station in England by using the freeze-thaw test and 
suggested that ashes with 10 percent cement content can be 
regarded as non-frost susceptible. However, this recommend­
ation was based on one ash. A more comprehensive study was 
made by Croney and Jacobs (1967) who investigated ashes from 
nine sources, using the British Road Research Laboratory Prost 
Test. They found that five of the ashes were frost suscep­
tible but could be made non-frost susceptible by cement treat­
ment. The percentage cement required depends on the individual 
ash. Sutherland et al. (1959) performed similar tests on 
four Scottish ashes and indicated that the percentages of re­
quired cement vary from 6 to 15 percent for samples prepared 
at maximum dry densities. Sutherland and Gaskin (1970) also 

reported studies of the effect of permeability and compressive 
strength on the frost susceptible characteristics of a number 

of fly ashes.
A more detailed review or commentary on specific aspects 

of previous fly ash studies will be presented at appropriate 

sections in subsequent chapters.



CHAPTER 3

INDEX PROPERTIES AND STRENGTH
OF COMPACTED FLY ASH

3.1 Introduction
Fly ash is a byproduct which results from burning 

pulverized coal in power stations. The coal used in modern 
power stations is ground in mills prior to combustion to the 
size of which about 80 percent passes a No. 200 sieve. The 
pulverized coal is then injected into the furnace at high 

speed in a stream of air and burned almost instantaneously 
in suspension at a temperature of approximately l,500°C which 

is above the melting point of most of the minerals present. 
As a result they undergo chemical and physical changes. The 

exact nature of the changes depends not only on temperature 
but also on type of coal, fineness of grinding and retention 

period in the hot zone of the furnace.
A high proportion of the ash remains as individual par­

ticles but the remainder forms agglomerates. The unburned 
inorganic materials form small molten globules and congeal into 
spherical particles as they leave the high temperature zone. 

Some partially burned organic substances also form larger and 

more irregular shaped particles, which are considered to be

15
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mostly carbon. The larger agglomerates fall to the bottom of 
the furnace into a hopper and are removed therefrom. This 

portion is called bottom ash. The amount of the bottom ash 
production depends on the nature of power plant boilers. Dry 

bottom boilers only produce about 10 percent bottom ash whereas 
wet bottom boilers, 50 percent and cyclone facility, 85 percent.

The remaining substances are called "fly ash" and are 
separated from the exhaust gas stream by various methods depend­
ing on the design of power plant. The collection of fly ash 
in the flue gas is usually accomplished by using either elec­
trical precipitators or mechanical collectors. The electrical 
precipitators are more efficient than the mechanical collectors 
and usually remove a higher percentage of the fly ash from 
the flue gases, especially finer particles. Therefore the fly 
ash collected by an electrical precipitator has a high specific 
surface which is considered conductive to high pozzolanic activity.

Therefore, it should be noted that fly ashes with relatively 

different characteristics can be produced from different power 

stations. These variations are due to*
(a) the degree of pulverization of the coal, 
(b) the design of furnace, including the methods of 

combustion and the method of collection,
(c) the type of coal supply,
(d) the boiler load, hence the firing conditions. 

In view of this variant nature, the importance of understanding 

the index properties and the possible factors which affect the 
engineering properties of fly ash from any specific power plant
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is rather evident. This variability also tends to discourage .. 
more widespread use of fly ash in the construction of roads# 
embankments and fills. Establishment of simple and reliable 
criteria for fly ash utilization in engineering practice is an 
important goal in any engineering study of this material.

The variables that affect the engineering properties of 
a fly ash are generally believed to be those which affect the 
pozzolanic activity in fly ash. The term pozzolanic activity 
is defined as the activity with which the calcium hydroxide 
reacts chemically at ordinary temperature with the natural or 
artificial siliceous or aluminous material (which in itself 
possesses little or no cementitious values) in the presence of 

water to form compounds possessing cementing properties.
From the above definition, it is evident that the siliceous 

and aluminous component and free lime content are the most 
essential elements in the pozzolanic reaction. Experimental 

verifications in terms of compressive strength have been attempt­
ed by many investigators, such as Davidson et al. (1958), 
Thorne and Watt (1965)» Sherwood and Ryley (1966) and Sutherland 
et al. (1968). Although SiO^+Al^O^ content appears to be an 

important determinant of compressive strength, other variables 
also play an important role. In fact, under certain conditions 
these variables can be even more important than SiO^+Al^O^ 

content. For example, lack of free lime can eliminate pozzolanic 
reaction in a fly ash; high carbon content tends to retard the 
reaction and consequently reduce strength gain in fly ash. 
Therefore, no unique relation between strength and these var- 
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tables is available to be used as a guide to asses the strength 
of fly ash. The other possible variables besides the Si02+Al20^ 

content are specific surface, loss on ignition, nature of com­
paction, moisture and temperature during curing. These factors 

are summarized and presented in the next section.
An experimental study of the strength properties of some 

typical Michigan fly ashes has been made. Since the range of 
the variation in material properties of the ashes is narrow, 

the study of relations between intrinsic material variables and 
strength has not been attempted. However, the effects of 
external test conditions such as lime stabilization and temper­
ature were studied because of their practical significance. The 
results are given in the last section of this chapter. The 

index properties and composition of these typical Michigan fly 
ashes are also given in this chapter.

3.2 Variables which Affect the Strength Development of 

Compacted Fly Ash
The possible variables that affect the strength, or the 

pozzolanic reaction, of a fly ash can be divided into two basic 

categories viz., material variables and environmental variables. 
They are each discussed in turn as follows*

1. Material Variables
Material variables are those properties which a fly ash 

possesses intrinsically. They include siliceous and aluminous 

composition, surface area, carbon content and free lime content.
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(a) Siliceous and aluminous composition* Finely divided 
silica and alumina are essential constituents in a 

pozzolanic material. Pozzolans possess little or no 
cementitious properties, but will react chemically 
with lime in the presence of water to form stable 
compounds possessing cementitious properties. The 
relationship between SiOg+AlgO^ content and strength 
of fly ash has been investigated by Thorne and Watt (1965)• 

In a study of the crushing strength of some British fly 
ash specimens, they found that the pozzolanic activity 
of an ash resides principally in the glassy particles, 
and the glassy particles are composed primarily of Si02 
and AlgOy A particularly good correlation between 

strength and pozzolanic content was obtained for samples 
with long periods of curing. Similar results were also 
obtained by Sherwood and Ryley (1966) based on the un­

confined compression strength tests of twelve, British 
fly ashes.

(b) Free lime content* Free lime in a fly ash plays a key 

role in pozzolanic reactions. It is a necessary ingredient 
along with siliceous and aluminous constituents in 
producing self-hardening or cementitious reaction. The 
self-hardening property of a fly ash would not exist if 

the presence of free lime is inadequate. The importance 
of free lime content in fly ashes as the cause of self­

hardening has been verified experimentally by a few 
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investigators# such as Sherwood and Ryley (1966)# 

Sutherland et al. (1968). Sherwood and Ryley performed 
unconfined compression tests on many sources of British 
fly ashes with and without stablization treatments. They 
showed that because the free lime already present in the 

fly ash is probably more finely divided and is in more 
intimate contact with the ash particles than the lime 
which is added, it appears more effective in the strength 

development than added limes.
(c) Surface area* The surface area of fly ash particles 

is not the cause of pozzolanic reaction but it affects 
the rate of the reaction. A material with a higher spec­

ific surface, i.e., with finer particles and denser 
packing, tends to have more grain contacts and more 
exposed area available for immediate chemical reactions. 
This can be best demonstrated by the investigation made 
by Thorne and Watt (1965) on the crushing strength of 
14 fly ashes. They observed that for short periods of 
curing, the best correlation was between strength and 
specific surface. However, when the curing periods were 
longer, i.e., the pozzolan and lime had been exposed to 
contact sufficiently long enough, a better correlation 
was found between strength and the SiOg+AlgO^ content. 
A good correlation between specific surface and 28-day 

strength of some British fly ashes was also observed by 
Sherwood and Ryley (1966).
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(d) Loss on ignition» Loss on ignition is usually expressed 
as a percentage of the total fly ash and approximately 
represents the carbon content. Carbon in fly ash appears 
to be harmful to the pozzolanic activity and the strength 
of fly ash. From the microscopic examinations, Davidson 
et al. (1958) suggested that the carbon tends to adhere 
to and partially cover the particle surfaces, and hence, 
reduces the interfacial area available for pozzolanic 
reactions with lime. Besides, carbon coatings also act 
like links between adjacent particles to produce a porous 
aggregated structure which reduces available surface 
area and attainable compacted de?-city. The deleterious 
influence of loss on ignition on the strength development 
has been shown by Davidson et al. from the experiments 
on four Midwestern fly ashes. They concluded that the 
fly ashes containing less than 10 percent of carbon possess 
high compressive strength whereas the fly ash with carbon 
content near 30 percent showed no pozzolanic activity 
regardless of the amount of lime added. A similar effect 
was also found by Sherwood and Ryley (1966) in some 
British fly ashes with ignition losses above 16 percent. 

However, no clear relat'm exists between strength and 
loss on ignition for f] tshes with low ignition loss 
values. This again empht izes the fact that no single 
factor can be uniquely related to the pozzolanic activity 

or strength development of a fly ash.
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2. Environmental Variables 
Environmental variables refer to the external factors that 

affect the pozzolanic reaction. These variables include lime 
addition, degree of compaction, and curing condition.

(a) Lime addition: Lime additives often serve as stabilizing 
agents, especially when the inherent free lime in the 
fly ash is inadequate. The added lime will react with 
the available siliceous and aluminous components to 
produce bonding between the stabilizer matrix and parti­
cles. It is generally agreed that the strength of a fly 
ash increases with increase in lime addition until a cer­
tain limit is reached, at which the further addition of 
lime will either have no effect on or possibly decrease 
the strength. The amount of lime additive at this limit 
is called "optimum lime content”. The lime added to the 
fly ash as a stabilizer is believed to be less effective 
than the inherent free lime due to the fact that the 
particles of added limes are less finely divided and 
not so uniformly distributed among ash particles. Admixed 

lime is even less beneficial when moisture is present 

before thorough mixing has occured because the presence 
of water causes a premature aggregation of particles 
with a consequent decrease in surface area. On the other 
hand, the presence of free lime in fly ashes is often 
scant and therefore seldom sufficient for self-hardening 

process. Consequently, it is frequently found that the
- lime stabilization is necessary.
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In addition to lime, cement is also widely used as _ 
a stabilizer. There are advantages to using either agent. 
It appears that cement possesses a higher stabilizing 
potential, especially in regard to the rate of strength 
increase. However, Sutherland et al.(1968) found that, 

although cement stabilized ashes are stronger than lime 
stabilized ashes at early ages,the difference has been 
eliminated for many ashes after 3 months of curing. The 

comparison of unconfined compression strengths of some 
lime and cement stabilized British fly ashes are shown 
in Tables 3.1 and 3.2. Furthermore, lime is generally 
available at a lower price than cement. Therefore, the 
use of lime as stabilizer is reasonable if the performance 
of lime in a fly ash is satisfactory and provided adequate 

curing conditions exist.
(b) Degree of compaction 1 It is believed (Sutherland et al. 

1968) that, in a given fly ash,the curing strength is 
in proportion to the compacted dry density. From the 
tests on some British ashes, they found that the strength 
of these ashes reduced to 75 and 60 percent of the value 
at maximum dry density (standard Proctor test) when the 

degrees of relative compaction were 90 and 85 percent 
respectively. This may be due to the more intimate con­
tacts between particles of both ash and lime in a denser 
packed structure for the higher dry density condition. 
The maximum dry density of a compacted soil for a certain 

compactive effort is achieved by compacting it
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at the optimum water content. Therefore, to attain 
high curing strength, the degree of compaction, involving 
both compaction effort and moisture content, seems impor­

tant.
(c) Curing condition: Curing condition refers to two major 

considerations, namely, provision of moisture and curing 
temperature. It can be recognized from the definition 
of pozzolanic reaction that the presence of water is a 

necessary condition for the process. On the other hand, 
excessive supply of moisture may tend to reduce strength 
and cause sample deterioration. In the investigation of 
strength, settlement and compaction characteristics of 
some British fly ashes, Raymond and Smith(1966) suggested 

that the compacted fly ash will increase in strength 
with time provided that a partially saturated condition 
is maintained. However, this may be only true for 
untreated ashes and those stabilized ashes which have 
not yet reached an advanced stage of chemical hardening. 
Beyond this stage, an ample supply of moisture should 
be favorable to pozzolanic activity.

The influence of temperature on the pozzolanic 
activity is anticipated because many chemical reactions 
are temperature dependent. Leonard and Davidson (1959) 
studied the pozzolanic reactivity in terms of Ca(0H)2 

absorption, and observed that the reaction was endothermic, 
i.e., increasing the amount of heat drives the reaction 
faster to completion. Similar observations have been
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made by Davidson et al. (1958)» Thorne and Watt (1965)» 
and Sherwood and Ryley (1966)from direct measurements of 

unconfined compressive strength. The consensus is that 
an increase in temperature causes an increase in reaction 

rate. However, all the samples were cured at more or 
less constant moisture content, and the temperature 
effect on the ultimate strength is also influenced by 
available moisture. Thorne and Watt even noted a reduc­
tion in the final strength for samples cured at higher 
temperature. This loss of strength is probably due to 
the insufficient supply of moisture during curing. It 
seems reasonable to expect that the fly ashes cured at 
higher temperature will reach a higher ultimate strength 
provided the supply of moisture is adequate.

3.3 Index Properties and Composition of Typical Michigan
Fly Ashes
Description of four typical Michigan fly ashes used in 

this dissertation is given in this section.
1. Source of Fly Ashes
Fly ashes under investigation were obtained from four 

coal-fired, electric generating plants in Michigan. The fly 
ashes were selected as representative of the typical range of 
ashes produced by coal-fired power stations in the Great Lake 
region which accounts for the greatest annual tonnage of pro­

duction of fly ash in the United States. The sources of the fly 

ashes are as follows1
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Plant Location (or Name) OpËÆatpx

(1) Marysville Detroit Edison Company
(2) St. Clair Detroit Edison Company
(3) Trenton Channel Detroit Edison Company
(4) Saginaw (D.E. Karn plant) Consumers Power Company

Most of these plants obtain their coal by unit train from 
West Virginia coal field. The coal is the bituminous variety, 
and it typically contains about less than 1 percent by weight 
sulphur. Fly ashes are removed and collected from the stack 
gases in the plants by electrical precipitators.

2. Composition of Fly Ashes
A chemical analysis of the fly ash solids from these 

four Michigan power stations is shown in Table 3.3. The prin­
cipal constituents of these fly ashes (reported as oxides) 

are similar to most fly ashes. They consist of silica, alumina 
and iron oxide. Minor amounts of calcium, magnesium and unburned 
carbon are also present. The typical range of chemical compo­
sition for most fly ashes reported by the Central Electricity 
Generating Board of England (1967) is as follows*

Percent
TypicalMax.

Silca (as SiOg) 58 38 48
Alumina (as AlgO^) 40 20 26
Iron oxide (as FegO^) 16 6 10
Calcium (as CaO) 10 2 4
Magnesium (as MgO) 3-5 1 2
Total Sulphate (as SO3) 2.5 0.5 1.2
Water Soluble Alkalis (as Na2Û, k2o) 5.5 2.0 3.0
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Comparison with the British fly ashes suggests that the Be^ 

content of typical Michigan fly ashes is higher whereas the 
calcium content is considerably lower. This low calcium 
content may partly contribute to the lack of self-hardening 
properties of these fly ashes as will be shown in later sections.

3. Leachate Characteristics
The problem of leaching by ground water becomes important 

when a fly ash fill is emplaced in low lying or swampy terrain. 

The leachate composition, therefore, may be of considerable 
interest to those concerned with water quality. An analysis 
of leachate of typical Michigan fly ashes is shown in Table 3*4. 

Total dissolved solids were less than 2 percent on a weight 
basis* The principle dissolved ions appeared to be calcium, 
magnesium and sulphate* The boron content in all cases was 
well below the critical limit of 25 ppm. established by the 
Central Electricity Generating Board of England, hence the 
toxicity of boron concentrations of these fly ashes to the plants 
is not significant. The leachate was alkaline with a pH of 

approximately 11 in most cases.
4. Index Properties
Some important index properties of three fly ashes from 

Detroit Edison Company such as grain size distribution, specific 
gravity of ash solids, surface area (determined by the air 
permeability method) and compacted dr, density are summarized 
in Table 3*5» Fly ash is a predominantly silt-sized material. 

Grain size distribution curves for these three fly ashes are 
shown in Figure 3.1. The curves are quite uniform and almost
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TABLE 3.5 - Index Properties of Three Michigan Fly Ashes 
From Detroit Edison Company

Properties
Ash Source

Marysville St. Clair
Trenton
Channel

Specific Gravity 2.61 2.48 2; 36
Specific Surface (cm^/gm) 2620 3050 3050
Max. Dry Density (Ib/ft^) 

(Mod. AS SHO Test) 74.2 90.5 92.8

Optimum Water Content (%) 32.0 23.0 19.5

Pa
rti

cl
e S
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n >2mm (Gravel Size) 0 0 0

,074mm-2mm (Sand Size) 12 6.5 10.5

.002mm-. 074mm(Silt Size) 85 88.5 82.5
<. 002mm (Clay Size) 3 5 7

fall completely within the conventional limits for frost sus­
ceptible soils; this is perhaps one of the main reasons why 
engineers in the United States have been reluctant to use fly 
ash in load-bearing fills. Frost susceptilility of fly ash 
and the relevancy of conventional frost criteria based on 
gradation alone will be discussed separately in the following 

chapter.
In spite of containing high percentage of ferric oxide, 

the average specific gravity of Michigan fly ashes is about 
2.45 or some 90 ' that of quartz; the major constituent of 
most soils. Oj ossible explanation of this lower average 

specific gravity is the fact that a significant proportion of 
fly ash particles are "cenospheres", Raask (1968). In accord 

with Watt and Thorne's work (1965) on some British ashes,
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virtually all the particles of Michigan ashes appear rather 

spherical or spongy when examined under the microscope.
The characteristics of hollowness, spherical and spongy 

particle shape, and uniform gradation may in turn contribute 
to the lower compacted density of fly ash relative to convention­

al earth fill compacted to the same affort.

5. Permeability
Laboratory determinations of permeability of British 

fly ash compacted at 95% to 100% of the Proctor maximum dry 
1 • —6density have shown values ranging from 0.5x10 cm/sec to 

4xl0"\m/sec, Raymond (1961) and the Central Electricity Gener­

ation Board (1967). These correspond to drainage characteris­
tics ranging from practically impervious to medium, which are 
similar to those of soils of similar particle sizes and gradings. 

The permeability of fly ash from Trenton Channel plant was 
measured. A theoretical curve was also calculated according 
to the Kozeny-Carman relationship and is shown in Figure 3*2. 
The good correlation may be due to the spherical shape of par­
ticles, on which the shape factor of the Kozeny-Carman equation 
is based. The curve shows that the permeability of this parti­
cular fly ash is about 6xl0~^cm/sec at Modified AASHO maximum 

dry density.
The importance of permeability of fly ash is its influence 

on leaching and runoff. Low permeability will lessen the 

probability of extensive ground water percolation and the con­

sequent danger of soluble material being leached out of the 
fill. On the other hand, low permeability also means a high
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degree of runoff, therefore precautions to prevent erosion of 
side slopes should be taken. Furthermore, permeability will 
also effect the heaving characteristics of frost susceptible 
soils. This will be discussed in more detail in the subsequent 

chapter.

3.4 Strength of Compacted Fly Ashes
The compressive strength characteristics of compacted 

Michigan fly ashes and the effects of lime stabilization and 
curing temperature on the age hardening properties are dis­
cussed in this section. The method of compaction employed is 
also reported herein.

1. Compaction-Strength Characteristics
(1) Method of Compaction: From the laboratory tests on 

compacted sewage ash, Gray (1970) showed that Kneading type 

compaction introduced excessive shear strain into the ash and 
failed to compact it properly. To avoid the same difficulty, 
only impact compaction was used. Compactions were performed 
according to the modified AASHO test with various compaction 
efforts. However, to maintain consistency in sample size for 
unconfined compression tests, triaxial tests and Ko compress­

ibility tests, a standard triaxial size sample was used. All 
the samples were compacted in a modified miniature compaction 
mold (with inside diameter of about 1.4 inches and a height 
of about 2.8 inches). A special miniature compactor was de­

signed and made in such a way that it produces the same com­
paction energy in the miniature mold as a standard compactor 

does in a standard mold with the same compactive effort. The 
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weight of the hammer was 1.12 lbs. and the height of drop was 
12 inches. The compactor and the mold are shown in Figure 3.3.

The compactive effort was varied by using either 15» 25 
or 35 blows per layer (except for Trenton Channel fly ash which 
was compacted at 20, 25, and 30 blows). A total of 5 lifts or 

layers were used for all compaction tests.
(2) Commotion Characteristics and Unconfined Compressive 

Strength* The compaction curves obtained by impact compaction 
of four Michigan fly ashes are shown in Figure 3.4 through 

Figure 3.7. It can be observed that these fly ashes respond 
to impact compaction in a rather similar way as any fine grained 
soil would behave. The optimum water contents for samples 
compacted at 25 blows per layer ranged from 17 to 32 percent 
and the maximum dry densities ranged from 74 to 97 lbs/ft\ which 

are considerably lower than those of ordinary soils. The 
water content at which the maximum dry density can be achieved 
by a specific compactive effort is called "optimum water con­
tent". An inverse relationship between maximum dry density and 
optimum water content was observed confirming results obtained 
earlier by Raymond (1961) on British fly ashes. Figure 3.8 

indicates that the higher maximum dry densities are associated 
with lower optimum water contents. Nevertheless, no relation 
between maximum dry density and specific gravity, as found by 
Raymond from some British fly ashes, appears to exist.

Immediately following compaction the sample strengths 
were determined by unconfined compression tests. Low unconfined 

compressive strengths of these compacted fly ashes were observed.
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The strengths ranged from only 1.2 to 3*9 kg/cm^ even when 

samples were compacted to maximum dry density. However, it must 

be noted that these samples were neither treated with any 
lime or cement nor allowed to cure or age-harden before being 
tested. The results of compressive strengths are also shown in 

Figure 3.4 through Figure 3*7.
The unconfined compressive strength of the samples dropped 

off sharply on the wet side of optimum water content, whereas 
on the dry side,the strength was affected less by molding 
water content and more by dry density, in other words, it was 
affected more by the blow count or compactive effort used than 
by molding water content. The same phenomenon was also found 
from the penetration resistance in compacted Trenton Channel 

fly ash, which is shown in Figure 3-9*
Compacted samples for all four Michigan fly ashes exhibit 

fairly brittle behavior during uncon fined compression. Failure 
normally occured abruptly at a strain ranging from 1 to 4 per­

cent. All the samples compacted at the neighborhood of optimum 

water contents failed at about 2 to 2.5 percent strain.
(3) Shear Strength Parameters» Drained triaxial tests 

were run on samples of freshly compacted fly ashes from three 
plants of Detroit Edison Company. All samples were compacted 
to maximum dry density at optimum water content according to 
AASHO specifications. Friction angles ranged from 38 to 43 

2 degrees and cohesion intercepts were about 0.7 to l kg/cm . 

These results are comparable to the strength of a number of 
British fly ashes compacted according to standard Protor spec­
ifications, Sutherland et al. (1968). In virtually all cases
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the observed shear strength parameters would be sufficient to 
provide adequate bearing capacity and stability for a load­

bearing fill or embankment.
2. Effect of Lime Stabilization on the Strength of 

Compacted Flv Ash
As it has been discussed in Section 3.2, lime or cement 

stabilization is one of the most important external factors 
that influence the pozzolanic reaction, especially when free 
lime content in a natural fly ash is low. The effect of lime 
stabilization on the strength of compacted Michigan fly ashes 

was studied and is presented herein. ■
(1 ) Sample Preparation and Testing: Samples from all four 

sources were prepared by either adding various amounts of lime 
or without any lime addition, mixing thoroughly at optimum 
water contents, and compacting according to the modified ASSHO 
specifications (25 blows per layer). Lime was used as the 

stabilizing agent because of the following reasons#
(a) The laboratory experience in England showed that, al­

though cement stabilized ashes are stronger than lime 
stabilized ashes at early stages, the differenece was 
generally eliminated in 3 months (see Tables 3*1 and 3*2)•

(b) Lime is cheaper* than cement, hence should be considered 

with priority.
The lime used was "KEMIKAL" hydrate lime from United States 
Gypsum Company. The chemical and physical analysis provided 
by the manufacturer are shown in Table 3*6. After compaction, 
•Cost per ton of lime and cement in Michigan is $19 and $41 
respectively.
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TABLE 3.6 - Chemical and Physical Analysis of KEMIKAL 
Hydrate Lime

Composition % Content by Wt.

Total calcium oxide (CaO) 74.4

Available lime as CaO 73-0
Magnesium oxide (MgO) 0.1
Silica and insolubles 0.2

iron and alumina 0.1
Sulfur 0.03

Loss on ignition , 25.3
Finess: Through 100 mesh 99.8%

200 mesh 98-5^
325 mesh 97-5#

the samples were then stored in a humidity compartment in which 
a moisture mist was provided continuously by a humidifier. 
Samples were cured in this manner for 7» 14 or 28 days before 

unconfined compression tests were run. The curing temperature 
was 20°C, Precaution had to be taken with untreated samples 

during curing. Because of insufficient cementing that developed 
in untreated fly ashes, excessive moisture tended to disinte­
grate the samples. Therefore, those untreated samples were 
stored on the lower shelves where the humidity was lower than 
other portions of the compartment, though the relative humidity 
still ranged from 90 to 95 degrees.

At the end of the curing periods (7, 14 or 28 days), 
samples were then tested in unconfined compression using a 
deformation rate of 0.5 mm/min. A Tinius-Olsen 12,000 lb.



testing machine was used as a compression apparatus. The tests 
were duplicated in nearly every case, and the results reported 
represent the compression stresses at failure.

(2) Results: The results of unconfined compression tests 
on samples with various amounts of lime treatments after various 
periods of moist curing are summarized in Table 3.7. The effect 
of lime treatment on the unconfined compressive strength of 
these fly ashes is shown in Figure 3.10 through Figure 3.13.

It can be noted that none of the Michigan fly ashes which 
were tested exhibited significant self-hardening properties. 
The same phenomenon was also found from the results of drained 
triaxial tests on three compacted fly ashes from Detroit Edison 
Company. These samples were not treated; they were compacted 
to maximum dry densities and moist cured for 28 days. The 
comparison of shear strength parameters of these untreated 
fly ashes tested immediately after compaction and those tested 
after 28 days of curing is shown in Tables 3*8. Based on 
laboratory experience in England, the finding that untreated 
fly ashes lack self-hardening properties is not surprising. 
Sherwood and Ryley (1966) found that only one third of the 

nine fly ashes tested exhibited self-hardening properties. 
This fact suggests that the self-hardening phenomenon may be 
less common than it is generally supposed. If this is the case 
for fly ashes taken directly from plant hoppers, it is even 
less likely that lagooned ashes will exhibit self-hardening 

since their hardening properties must be further dissipated by 

the water which is used to convey them to the lagoon. Therefore,
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TABLE 3.8 - Shear Strength Parameters of Three 
Compacted Fly Ashes from Detroit

Edison Company

Marysville St. Clair Trenton Channel
Age c & - c c A

Fresh
28 days

0.9
1.0

43.0
43.0

0.7
0.5

40.5
40.0

0.7
1.1

38.5

37.5

the self-hardening property cannot be relied upon to give apprec­
iable strength to fly ash, and where a durable material is 
required, it would be necessary to stabilize the ash with 

additional lime or cement.
Another problem one must bear in mind in dealing with the 

untreated fly ashes is the phenomenon of disintegration or 
softening due to the excessive supply of water as indicated pre­
viously. The same problem was also found in the field by 
Raymond and Smith (1966). He suggested that when an embankment 
is constructed on ground having a high water table, it is ad­
visable to put down a layer of fill with good drainage beneath 
the fly ash (untreated). This layer should be thick enough to 

prevent the ground water rising into the fly ash.
The substantial effect of lime stabilization on the age 

hardening properties of this four ashes can be also observed 
from Table 3*7 and Figure 3*10 to 3*13* The addition of a few 
percent by weight of hydrated lime increased the compressive 

strength of these compacted ashes more than 10-fold after four 

weeks of moist curing at 20°C. The optimum amount of lime
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addition, defined as the amount of lime addition in a fly ash 
to reach the highest strength after 28 days of moist curing, 
varies with different ashes. It ranged from 7 to 13 percent 
for the Michigan fly ashes under study. The effect of hydrated 
lime content on the compressive strength of these four ashes 
after 28 days of curing is shown in Figure 3*14. Figure 3-15 
shows a typical failure plane in a compacted sample of the 
Trenton Channel ash stabilized with optimum amount of lime and 
moist cured at 20°C for 28 days. The influence of lime stabil­
ization on the age hardening of Trenton Channel fly ash in 
terms of penetration resistance was also studied. The same 
proportion of strength development was also observed. However, 
the optimum lime content appeared to be somewhat different 
from that for unconfined compressive strength. The stabilization 
affect on the penetration resistance of this fly ash is shown 
in Figure 3.16.

The shear strength parameters, viz., cohesion and the angle 
of internal friction, are expected to increase with lime 
stabilization because the curing would produce bonding between 
the stabilizer matrix and particles and also cause greater 
friction between particles of fly ash which after reaction 
with lime would have a rough surface texture. However, being 
limited by the capacity of the triaxial test facility available 
in the Department of Civil Engineering at the University of 
Michigan, the effect of lime stabilization in the shear strength 
parameters of compacted fly ashes has not been studied.
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Figure 3.15 The failure plane in a compacted 
sample stabilized with optimum lime 
content and moist cured at 20°C for 
28 days. Trenton Channel fly ash.
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Lime stabilized, compacted Michigan fly ashes appeared to 
be even more brittle than untreated samples. The strains at 
failure for samples compacted in the vicinity of optimum water 

contents were about 0.8 to 1.5 percent.
Strength requirements for compacted, stabilized base 

courses vary. Often quoted specifications are 400 psi at 7 
days for cement treated materials and 550 psi at 28 days for 
lime stabilization. According to this specification for lime 
stabilization, none of Michigan ashes appear to be satisfactory. 
However, it is important to point out that the test results 
shown in Table 3-7 and Figures 3-10 through 3-11 were for 
samples cured at 20° C. The sensitivity of the rate and ultimate 
strength of lime treated fly ashes to curing temperature has 
been emphasized by many investigators; and was discussed in 

Section 3.2. The effect of variation in curing temperature on 
the compressive strength of some Michigan fly ashes was studied. 

The results are given in the next subsection.
3. Effect of Curing Temperature on the.Strength of 

Compacted Fly Ash
Two Michigan fly ashes, namely, Trenton Channel fly ash 

and Marysville fly ash, were used to study the effect of 
variation in curing temperature on age hardening of fly ashes. 
The samples were prepared in the same manner as those cured 
at 20°C. However, they were only prepared with the optimum 

amount of lime or with no lime at all. After compaction, 
samples were placed in a desiccator which was stored in an oven 
with controlled temperatures. The temperature was set either 
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at 40°C or at 6O°C. At the end of the curing periods (also 

7, 14 or 28 days), samples were tested in unconfined compres­

sion in the Tinius-Olsen testing machine.
The results are tabulated in Table 3-9 and are also shown 

in Figures 3.17 and 3.18. It can be observed that not only 
the rate but also the ultimate magnitude of strength of lime 
treated, compacted fly ashes increased with increase in curing 
temperatures. The Trenton Channel fly ash treated with optimum 
amount of lime and cured at 60°C for 28 days exhibited strength 
of about 125 kg/cm2, and the Marysville fly ash, about 100 

kg/cm2, which were approximately 4 times higher than those cured 

at 20°C. Even for those samples cured at 40°C the strengths 

increased more than three-fold. Therefore, it is important to 
note that a slight increase in curing temperature may cause a 
substantial rise in strength for treated fly ashes. It also 
implies that the favorable time for road base, fill or embank­
ment construction using stabilized fly ashes is during the 

warmer seasons of the year.
One of the most practical problems in the field is the 

fluctuation of temperature. The effect of temperature fluc­
tuation on the curing strength of treated fly ash mixtures has 
been studied by Sherwood and Ryley (1966). The strength of 
samples cured in a temperature cycle of 10°C and 30^0 were 

reported higher than that of samples cured at a constant tem­

perature of 20°C. The comparison of strength for these two 
cases are shown in Table 3.10. In practice the temperature of 
a stabilized fill or embankment is likely to fluctuate but it
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seems that the fluctuation of temperature is not deleterious.

TABLE 3.10 - Comparison of the Effect of the Strength of 
Lime-Ash Stabilized Sands of Curing at a Constant 

Temperature of 20° and Curing in a Temperature 
Cycle of 10°C and 30°C

Batch 
No.

Unconfined compressive strength (lb/in.2) aftert

7 days 28 days

2O°C 10/30°C 20°C 10/30°C

A 100 180 1060 1310

B 230 510 1165 1340

C 130 280 1080 1370

D 85 170 890 1360

E 140 300 1070 1340

F 105 260 965 1220

G 130 275 1050 1230

H 110 230 940 1150

J 110 240 900 1200

K 75 140 845 1110
(From Sherwood and Ryley, 1966)

Figure 3.18 shows that the strength for the treated 
Marysville fly ash cured at temperature of 60°C is lower than 
that cured at 40°C after 28 days of curing. One of the common 
explanations, Sherwood and Ryley (1966), for strength reduc­

tion in stabilized soil with high alumina content is that lime 
first reacts with alumina to form the compounds CaO'AlgO^'lOHgO 
and 2CaO«Al-O "8H.0 which are known to change into the compound J fc 
3CaOeAl2cy6H2O on heating This compound has weaker cementing
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properties and there is a consequent reduction in strength. 
However, the alumina content in Marysville fly ash does not appear 
much different from other Michigan fly ashes (see Table 3.3), 

thus the strength reduction might have been merely due to the 
insufficient moisture supply during curing.

The untreated samples of both Trenton Channel fly ash and 
Marysville fly ash did not exhibit any significant response in 
strength to the variation in curing temperature. This seems 
self-evident since temperature causes strength-increase in fly 
ash by accelerating the pozzolanic reaction, and none of the 
Michigan fly ashes appeared to possess the potential of pozzo­
lanic activity without external lime addition.



CHAPTER 4

FROST SUSCEPTIBILITY OF COMPACTED FLY ASH

One of the engineering properties of compacted fly ash 
that has been an obstacle to the widespread use of this 
material in load-bearing fill is frost susceptibility. 

Because it contains predominantly silt size grains, this mater­
ial is generally considered liable to frost heave.

The mechanism of frost heave was first studied by Taber 
(1916), who suggested that the migration of water in the soil 
to the freezing front , thereby forming ice lenses, is the 
cause of frost heave. This hypothesis was further expounded 
by Beskow (1935) and is still being used as the basic concept 
of the frost heave mechanism. The mechanical properties of 
frost action have been studied by a number of investigators 
since then. However, most of the studies have been relatively 
specific. For example, Tsytovich (1957) studied the relation­

ship between frost heave and unfrozen water content, frost 
penetration, dry density of soil and velocity of water migration. 
Williams (1964) investigated the relation between suction and 
the initial freezing point, temperature and unfrozen water 

content. He also proposed the use of air-intrusion value as 
a criterion of frost susceptibility (1966). Freden (1965) 

63
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related frost heave to the capillary potentials and the temper­
ature gradient. Osler (1967) examined the relation between 
frost heave and the pore size of the soil. Sutherland and 

Gaskin (1967) demonstrated the use of the strength and the 
permeability as the indication of the frost heave potential. 

Comprehensive reviews and studies of frost action have been 
made by Penner (1959)» Osler (1967)» and Hoekstra (19^9)»

In order to provide some understanding of the effect of 
stabilization of frost heave, the mechanism of frost heave is 

summarized briefly in the following section.

4.1 . Summary of Frost Heave Mechanism
There are two major potentials that affect water in soils, 

namely, the matric potential and the osmotic potential (Osler, 

1967). The matric potential is caused by the adsorptive forces 
and the surface tension while the osmotic potential is due to 
the differences in the ion concentration between the bound water 

and the bulk water.
When a freezing front is advancing through a soil-water- 

air system, the ice front will be restricted by the soil pores 
and forced to form a curved face to advance into the pore (see 
Figure 4.1). This will cause a freezing temperature depression 
according to the Thompson equation (Penner, 1959» Osler, 1967)1 

w-
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r

ADSORBED 
WATER

SOIL 
PARTICLE

SOIL 
PARTICLE

Figure 4.1 Curvature of ice-water interface.

PORE 
WATER

where A T = freezing point depression, K 
°£w = ice-water iterfaci al energy, ergs/cm^ 

T = freezing temperature at an interface without 

curvature, K
P£ = density of ice, gms/cm^ 
Lh = latent heat of fusion, ergs/gm 

r = radius of curved surface, cm.
Therefore, the crystalization of ice at the freezing front will 
be halted temporarily until the temperature reaches the de­
pressed freezing point. Due to the effect of suction, or 
capillary potential, the adsorbed water closer to the particle 
surfaces will have a lower freezing point than that of bulk 
water. Thus in these regions, unfrozen water can exist in con­
tact with the ice front.

During the process of ice crystalization, water is con­
tinuously removed near the ice front. Thus water acquired by 
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the surface film near the front must be constantly drawn from 
the warmer side. The water is transported to this region by 
means of diffusion. According to Hoekstra (1969), the freezing 

point depression can be converted into a driving force, in 
terms of an equivalent osmotic pressure tr , for water diffusion 

by the equation
7T = £ A T 

T A Vm

where AVm is the difference in partial molar volume between ice 

and water. By this suction, water is constantly transported 
to the ice front and the ice crystalization proceeds continuously 

provided that the temperature gradient is sufficient and other 
necessary conditions, such as permeability, are satisfied.

The above discussion of the mechanism of frost action 

illustrates that the major factors which are essential to the 
frost heave are the below-freezing temperature, the accessibility 
of moisture, and the susceptibility of the soil. Generally 

little control can be excercised on the first two factors, 
at least within the usual economic limitation; on the other hand, 
the alteration of soil properties to prevent or eliminate 
heaving is a possible solution. The soil properties that are 
related to susceptibility are pore size, grain size, mineralog­
ical composition, permeability and strength. The pore size 
constricts the advancing ice front; this causes freezing point 
depression and affects suction energy. Grain size and minera­

logical composition influence the electrical charge and this 



67

likewise affects the soil suction (Osler, 196?)• The permeabil­

ity affects the rate of flow of water to the freezing front 
in response to the suction. Strength resists the expansive 
forces arising from frost action.

Among these factors, there are certain combinations of 
soil properties or conditions which lead to the most favorable 
frost heave conditions. For example, the suction is far greater 
in clays than in silts, but the much lower permeability of clays 
tends to limit the supply of the unfrozen water to the freezing 
front. On the other hand, sands have much higher values of 
permeability but have low matric potentials which draw much less 
unfrozen water to the ice front. Besides, the pore size con­
striction to the ice front advancement is not so significant 
in sands and the freezing front often advances uniformly without 
the growth of ice lenses. Silts have the right combination of 
suction and permeability to cause the most significant frost 
effects.

4.2 Physical Effects of Stabilization on Frost Heave
Several methods have been used to deal with the problem 

of frost heaving; they include thermal insulation, water cut-off, 
surcharging, and soil stabilization. The last named includes 
mechanical blending and chemical admixtures. This technique 
not only tends to reduce frost susceptibility, it also increases 
strength and reduces compressibility. Based on information 
reported in the literature (Raymond, 1961; Croney and Jacobs, 
196?), the addition of low levels ( < 10# by weight) of either
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Portland cement or lime appears to be the most promising and 
practical approach in this regard.

The physical effects of stabilization involve»
1. Increasing strength
An experimental study on some British fly ashes has been 

made by Sutherland and Gaskin (1970), The authors reported that 

the frost heave decreased as the curing strength increased. 
This may be due to the pozzolanic activity between additives 
and ashes which creates binding among ash particles. This 
cementing strength resists internal expansive forces and thus 
prevents the ash from heaving. '

2. Lowering permeability
During stabilization, the additives fill the pores and 

aggregate the particles of the ash; therefore, the flow of 
unfrozen water to the ice front is restricted and the heaving 
process is retarded. The effect of stabilization on the per­
meability of some British ashes has been also reported by 
Sutherland and Gaskin (1970). Figure 4.2 shows the effect of 

lime and cement additions on the permeability of these compacted, 
British fly ashes. It can be seen that the addition of 100 

cement by weight decreases the permeability by an order of 
magnitude in one week. Lime treatment also achieved substanti­
ally the same results.

The above discussion enables us to distinguish those 
materials that might be frost susceptible, the favorable con­
ditions for frost heaving, and the effect of stabilization on
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a soil. A practicing engineer, however, is faced with the need 
for a reliable test for assessing the frost susceptibility of 

a proposed construction material — be it soil or fly ash. 
Evidence reported in the literature (Croney and Jacobs, 1967; 

Sutherland and Gaskin, 1970) suggest that conventional criteria 
of frost susceptibility (e.g., grain size distribution) do not 

always apply in the case of compacted fly ashes. The best 
approach appears to be a test which measures the extent of 
heave under simulated freezing conditions in the field. A 
simple test procedure based on this approach has been developed 
by Croney and Jacobs (1967) at the British Road Research labor­

atory. This test makes it possible to identify frost suscep­
tible materials and to assess the effectiveness of various 
stabilization treatments in reducing frost heave to tolerable 

levels.

4.3 Test Procedure and Results
The test adopted at the University of Michigan is based 

on the experiments performed by Croney and Jacobs (1967). 

Compacted fly ash samples with different treatments are frozen 
from the top and given access to free water at the bottom in 
order to simulate actual freezing conditions in the field. The 
set-up was designed and built by Professor D.H. Gray and Mr. 

In-kuin Kim.
1. Frost Heave Cabinet
A freezing cabinet was modified to accommodate eight 

samples which are frozen from the top while the bottom part 
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are kept unfrozen. This was achieved by installing a heating 
coil in the water with which the samples were in contact. The 
temperature of the water was maintained at +2°C by a tempera­

ture controller. A magnetic stirrer was placed in the water 
to insure uniform water temperature. The specimens were placed 
in brass specimen carriers which fit into the holes on a wooden 
board that was located above the water. The space between the 
samples was filled with styro foam to eliminate radial temper­
ature gradients in the samples. Cover disks with a vertical 
rod attached were placed on the top of each sample. The dis­
placements of the rods, equivalent to heave of the samples, 
were measured with respect to a fixed reference bar by a micro­
meter depth gage. The schematic drawing of this set-up is shown 
in Figure 4.3 and the installation of the sample in the cabinet 
is shown in Figure 4.4.

2. Sample Preparation and Test procedure
Two sources of fly ashes, Trenton Channel plant and 

Marysville plant, have been tested. Eight specimens with four 
different treatments were prepared in duplicate each time. 
Duplicated specimens were compacted to their maximum dry den­
sities at the optimum water contents either with 50 cement, 
10# cement, 10# lime (by weight) or without additives. Then 
they were moist cured at 20°C for two weeks before being 

installed in the freezing cabinet. The modified AASHO compac­
tion method was used and the size of the specimens was 4 inches 
in diameter and 4.6 inches in height.
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The samples were placed in the cabinet in which the air 
temperature ranged between about -6°C and -9»5°Cî the tempera­
ture of the unfrozen water was set at +2°C. Heave readings 
were taken once every 24 hours and the test lasted for 10 days.

3. Results
Figure 4.5 and Figure 4.6 show the results of the frost 

heave tests on these two ashes. The effect of various additions 
of lime and Portland cement on the frost heave characteristics 
is illustrated. The amount of heave was reduced to less than 
7% with 5 % of cement addition. This amount of cement rendered 
the Marysville fly ash completely non-frost susceptible. The 
samples treated with lime did not appear to reduce heaving sub­
stantially. This may be due to the lower rate of pozzolanic 
activity which failed to reduce permeability enough to limit 
the unfrozen moisture supplyand which did not develop sufficient 
cementing strength in time to resist heaving pressure. A longer 
curing time seems necessary for lime-treated fly ash.

The variation in frost heaving of four samples with differ­
ent stabilization treatments is also illustrated photograph­
ically in Figure 4.7. The formation of ice lense in an untreat­
ed sample is shown quite clearly in Figure 4.8.

4. Conclusions
From the results dicussed in the previous subsection, 

it can be concluded that unstabilized Michigan fly ashes tend 
to be frost susceptible as might be predicted from their grain 
size distribution. They do not contain sufficient amounts of 
free lime to provide age hardening reactions which would tend
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Figure 4.8 The formation of ice lense in an 
untreated sample of Trenton Channel 
fly ash after 10 days of frost heave 
test.
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to limit frost heave. Nevertheless» heave can be reduced to 
a tolerable level by the addition of only a few percent by 

weight of Portland cement.
The fact that lime-treatment at similar levels failed to 

reduce heaving as much may be due to the lower rate of pozzo- 
lanic activity. Longer curing time or higher curing tempera­
tures appears to be necessary for satisfactory performance of 

lime-stabilized fly ashes.
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CHAPTER 5

A RHEOLOGICAL STUDY OF THE 
COMPRESSIBILITY OF COMPACTED FLY ASH

5,1 . Introduction
One of the main problems which has been encountered 

in the use of compacted fly ash as a construction material 

is the prediction of settlements.
Field experience in England has shown that actual 

settlements are usually well within tolerable limits. The 
difficulty appears to lie in the prediction of field settle­
ments . Margas on and Cross (1966) reported on the use of com­
pacted fly ash as the backfill behind an abutment. They 
found that the settlement of fly ash fill at this abutment 
was smaller than that observed with a coarse, granular fill. 
Furthermore, because of the low dry unit weight of compacted 
fly ash, the settlement beneath a compacted fly ash embankment 

was also considerably less than that beneath a conventional 
granular fill emplaced over the same ground. The comparison 
of settlements both on the surface and beneath the embankments 
of a conventional earthfill and a compacted fly ash fill is 
shown in Figure 5.1. Raymond and Smith (1966) studied a fly 

ash fill at the Agecroft power station and showed that the 
settlements computed from laboratory consolidation tests did

80
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not correlate with observations made on actual foundations 
resting on the compacted ash. The actual settlements were 
about half an inch but the computed settlements based on the 
results of laboratory consolidation tests were in the range 
of 12 to 16 inches. This deviation could be due to improper 
extrapolation of laboratory consolidation results to the field 
conditions. Unlike regular soils, the compressibility be­
havior of fly ash is affected by an additional time dependent 
component caused by its pozzolanic properties, As a result, 
its compressibility and predicted field settlements are likely 

to differ considerably from those of conventional soils. 
Besides, the compacted fills in most occasions are likely to 
be partially saturated. The error in settlement calculations 
can be also caused by failing to take into account the satura­

tion condition in fills.
The viscoelastic properties of soils have been studied 

theoretically and experimentally by a number of investigators, 
for example, Schiffman (1959)» Murayama and Shibata (1961), 
Lo (1961), Tan (1964), Wu and Neukrichner (1966), Barden (1969) 
and Suklje (1969). However, the study of stress-deformation­

time relation of stabilized soils including the consideration 
of aging effects caused by intrinsic pozzolanic activity does 
not seem to have been attempted. In the literature, the aging- 
viscdelastic response has been studied either by using a 
differential equation or an integral type of constitutive 
equation. A limited application of the viscoelastic theory 

for aging materials has been made to the aging behavior of 
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of concrete. The employment of this theory to the volume 
change characteristics of aging soils has not been reported 

in the literature.
The volume change processes of compacted fly ashes are 

further complicated by the effect of partial saturation. The 
volumetric behavior of a partially saturated soil appears to 
be different from that in fully saturated condition; moreover, 
the complex nature of the physical properties of a three- 
phase material makes an accurate description of the compressi­
bility behavior rather difficult. During the past two decades 
considerable work has been done to explain shear strength and 
volume change behavior of partially saturated soils in terms 
of effective stresses, e.g., Bishop (1960). However, it has 

been found that the principle of effective stress alone is 
not adequate to account for the volumetric behavior of soils 
in this condition; the variation in saturation condition of 
the soil and the corresponding variation in stress components 
can be equally important.

In view of these problems discussed in the preceding 
paragraphs, the objective of the study reported in this 
chapter is broken down into three parts; (1) to examine ex­

perimentally the effect of aging, distinguished as a separate 
variable from the time-dependent deformation of an ordinary 
soil, on the compressibility of the stabilized fly ash, (2) 

to employ the existing viscoelastic theory for aging material 
to interpret the volumetric behavior of the stabilized fly 
ash, (3) to study experimentally the effects of saturation.
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and change in stress components on the volume change proper­

ties of partially saturated fly ash.
An experimental investigation of the aging effect on 

the compressibility of compacted fly ashes is described in the 

first part of this chapter. A review and the extension of 
viscoelastic stress-strain law for aging materials under one­
dimensional strain condition are presented next, and the use 
of this equation to construct a theoretical void ratio vs. 
applied pressure relation is attempted. A study of the effect 
of partial saturation on the volume change characteristics of 
compacted fly ash with aging property is also made and present­

ed in the last part of this chapter.
Unlike ordinary soils, the rheological behavior of aging 

materials, e.g., lime-stabilized fly ash, is complicated by the 
age hardening process itself. Therefore, the effects of 
material aging should be,always taken into account in examining 

the volumetric behavior of a stabilized material such as fly 

ash.

5.2 Thixotropy, Green and Aging -Processes
To deal with the rheological behavior of pozzolanic 

materials, the mechanism of thixotropy, creep and aging pro­
cesses should be precisely distinguished.

"Thixotropy" has been defined by Burgers and Scott-Blair 

(1948) as a "process of softening caused by remolding, follow­
ed by a time-dependent return to the original harder state." 

The following fundamental aspects of thixotropy need to be 
emphasized»
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1. It is a strength re-gain process due to the natural 

response of a soil structure to a change in ambient conditions. 
According to the hypothesis advanced by Mitchell (1960), the 

internal energy in a thixotropic soil immediately after re­
molding or compaction is not in an equilibrium condition. The 

soil will change its property with time to reach the energy 
equilibrium by changing particle arrangement, adsorbed water 

structure, and distribution of ions in the fluid phase.
2. It is a reversible process. Subsequent remoldings 

should not affect the characteristic and magnitude of the 

strength or stiffness re-gain.
Creep is defined as a slow development of deformation 

under a constant stress state. In soils creep occurs due to 
the change in the solid soil skeleton when it is subjected to 
a load. At the contact surfaces the load is transfered to the 

grains of the solid skeleton. In order to reach the new 
equilibrium condition commensurate to the new energy state 
given by this load, particles will be occasionally released 
from the original contacts or bonds and move to the more stable 
positions. This deformation characteristic is time-dependent 
and it occurs in all structurally sensitive soils regardless 
whether the soil itself possesses aging properties or not.

Aging, strictly speaking, is the change of soil behavior 
due to the internal change in soil properties. The process is 
intrinsic to the material regardless of the existence of such 

external factors as loading and temperature, although these 
factors may affect the rate of aging to a certain extent. It 
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is not a strength or stiffness re-gain process by means of the 
structural rearrangement of soil particles but rather a cemen- 
tious reaction among soil constituents which alters the gross 
material properties. In addition ,tho process of aging is not 
reversible, at least not by the mechanical means. After re­
molding, because of the change in soil properties during aging, 
the return of soil behavior to the original state is not likely.

Creep may occur in aging soils. However, unlike ordinary 

soils, the rate and magnitude of the creep will depend on the 
age of the soil. This can be accounted for in rheological 
models. For example, if the Burgers model is chosen to des­
cribe the stress-strain behavior of the soils, as shown in 
Figure 5.2.a, then the law which governs the stress-strain 
behavior is the same but the creep parameters for the aging 
soils will not be constant but instead will vary with time. In 

other words, the springs will become stiffer and the dashpots 
will become more viscous with time, (as indicated in Figure 
5.2.b). Therefore, the rate and magnitude of the creep will 
decrease with the increase in age of the soil. On the other 
hand, if the aging is caused by pozzolanic reaction, these 
cementituous reactions will assist in linking adjacent parti­
cles of the material and form a rather less compressible, 
aggregated structure. Consequently the flow of pore water will 
not act the same way as it would in ordinary soils during pri­

mary consolidation. In other words, the volume change charac­

teristics will be governed by rheological processes rather 
than hydrodynamic ones. Therefore, the volume change of aging 
soil will be mainly caused by the changes or "re-arrangements" 
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in the solid soil skeleton, i.e., by "creep." It should be 
noted that the term "creep" used herein is employed in a 
broader sense as defined in the mechanics of continua. Any 
deformation of soil caused by the change in soil skeleton due 
to loading is considered as creep and the deformation does 

not necessarily have to be shear distortion.
In summary, thixotropy, which is primarily a physical 

process and reversible, may be considered as special case of 
aging but not equivalent to aging. Because of the increase 
in stiffness of soil structure due to the aging effect, the 
hydrodynamic process of pore fluid expulsion is less important 
in controlling volume change of aging soils subjected to com­
pressive loads. Instead, volume change will tend to be govern­
ed by rheological considerations.

5.3 Experimental Investigations, on the Effect of Aging
On the Compressibility of Compacted Fly Ashes
The volume change characteristics of an aging material 

can be demonstrated by compressibility tests on lime-treated, 
compacted fly ash. Because of its intrinsic pozzolanic pro­
perties, the aging effect becomes very significant and should 
be taken into account in evaluating volume change behavior 
under load. The response of an aging material at various ages 
to a constant load can be illustrated by a three-dimensional 
sketch as shown in Figure 5-3» The older the material, the 

lower is the compressibility. The reduction in compressibility 

with age in turn depends on the pozzolanic reactivity of the
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a. Non-aging soil

ko(t)

^2(t)

^l(t) kt(t)
—Tl —■AAAr

b. Aging soil

Figure 5.2 The aging and non-aging stress-strain behavior 
of soils described by the Burgers rheological 
model.

Strain

Elapsed time 
t-tL

Figure 5.3 Three-dimensional sketch of strain-loading time 
" -aging relation of an aging material.
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material and the ambient condition, primarily temperature.

The variation in the rate of loading increments on the aging 
material can be quite important because the consecutive load 
increments would be applied at longer and longer elapsed aging 
times. Therefore, variations in the rate of loading could 

alter the magnitude of the deformation.
The laboratory experimental program was planed with these 

factors taken into consideration. The program has been divided 

into two parts:
Series 1. The effects of aging prior to the load appli­

cation on the, compressibility of compacted fly as_h*
As was indicated in the preceding discussion, the varia­

tion in aging would affect the response of the soil to the load. 
This concept is illustrated in Figure 5*4. Tests were con­
ducted in fresh samples and on samples cured for two days, four

Figure 5.4 Difference in response of an aging material 
to step loads at different stages of 
material aging.
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days and ten days respectively. All the samples were stabil­

ized with the optimum amount of lime.
Series 2. The effect of loading time interval on the 

compressibility of compacted fly ash.
Four load increments, viz., 1, 2, 4 and 8 kg/cm^, were 

applied on each sample. The load-increment duration of two 
hours was used in the tests on the fresh samples and the samples 

which were cured for ten days. The load-increment duration 
of one day was used only on the fresh samples. To investi­

gate the effect of lime stabilization on the aging and com­
pressibility of the compacted fly ash, the tests are conducted 

both on the samples made of natural fly ashes and on those 

treated with optimum amounts of lime.
The laboratory set-up, sample preparation and the test 

procedure are described in the subsequent sections.

1. Laboratory Set-Up
Since the deformation of compacted land fills or struc­

tural fills can be reasonably approximated by one-dimensional 

volume change, one-dimensional compression tests should serve 
this purpose adequately. A sensitive oedometer, Anteus Con- 
solidometer Model A-1, was used. Back pressure can be applied 

in this consolidometer for sample saturation. A pressure 
transducer with a strain indicator was connected in the bottom 
drainage outlet for the pore water pressure measurement. The 
set-up is illustrated by a schematic diagram in Figure 5*5 
and also shown in Figure 5.6. Because of the limitation of 
the test facility, it was not possible to conduct tests at
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various temperatures « However « all the experiments were 
performed in a constant temperature room, and this eliminated 

temperature as one of the variables.
2. Sample Preparation
Fly ashes from two sources were used, namely Trenton 

Channel plant and Marysville plant. Both the natural fly ash 
and lime-treated ash samples were mixed in a mechanical blender 
with the optimum amount of water. After thorough mixing, the 
ashes were then put in the modified AASHO compaction mold and 
compacted in five layers with 25 blows on each layer. The 
compacted samples were then trimmed to the size of 4 inches in 

diameter and about 1 inch in height; this size can be accommo­
dated in the Anteus Consolidometer. Then the samples were 
either tested immediately or cured at 24 °C for 2, 4, and 10 

days respectively before the tests.
3* Test Procedure
Prior to the test, a small amount of water was flushed 

from the bottom drainage to insure complete saturation in the 
drainage line and the bottom disk. Then the sample was placed 
in the chamber of the consolidometer, submerged in water and 
saturated by applying a back pressure of 1.5 kg/cm^. After the 

completion of saturation, a constant load was applied on the 

sample. Immediately thereafter, deformation and pore pressure 
measurements were made constantly throughout the test. These 

tests lasted either 2 hours or 24 hours before subsequent 

load increments were applied. All the tests were conducted 
at a temperaurre of 24°C. .
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4. Discussion of Results
The deformation-time relationship and the pore pressure 

measurements for the first two load increments are summarized 

and shown in Figure 5»7 and Figure 5*8. Elapsed times were 
plotted on a logarithmic scale. All the points represent 
the average readings of two duplicate tests. To calculate 
the strain the "corrected zero points" were used as the zero 
readings to avoid the deviation in the initial readings due to 

the improper seating between samples and the loading cap or 
the base. The corrected zero point is defined by assuming 
that the early portion of the curve is a parabola, and is lo­
cated by scribing a distance equal to the vertical distance 
between the intersection of curve with 0.1 minute time coor­
dinate point and at a time co-ordinate which is four times 

greater.
permeability of compacted fly ashes is some three to 

four orders-of-magnitude higher than that of clays, There­
fore ,the pore pressure also dissipates substantially faster. 
Within the limitation of the test facilities, the readings 
could not be made any sooner than about 0.05 minute, at which 
time the pore pressure had already dissipated to a great 

extent.
From these two figures, the following phenomena can be 

observed*
(a) Both strain time curves and pore pressure-time curve 

show that the primary consolidation of the compacted 
fly ash from both Trenton Channel plant and Marysville 

plant was completed in less than one minute.
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006

FIRST LOAD 
INCREMENT :1 kg/cm2
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.004-

2

SECOND LOAD 
INCREMENT :2 kg/cm2

0
O NO CURING BEFORE TEST, 

2 HRS. PER LOAD INCREMENT

△ NO CURING BEFORE TEST, 
24 HRS. PER LOAD INCREMENT

□ 10 DAYS OF CURING,
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o.l 1.0 10 100 1000
ELAPSED TIME (min.)

Figure 5.7 The deformation-time relationship of compacted fly ash 
from Trenton Channel plant.
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002
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0.1 1.0 10 100 1000
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Figure 5.8 The deformation-time relationship of compacted fly 
ash from Marysville plant.
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(b) At the second load increment, the consolidation curves 
appeared quite different from those for ordinary soils. 

The portion which represents primary consolidation was 
' not distinct from the portion of secondary compression.

The magnitudes of the,strains were also considerably 
smaller. This can be attributed to aging. Cementing 
forces between particles might have been developed to 
such an extent that the soil skeleton was no longer so 
compressible. Therefore, the soil structure was stiff 

enough to carry part of the initial load that was 
supposed to be carried by pore fluid alone. Conse­
quently, the out-flow of pore water and dissipation of 
pore pressure did not act as a governing mechanism for 
soil deformation within the period of primary consolida­
tion; instead secondary compression, or creep process, 
played a major role in the volume change characteristics 
of aging soil subjected to a load. This aging effect 
becomes more obvious with increasing age of the samples. 
The long term sample, e.g., the samples with 24-hour 

load-increment duration, has much less compression than 

the short term samples at the second load increment 
although they have comparable compressibility at the 
first load increment. For the samples with 10 days of 
curing before tests (at which the samples reach at 
least 60 percent of their ultimate curing strengths) 

the test results show little evidence of the existence 
of primary consolidation, and the curves indicate little 
change from one load increment to the other.
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(c) The portions of the curves which represent the secondary 

compression are not straight lines but curve upward.
This may be also due to the aging effect. The secon­

dary compression does not proceed at a constant rate 
per log cycle of time but decreases with increasing 

age of the fly ash.
These factors are very important in field settlement 

predictions. Because of these properties, both the magnitude 
of the actual settlement and the time required to complete 
the consolidation would be quite different from those computed 
according to the conventional methods. The ultimate settlement 
would be considerably less than that of non-aging soils and 
the amount of reduction in total settlement depends upon the 
aging property of the individual material and the age of the 
material at which the load is applied. The time required to 
complete the primary consolidation is conventionally calculated 
from the following relation:

where H = the maximum distance of the pore flow path 
in soil.

Cv = coefficient ofconsolidation.
Tc= time factor.

It can be seen that the required time is proportional to the 
second power of the thickness of the soil layer. However, 
the importance of soil thickness diminishes with time because 

the primary consolidation becomes less significant for the 
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soil after a short period of aging. Thus the rate of 
settlement would tend to be independent of the thickness of 

the soil layer. "
The effect of aging prior to the load application on 

the compressibility of these two stabilized, compacted fly 
ashes are shown in Figure 5-9* This underscores the impor­

tance of proper correlation between the age of the samples 
tested and the age of the compacted fly ash in the field when 

the settlement prediction is made.
The influence of loading-time interval and the effect 

of lime treatment on the compressibility of compacted fly 
ashes from both plants are illustrated in Figure 5*10 and 
Figure 5.11. For the convenience of comparisons, the plotted 
void ratios were normalized with respect to the void ratios 
at the load of 1 kg/cm2. The results are shown in Figure 5*12 

and Figure 5« 13»
Based on these results, two points of interest are worth 

noting «
(a) For untreated fly ashes, the effects of aging and loading­

time intervals on the compressibility behavior are not 
significant. These natural ashes simply behave as the 
ordinary soils. In this case,the age of the ash and 

the rate of loading need not be considered.
(b) For lime treated fly ashes, the influence of aging becomes 

substantial. It can be noted from both Figure 5-12 and 
5.13 that the compressibilities of the samples either 

tested in long term loading (curve B) or cured before
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Figure 5.10 Effects of lime treatment and loading-time 
. interval on the compressibility of compacted

Trenton Channel fly ash.
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Figure 5.11 Effects of lime treatment and loading-time 
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Marysville fly ash.



103

VO
ID

 R
AT

IO
 U

ND
ER

 A
PP

LI
ED

 S
TR

ES
S 

VO
ID

 R
AT

IO
 A

T 
1 

KG
/C

M2

99

98

96

95

94

93

SHORT TERM

w

NO LIME

A*

B'

LIME 
LIME 
LIME

NO 
NO
10

OPT 
OPT 
OPT

SHORT TERM 
LONG TERM 
CURING,

A' 
B' 
C

CURING 
CURING

SHORT TERM 
LONG TERM

NO LIME 
NO LIME 
NO LIME 
TERM

NO 
NO
10

OPT. LIME

DAYS OF CURING, SHORT

APPLIED STRESS (kg/cm2)

CURING, 
CURING, 
DAYS OF

Figure 5.12 Effects of lime treatment and loading-time 
interval on the compressibility of compacted 
Trenton Channel fly ash. Void ratios have
been normalized.



104

98

in

M

M

O

cu &

in
<n 
w

CM

S
.97

Q 
H 
£

99

>
95

94

93

o

APPLIED STRESS

Figure 5.13 Effects of lime treatment and loading-time 
interval on the compressibility of compacted 
Marysville fly ash. Void ratios have been 
normalized.

2-96 
Q

B

B'

OF CURINGDAYS

2

A 
B 
C

SHORT TERM 
LONG TERM

NO 
NO 
10

NO LIME 
NO LIME 
NO LIME 
TERM

NO 
NO 
10

CURING 
CURING
DAYS OF CURING, SHORT

OPT. LIME, 
OPT. LIME, 
OPT. LIME, 
SHORT TERM

CURING, SHORT TERM 
CURING, LONG TERM

A'
B' 

— C '



105

testing (curve C) are comparable and considerably lower 

than the other samples. Therefore, in the course of 
evaluating field settlement from the laboratory testing 
results, one must be aware that the samples and the 
nature of the tests should be representative of existing 

field conditions.
Since one testing program only serves one specific field 

condition, the same set of test result cannot be applied to 
evaluate the settlement of fills under different circumstances. 
More generalized laboratory test procedure which is valid for 
a wider spectrum of field applications would be desirable. 
There are two approaches which might serve to achieve this 

objective, namely,
(a) to conduct a large scale laboratory testing program on 

samples with different aging times and a wide range of 
loading-time intervals. A rather complete void ratio 
vs. loading "chart", which consists of void ratio vs. 
loading curves with different loading-time intervals, 
may be made from these test results. Then the setttlememt 
calculation of a fill in any specific condition and 
under any specific rate of loading can be done by inter­

polation from the chart.
(b) To use the viscoelastic theory and the principle of 

superposition and reduce the laboratory testing to a 
minimum amount — namely, a single short term loading 

test on samples at different stages of aging.
. There are advantages and disadvantages for both approaches. 

The first method can be expected to give more accurate results 
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provided that a complete information on void ratio—loading 
relations is given. However, to obtain this complete infor­
mation involves rather large scale laboratory testing, ihis 
would be expensive and time consuming and hence, not desirable. 

The second approach requires only a sma"1 number of laboratory 

test . However, the accuracy of the work depends on the 
validity of the principle of superposition, and the validity 
of this principle depends on the sensitivity of the soil 

structures. Since high structural sensitivity of compacted 
fly ash is not anticipated, this approach seems reasonable.

Based on this judgment, an attempt has been made to 
construct the aging and loading-rate dependent void ratio vs. 
pressure curves by using the viscoelastic theory. The dis­

cussions of viscoelastic stress-strain law for aging materials 
and its application are given in the following sections.

5.4 Viscoelastic ^tress-strain Law for Aging Materials under 

One-dimensional Strain Condition -
To serve as the background knowlege of the application 

of viscoelastic theory to the valuation of compressibility 
behavior of compacted fly ash, the viscoelastic stress-strain 

law for aging materials is discussed in this section.
Let tc = the creation time of the material (or the time when 

the specimen is made).

t^ = the time when load is applied. 
t = the current time.
r = the time variable (tc s r t).
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4> (x, t) = the environmental parameters that influence 
the mechanical response of a material. (For 

the case of compacted fly ash, temperature 
is the most important environmental factor 
because of pozzolanic activity.)

Strain may depend on stress and environment which may also 
influence aging. The viscoelastic behavior of an environment­
dependent, aging material can be expressed as the following 

constitutive relation*

t t
e ( t ) = L [ cr ( r, ) , ^ ( Tg ) #t,t 1 .

°

At a specific environment, such as constant temperature, the 
relation reduces to 

t
e (t) - L [ a (t ) , t, te ] ,

T =tc

If all events are shifted in time by t time units , there 
should be no change in response. Then the constitutive equation 
simplifies to '

t-tc
< (t) = L f cr ( r + t ) ,t-t 1 .

L r =0 c ° J

By using tc as the origin of the time coordinate, then 

t .g(t)=L[ c(r), t] . (5.1)
T =0

Analogous to linear elasticity, the general linear viscoelastic 
constitutive relation can be written in the form of a fourth



108

order tensor

= Lijkl C akl (tt_^ ' * ] '

If the functional is linear in the component of

stress history, non-retroactive. and continuous, it has been 
stated by Stouffer (1968) that, by employing Konig and Meixner's 
work, a linear hereditary aging stress-strain law can be es­
tablished and Equation (5.2) can be expressed as a Riemann- 

Stieltjes integral as follows* 
t

«ij ’ f »kl <t - r ) dJljkl ( r, t ) , (5.3)

-CO

or in convolution form,

•ij " ’kl * (5.3-A)

Where J( r , t) is the creep function which represents the 
strain at age t due to a unit step stress r units earlier. 
For an isotropic material, it can be conveniently divided 
into octahedral and deviatoric components and written as

Li (t) e s,± * dJ ( r , t) ' 1J 1J 1
'kk (t) ■ ""kk * dJ2 (r , t)

where e^j and s^j are deviatoric strain and stress tensors, 

and «. . and a., are octahedral strain and stress tensors. KK KK
Also, and Jg are deviatoric and octahedral creep functions. 
Any strain tensor < . . can be expressed as IJ
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€ ij
oct
ij ij +’%h 8

Substituting Equation (5.4) into Equation (5-5)

s. . * dJi 
ij

+ i 8ij °"kh • dJ2

J1 ’ d =ij + I/? Sij J2 * d °'kh

= * d ( a. . - <r°C^) + 1/3
J

8ii J2 » d a kh

+ S1.J2 » do-kh

= J w d a*. . + 8 (^____ 1 ) d cr
I iJ ij 3 kh

or «i5 - œ.3 . dJx + 8.. a-kh * d . (5.6)

For applying to the compressibility behavior of compacted 
fly ash when it is used as mass land fills, it is proper to 
confine this treatment to the physical condition which is 
’similar to this field condition, namely, the condition of one­
dimensional volume change. Two types of laboratory experiments 
are conventionally used to meet this condition, namely, the 

oedometer test and the KQ triaxial test. In the oedometer 
test the cylindrical sample is physically confined in the 

radial direction, in the KQ triaxial test the ratio of the 
lateral confining pressure to the axial pressure is so adjusted 
that the lateral deformation of the sample is prevented. In 
these tests the sample as a whole can move only in the direc­

tion of its vertical axis and the radial displacements do not 
occur. Therefore, the study of this volume change character­
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istic by these types of tests is limited to the stress states 
corresponding to this displacement condition. The stress states 

for this case are

a22 = œ33 = Ko (5.7)

Where Ko is the coefficient of earth pressure at rest.

If a vertical stress a is applied on the top of the cylin­

drical sample, the vertical strain component due to this load, 
according to Equation (5.6), will be

‘vl ■ «II ’ *11 * dJt +

or «U = o-n * d ( J2 * , (5.8-A)

o-.. = « * d 3 [J, + 2J.]"1 . (5.8-B)
A J- 11 6 1

where the subscript v represents the plane normal to vertical 
axis. The notation used in Equation (5*8-B) represents a 

standard method of numerical solution for solving integral 
equation, Lee and Rogers (1963). Also from Equation (5.6),

lateral strains <22* e 33 due to are

(5.9)

Substituting Equation (5.8-B) into Equation (5-9) yields

e22 “ «33 = ( «11 * d 3 L J2 + 2^1 ]-1> * d ' Jl)

or c22 " €33 = - € 11 * d V (5-10)

where v ( r, t) = (J2+ 2J^) * d (J^ - ) called vis­
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coelastic Poisson’s ratio for aging material. However, in one­
dimensional strain conditions, lateral expansion is pre­
vented, thus, it induces lateral stresses cr9«, in accor­
dance with Equation (5«7)> (or, alternatively these lateral 
stresses have to be applied to meet this physical condition).

Therefore, the vertical strain components due to the induced 

stresses cr22» ^33 will be,, by using Equations (5-8) and 
(5.10),

«V2 = « ya = - <7^ * d ( 3 ) * d v .

Thus, the total vertical strain due to is
t_ ± OT / J? t 2Ji *

€v=crn »d/iL211) - 2 Koa11 * d ---- )*dp

(5-11)

If the change in values of KQ with time, is small and can be
considered constant, then

or

* d / J2 * 2Ji
V 3

[ 1 - 2K(, * dw] ,

(5.12)
It should be noted that the quantity

3
[1 - 2K0 » d (Jg+Zjp *d

is only a function of two creep functions J^ and if KQ 
is a constant.

Let Je be denoted as an equivalent creep function for one - 
dimensional strain condition and be defined as

Je S ( ^2^1 ) [Ï -2K0»d ( J2+2 )"^d ( ^ - J2 ) ] , 
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then

6 v = * d Je . (5.13)

If a unit step load is applied, the stress can be expressed 
as œ1(t) = 1(t - tL) , 

where 1 (t-t^) = 0 , t-t^<0
1(t-t^) = 1 , t-tL > 0.

The"' dJg = Jg * d o-

= Je di (t-tL,t)

or € Jt) = JA(t-tT t) (5.14)

thus, the equivalent creep function J (t-t t) here represents e L, 
the vertical strain at present time t (measured with respect 
to tc ) due to a step stress that was applied since tL (also 

measured from t^). Therefore, JQ can be determined experi­

mentally from a material with different aging times subjected 
to a unit load. Then a three-dimensional plot or a chart 
can be obtained which represents the creep function-time-aging 
relations. Figure 5*9 is an example of this plot since it 
was constructed according to a series of responses to a unit 
load. Therefore, Figure 5»9 can be also called the aging-depen­
dent creep functions of two stabilized, compacted fly ashes.

5.5 Use of Viscoelastic Stress-strain Law in the Construction 
Of the Void Ratio vs, Effective Pressure Curve
The creep function-time-aging relation discussed in the 

previous section can serve as a tool for constructing the
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void ratio vs. effective pressure curves from which the settle­

ment of a fill of aging materials can be calculated.
Considering a stress pattern that is usually used for 

the laboratory consolidation tests (shown in Figure 5.14.a), 

this stress diagram can be divided into a group of step loads 
by virtue of superposition (as shown in Figure 5*14.b). Note 

that all the effective stresses are approximated by step 
loads. Strictly speaking, the effective stress does not reach 
its full magnitude instantaneously. However, for a soil or 
material with relatively high permeability, this assumption 
should be valid, ‘

Since the stress history is constant with time over a 
certain time interval, the integral equation will be reduced 

to a series of simple multiplications of stress and the creep 
functions. This can be shown by the following derivation.

Assuming the stress-strain behavior of compacted and 
stabilized fly ashes under study satisfies the viscoelastic 
constitutive relation, the vertical strain of a sample can be 
expressed by Equation (5*13)* or 

t
€ v = J O'(t- T ) dJg ( T ,t) .

-00

When it is subjected to a stress function

O- = CO1 ( T -tQ ) , ’

where a0 is constant and to is the time when load is applied, 

€v = % yt i(t-t0-r )dJe(r#t)

-CO
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O" 2= 2 O'i

tL], ^L2 ^^3 hL4
a. Conventional loading pattern for consolidation 

tests

8*1

b. Superposition of step loads

Figure 5.14 Schematic diagrams of the loading pattern
conventionally used in the consolidation 
test.
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/-tq , ,

- % J dJe<r ,t)

-co
= 0*0 Je(t-t0,t) - Je(-00 ,t) }

using the notation of unit step function, l(t)=O, t < 0;
1(t)=l, t > 0,

In the case of this study,
Jg ( — CO , t ) = 0

because creep functions start not sooner than the samples are 
made. Therefore,

6v = Je (t-t0,t).

The stress pattern shown in Figure 5*14.b can be expressed 
as

a ( T ) = 1 ( r -tL ) + ( a - a ) 1 (t-t, )
J- 2 1 l2

+ ( <r-- cr ) + ( a. - a )l(t-tL ).3 3 2 (5 i5)

By linearity of the integral, the response to cr ( r ) is 

the sum of response to each term. Considering the response 
to the first term,

or( r ) = cr1 1 ( r -t^) ,
it can be expressed as 

t
C y ( t ) = £ O’j 1 (t—t^i=T )d J0 ( T ,t), .

-co

The quantity t-t^ is fixed and r is a variable, thus the 

unit step 1 (t) = 0 for t > t-t^ by its definition.
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Then
ev(t) = 1 dJe( r ,t)

-CO
= <7; { * Je(-CO.t)}

= al Je *

The subsequent terms in Equation (5*15) can be treated in the 

same manner. Consequently the sum of responses can be expressed 

as

e (t)= a de (t-tr ,t) + ( a - Cr ) Je

+ ( »3- %"

°r €v(t)= <r1 { Je ( , t ) + Je (

* (5*16)

Therefore, at the end of the first loading-time interval, 

<v^lg^ al Je^Lg-^Li'^Lg) *

at the end of the second loading-time interval, 
<v<%)= ’S’} ’

at the end of the third loading-time interval,

<v(tLu)= a1
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etc. Proceeding in this manner, strain, hence the void ratio, 

at the end of each loading-time interval can be found.
By using this technique and obtaining creep functions 

from Figure 5.9, the void ratio vs. effective pressure curves 
for two Michigan fly ashes with different loading-time inter­
vals can be constructed. For the convenience of obtaining 
creep function values, Figure 5-9 was replotted on logarithmic 
time scale and is shown in Figures 5» 15 and 5*16. The curves 

of creep functions vs. aging for different elapsed loading 
time were also extrapolated and are shown in Figure 5» 17» The 
calculations of void ratio-effective pressure relation by 
using creep functions were tabulated in Tables 5*1 and 5*2. 
The comparisons of the calculated curves and the experimental 
curves constructed by using conventional consolidation test 

results are shown in Figure 5*18»
This figure shows relatively good agreement between the 

calculated curves and the conventional curves for Marysville 

fly ash. The results for Trenton Channel fly ash were less 
satisfactory. The choice of either approach, viz., to calcu­
late from creep functions or to obtain directly from compression 

tests, depends upon the priority between the accuracy of the 
results and the scale of the test program. The assessment of 
compressibility of a soil by using the creep response approach 
will not be exact, however the advantage of using this appro­
ach can be recognized when the load is neither constant with 
time nor a simple step pattern. The void ratio-load relation 
still can be obtained directly by using Riemann-Stieltjes
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Figure 5.17 Effect of previous curing on the magnitude of 
creep function of lime-treated fly ashes.
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Short Term Loading (2 hours per load increment)1

TABLE 5.1 - Calculations of Void Ratio-Effective 
Pressure Relation by Using Creep Functions, 

Trenton Channel Fly Ash

Load 1st. 2nd. 3rd. 4th.
Increments-
Time (hr.) 0-2 2-4 4-6 6-8

Jet * .00450 ,00463 .00472 .00479

Je 2 .00443 .00456 .00465

2 J 63 .00864 .00894
J 

^e^ .01700

€ (t ) .00450 .00906 .01792 .03538

A e(for e0 = •6) .007 .014 .029 .057

e .593 ,586 • 571 .543

*Jei=Je(t-tL^,t) , 

^eJe ^Ll(, *

- 
।0 
»?11CM 
0) "^Lg * ) • Je3=Je(t-tL3»tj,

Long Term Load ing (24 hours per load increment) t

Load 1st. 2nd. 3rd. 4th.
Increment
Time (day) 0-1 1-2 2-3 3-4

Jei .00500 .00512 .00518 .00522

J®2 .0040? .00417 .00426

2Je3 • 00660 .00684

4JO .0160
e4
< (t) .00500 .00919 .01595 .02692

A e(for e0 = .6) .008 .015 .026 .043

e • 592 .585 .574 • 557
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TABLE 5.2 - Calculations of Void Ratio-Effective 
Pressure Relation by Using Creep 
Functions, Marysville Fly Ash

Short Term Loading (2 hours per load increment):

Load 
Increment

1st. 2nd. 3rd. 4th.

Time (hrs) 0-2 2-4 4-6 6-8

Jel .00552 .00565 .00572 .00577

Je 2 .00525 .00545 .00550
.01006 .01036

.01928

< (t) .00552 . 01090 .02123 .04091

A e(for eo=1.2) .012 .024 .047 . 090

e 1.188 1.176 1.153 1.110

Long Term Loading (24 hours per load increment):

Load
Incremant

1st. 2nd. 3rd. 4th.

Time (day) 0-1 1-2 2-3 3—4

Jei .00594 .00602 .00607 .00610

Je2 .00396 .00404 .00408

2 Je 3 .00530 .00544

.00812

6 (t) .00594 .00998 .01541 .02374

A e(for eo=1.2) .013 .022 .034 .052

e 1.187 1.178 1.166 1.148
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integral, e.g., Equation (5*13)» without any additional 

laboratory test. Of course, the calculation will involve 
solving a integral equation because the stress will no longer 
be a constant but a function of time. Consequently, the 
computation will be more complicated.

Figure 5-18 also shows that the calculated curves tend 
to give higher compressibility at higher pressure levels. 
This indicates that the influence of previous stress history on 
the compressibility of these fly ashes is more significant 
than previously anticipated. To obtain more accurate results, 
a non-linear viscoelastic stress-strain law may have to be 
employed. In this case, the functional relationship between 
stress and strain would lose its property of non-retroactivity. 
Hence the validity of using the Riemann-Stieltjes integral 
would no longer hold. Lubliner and Sackman (1966) suggested 

that the extension of linear constitutive relations of aging 
viscoelastic material into the region of nonlinear behavior 
is probably easier to accomplish by using the differential 
equation, rather than the integral, representation. Therefore, 
a further investigation on the use of nonlinear differential 

equations to represent aging, nonlinear viscoelastic behavior 
may be worthwhile. The extension of the study to the non-linear 
level has not been attempted in this dissertation but such 
extension might prove useful.

5*6. Compression of Partially Saturated Compacted Soils 

. The volume change characteristics of compacted fly ashes
in a partially saturated condition are in reality more important 
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than those at full saturation due to the fact that compacted 
fills, embankments and road subgrades are more likely to be 

partially saturated.
The compression process of partially saturated soils is 

complicated by the nature of three-phase physical properties. 
According to Yoshimi and Osterberg (1963) the surface tension 

and vapor distillation cause water and water vapor to move 
from larger capillaries to smaller ones. Consequently the 
pore water fills the smaller voids whereas air is collected 
in the larger pores. The mobility of water and air depends 
on the degree of saturation. When the degree of saturation 
is low, air in the larger pores is continuous and free to flow 
through the soil; however, at higher degree of saturation, the 
water fills most of the small capillaries and occludes the 
air. The relative permeability of both water and air, hence 
the consolidation behavior of a partially saturated soil, is 
a function of, in addition to the porosity and the structure 
of the soil, the degree of saturation.

An analytic treatment on the consolidation of compacted 
and partially saturated soils has been attempted by Barden 
(1965)* A formulation of a set of general equations by taking 

into account the variables of pore air pressure, pore water 
pressure, degree of saturation and porositiy was made. In 
view of the complexity of these equations, he simplified the 
treatment by sub-dividing the consolidation process into a 

number of less general cases, each being relevant to a par­
ticular range of saturation values. Then the four complex 
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functions of porosity, soil structure and degree of saturation 
in his general treatment were replaced by simple functions of 

a single variable, viz., the pore pressure.
However, the classification of a consolidation process 

of a soil into a particular, case implies that the treatment 
can be satisfactory only when it follows one of these idealized 

processes alone. The solutions would be complicated when 
more than one particular case has to be employed as the satur­
ation changes from one range to the other during compression. 
Another shortcoming of this treatment is that the analysis 
was developed based on the assumption that there is no secon­
dary compression involved in the consolidation process. In 
other words, his work essentially deals with the primary con­
solidation behavior, which may not be the governing mechanism 
of stress-strain relation for partially saturated soils. An 
insight into the over-all volume change characteristics of 
soils at partially saturated conditions appears to be more 

desirable.
During the past two decades considerable work has been 

done to explain shear strength and volume change behavior of 
partially saturated soils in terms of effective stresses.

Bishop (1960) suggested that the effective stress in an 
unsaturated soil can be expressed as

<r' = <r - ua + X (ua~uw) <5«17)

where er' = effective stress

y = total stress 
ua = pore air pressure 

uw = pore water pressure
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- suction
X = parameter which depends on the degree of saturation, 

soil type and hysteresis effects due to wetting, 
drying or stress change.

The effective stress principle has been used quite success­
fully in predicting shear strength. However, the use of this 
principle in interpreting volume change characteristics has 
been rather controversial. Unlike shear strength which is 
usually analyzed at a failure state, volume change behavior 
is a continuous process of deformation. Therefore, while it 
is sufficient to compare the partially saturated and fully 
saturated soils at their critical state of equilibrium for 
the study of shear strength, it is necessary that they are 
comparable at every stage of deformation in examining the 
volume change behavior. In other words, because of complexity 
induced by the state of partial saturation, the volume change 
characteristics of partially saturated soils are much more 
path dependent than those of fully saturated soils.

The validity of effective stress principle in partially 
saturated soils was first questioned by Jennings and Burland 
(1962) who demonstrated experimentally that Equation (5*17) 

did not account for the behavior of many soils below a critical 
degree of saturation. Burland (19^5) also maintained that 

in a partially saturated soil, in which the pore water exists 
mainly within menisci at small pores, a change in applied stress 

cannot be uniquely related to the change in pore pressure as 
it is in saturated soils. This is because the applied stress 
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and the pore water pressure are transmitted through the soil 

structure in a different manner than they are in the fully 

saturated soils.
The necessary conditions of the validity of the effective 

stress principle has been summarized by Katyas and Radhakrishna 

(1968) as follows:
(a) It should satisfy the boundary cases for full saturation 

and for a completely dry state.
(b) The behavior of a soil exposed to a change in stress 

should be predictable in terms of effective stress and 
should be independent of the manner in which the total 

stress and the pore pressure change.
(d) It should be verified experimentally.
In partially saturated soils it is practically impossible 

to satisfy all three requirements and the use of the effective 
stress principle is necessarily limited to those cases which 
can be verified experimentally.

Bishop and Blight (1963) also recognized the limitations 

of Equation (5.17) and concluded that, in the case of partially 
saturated soil, it was not the effective stress only but the 
paths of the two components (cr- ua) and (ua - uw) which had 

to be taken into account. In view of these limitations in 
the use of the effective stress principle, the prediction of 
the volume change behavior of a partially saturated soil 
requires a laboratory simulation of applied pressure and pore 
pressure conditions existing in the field.
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An alternative and more general approach was developed 
by Matyas and Radhakrishna (1968). ( o' - ua) and the suction
were used directly as two independent variables to express soil 
behavior. They showed that variations in void ratio and 

degree of saturation could be represented by unique surfaces 
in a stress-void rati^ anu stress-degree of saturation space 
respectively. A similar approach was also made by Barden 

et al. (1969)•
From the above literature study, it appears that the 

separation of (a - ua) and (ua - u^) as two independent 
variables is the most desirable method at the present time for 
studying volume change properties of partially saturated soils. 
Therefore, a limited experimental study on the effects of 
applied pressure and pore pressure on the volume change charac­
teristics of compacted fly ashes was made according to this 

method and is discussed in the following section.

5.7 Effect of Partial Saturation on the Compressibility 
of compacted Fly Ashes
The compressibility behavior of partially saturated, 

compacted fly ashes was studied experimentally with special 
emphasis on

(a) the comparison of the compressibility between fully 

saturated and partially saturated fly ashes,
(b) the effects of applied pressure and suction on the 

volume change properties of partially saturated fly 
• ashes, and
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(c ) the effect of aging on the compressibility of partially 
saturated fly ashes.

The aging effect was studied in a similar manner as 
for the fully saturated case. The effects of applied stress 
and pore pressure were studied according to the method adopted 

by Matyas and Radhakrishna, namely, the separation of ( cr -ua) 

and (uq - u )• However, the initial condition of the compacted 
fly ashes was restricted to the "as compacted" condition at 
the optimum water contents. The study of the effect of any 
variation in the initial degree of saturation on the compress­
ibility behavior was not attempted.

The laboratory set-up, sample preparation, test program 
and the discussion of the results are described subsequently 
in this section.

1. Laboratory Set-Up
In regard to the experimental technique, a few problems 

which do not exist in the tests on saturated samples are 
associated with the tests on partially saturated samples, namely, 

(a) desiccation of the specimens during tests, 
(b) side friction of specimens against the confining 

ring, and
(c) capability of pore-air pressure application.

Although the desiccation of the specimens could be pre­

vented by using the Anteus consolidometer, it does not seem 
possible to overcome all three problems when the tests were 
to be performed on the ordinary oedometer.
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In view of these difficulties, the tests were conducted 
by using a triaxial cell with a modified anisotropic loading 

device. To maintain the one-dimensional volume change, the 
Ko condition was imposed upon the sample by properly adjusting 
confining pressure. The lateral deformation was detected by 
a strain gage. The strain gage circuitry is shown schemati­
cally in Figure 5» 19- To avoid the malfunctioning and deter­
ioration of the strain gage, air was used to exert the confining 
pressure in the triaxial cell. The air leakage through membrane 
was minimized by using double membranes with high vaccum 
silicone grease in between, though traces of air, leakage were 
still detected at higher confining pressures. The regulated 
pore air was provided at the top of the sample. A special 
porous ceramic disk with an air-entry value of 80 psi. was 
placed between the base cap and the bottom of the sample. The 
disk and the base cap were sealed circumferentially with 
silicone grease and a rubber sleeve to prevent air from going 
through the gap at the contact. Single drainage was provided 
from the base cap, from which a drainage line was connected to 
a dish filled with water at the same level as the bottom of 
the sample.

Because of limitations of the available test facility, 
neither pore water pressure nor suction was directly measured. 
Since the permeability of these fly ashes is high, it was 
assumed that, with the provision of single drainage, the pore 

water pressure is negligible and the suction is equivalent to 
pore air presuure. The vertical load was applied by using a
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lever which is capable of imposing a load four times larger 
than the weight hung at the free end. The vertical deforma­
tion was measured with a dial indicator attached to the top 
of the load piston. The set-up is illustrated by a schematic 
diagram in Figure 5*20 and also shown in Figure 5*21.

2. Sample Preparation
The source of the fly ashes and the method of preparing 

sample are identical to those for the saturated case. However, 
instead of compacting sample to a size of 4 inches in 

diameter, the size of the standard triaxial sample was adopted. 
All the samples were compacted with the miniature impact 
compactor in a compaction mold of triaxial-sample size.

3. Test Program and Test Procedure
The tests can be divided into the following three series.
Series Ai Tests were run on the specimens without previous 

curing. The loading-time interval was 2 hours per load 
increment.

Series B: Samples were not cured before tests, as those 
in Series A. The Loading-time interval was 24 hours per load 
increment.

Series Ci Samples were moist cured for 10 days before 
tests then run at 2 hours per load increment.

In each series samples were prepared either by adding 
the optimum amount of hydrated lime or without any lime addi­
tion. The tests were conducted either with a pore air pressure 
of 0.8 kg/cm^ or without applying pore air pressure. Most of 

the tests were duplicated.
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Before a sample was placed on the base cap, the drainage­

line including the ceramic disk were thoroughly saturated to 
insure free movement of water into or out of the sample with­
out possible interference from air bubbles. Double membranes 
were put on the sample after it was set in place. The strain 
gage was then placed in contact with the membrane to detect 
the lateral deformation. For the case in which the pore air 
pressure was applied, the regulated air pressure was supplied 
through the top cap and inserted into the sample; however, for 
the case of zero suction, the pore-air pressure supply line 
was open to the atmosphere and the pore water in the sample 
could drain from either the top or bottom. The sample assembly 
was placed in a triaxial cell. To start the test, the cell 
pressure, the axial load and the pore air pressure were 
applied simultaneously. A clock was also started at the same 
time. The vertical deformation was recorded constantly 
throughout the test.

4. Discussion of Results

From the test results, the following observations and 
conclusions can be drawn:

(1 ) The deformation-time behavior of partially saturated 

fly ashes is similar to that in a fully saturated condition, 
but the magnitude of deformation in the partially saturated 
condition is considerably smaller. This behavior can be 
compared in the void ratio vs. applied pressure plots for both 
saturated and “as compacted" conditions shown in Figure 5*22 
and 5»23» Similar phenomena have been observed by Burland
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(1965) from the oedometer tests on silts. He suggested that 
this is due to the increase in the stability of particle " 

contacts in the partially saturated condition. Increases in 

the contact forces resulting from increments in boundary 
stress tend to induce particle slipage and reduce the volume. 
However, increases in the contact forces by suction at the 
particle contacts will tend to stabilize the contact points. 
Another factor which may have contributed to the reduction 
in volume change for partially saturated case is the decrease 
in the moisture lubrication around particles. Higher energy 
is required to overcome the friction at the particle contacts 
before the grains could slip to a more stable position. This 
test result implies that the compressibility of "as compacted" 
soil field could be considerably lower than that in the fully 
saturated condition. Then are it is important to take into 
account the field saturation condition when the laboratory test 
is performed to predict the settlement of the field.

(2) It can be noted from the normalized curves shown 
in Figure 5.24 that the effects of lime stabilization and 
material aging on the compressibility of compacted fly ashes 
are also found in the partially saturated condition. Therefore 
the correlation of the aging properties of the fly ash and the 
loading condition in the laboratory to the existing field con­
dition is as essential as it is in the fully saturated 

condition.
(3) Limited experimental data on the effect of suction 

on the volume change behavior of partially saturated fly ashes
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are presented in Figures 5-25 and 5-26. Some curves have 
been shifted along the axis of ordinates for the convenience 
of com parisons * It seems evident that the ashes with higher 

suction possess lower compressibility. This phenomenon can 
be also accounted for with Borland's particle-stability hypo­
thesis as mentioned previously. This emphasizes the fact that 
not only the effective stress but also pore pressure and the 
state of the soil have to be taken into account in evaluating 
the compression properties of the partially saturated soils. 

On the other hand, these figures also show that this phenomenon 

becomes less significant as the aging effect becomes more 
substantial. The pozzolanic reaction produces the bonding 
between stabilizing agent and ash particles and increases 
the friction between particles which after reaction with lime 
have a rougher surface texture. As a result a rather stable 
soil structure is formed. The stability of soil structure 
caused by this aging process outweighs the particle stability 

contributed by the presence of suction. Therefore, the effect 
of suction on the volume change behavior is overshadowed by 

the effect of aging.
In summary, partially saturated, compacted fly ashes appear 

less compressible than the fully saturated ashes. The effect 
of aging on the compression behavior of partially saturated 
fly ashes is equally important as it is in the fully saturated 
condition. In the partially saturated fly ashes, not only 

effective stress but also the state of pore pressure component 
and the change in soil condition during a test can influence



142

9

w .. ta 
Q to

to

Q
§ (N

E u

to 
g 

to 
u 
a 
H

J o 
o 
to

o to 
Q < O 
S3S 
to _

to 
UDO 
to to 
H H to 
« to

OIiLVtl CIIOA Fi
gu

re
 5

.2
5 E

ff
ec

t 
of

 c
ha

ng
e 

in
 s

uc
ti

on
 o

n 
th

e 
vo

lu
me

 c
ha

ng
e 

be
ha

vi
or

 o
f 

co
mp

ac
te

d 
fl

y 
as

h 
fr

om
 T

re
nt

on
 C

ha
nn

el
 p

la
nt

.



143

OIJAfH

CM

o

O<D

o

&

co

m

m

(M

b

CM 
CM

g

njo 
9 It

O 
CM

m 
CM

S8
s 

H

« 
U 
S3 
H

Q 
§

« 
M

& tn

Si

g
CM

tf) g
CM

tn 
g

CM

CM 
E 
U

S'

0

H 
fti 
D 
U

8

0 
% 

«

B
8
I 

o

« 
u 
a 
H

Q 
§

Pi 
M 
cu

J o co

0 0 
2s « 88

gg

M UI 
sg 

ij
CM

/• « 
k u 
u 2: 
>3 H 
H Q 

p

K 
« W 
M & 
P<

• 0

Fi
gu

re
 5

.2
6 E

ff
ec

t 
of

 c
ha

ng
e 

in
 s

uc
ti

on
 o

n 
th

e 
vo

lu
me

 c
ha

ng
e 

be
ha

vi
or

 o
f 

co
mp

ac
te

d 
fl

y 
as

h 
fr

om
 M

ar
ys

vi
ll

e 
pl

an
t.

CM

aioA



144

the volume change properties. However, suction becomes less 
important when the aging effect comes into play because the 
structural stability of soil contributed by aging is greater 
than the influence of suction and soil saturation conditions.



CHAPTER 6

SUMMARY AND CONCLUSIONS

This dissertation is a comprehensive study of the 
engineering properties of some typical Michigan j-ly ashes• 
The ultimate objective of this study was to determine the 

suitability of fly ash as a construction material in load­

bearing fills and subbases. This study includes the inves­
tigation of index properties, strength, frost susceptibility, 

and compressibility of compacted ash. The experiments were 
limited to laboratory investigations. Detailed discussions 
of possible variables that affect specific engineering pro­
perties of fly ash are presented in the previous chapters. 
Effects of material aging on these engineering properties 
are emphasized throughout in recognition of the pozzolanic 

behavior of fly ashes containing small amounts of lime.
Chapter 3 presents the summary of index properties of 

some typical Michigan fly ashes, and their compaction char­
acteristics and strength. Effects of lime stabilization and 
curing temperature on the strength of these fly ashes are 

also included.
Chapter 4 contains a review of frost heave phenomena 

in fine grained materials. Experimental results of cement 
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and lime stabilization on frost heave of two Michigan ashes 

are also presented in this chapter.
Chapter 5 deals with the compressibility behavior of two 

Michigan fly ashes. Experimental results in regard to the 
effects of aging and partial saturation are presented. The 
use of a creep function obtained from viscoelastic theory for 
aging material is proposed for purposes of predicting pressure 
vs. void ratio relationships in compacted ash.

From results presented in these chapters, a number of 
useful conclusions can be drawn1 
Strength

(1) The unconfined compressive strength of compacted, 

untreated Michigan fly ashes ranged from only 1.2 to 3.9 
kg/cm^ when samples were compacted to maximum dry density (mod- 

fied AASHO test ). Moist curing and higher curing temperature 

did not improve their strengths. This indicates that none of 
these ashes exhibit significant self-hardening properties. 
Compacted ash with this low a strength would not be acceptable 
in structual fills or subbases.

(2) A substantial improvement in strength as a result 

of lime stabilization was observed. The addition of a few 
percent by weight of hydrated lime increased the compressive 
strength more than 10-fold after four weeks of moist curing. 
This strength is still slightly lower than the strength required 
for base courses beneath road pavements.

(3) The amount of additional lime required in fly ash 

to reach the highest strength varies from one ash to the other.
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It ranged from 7 to 13 percent by weight for the Michigan fly 

ashes under study.
(4) From the test results of two Michigan fly ashes, 

it appears that not only the rate but also the ultimate mag­
nitude of strength of lime treated, compacted fly ash increases 
with higher curing temperatures. All samples treated with 
optimum amounts of lime and cured at 60°C exhibited strengths 
approximately four times higher than those cured at 20°C after 

one month of curing. Strengths of samples cured at 40°C also 

increased more than three-fold. This implies that the favor­
able time for road base, fill, and embankment constructions 
using stabilized fly ashes is during the warmer seasons of the 

year.
(5) Samples of untreated, compacted ash tended to 

disintegrate as a result of imbibition of water during moist 
curing at 100% relative humidity. This suggests that partial 
saturation should be maintained and good drainage should be 
provided for a fill constructed from untreated ashes, or from 
stabilized ashes which have not yet reached an advanced stage 

of chemical hardening. 
Frost Susceptibility

(1) All the untreated samples of both Trenton Channel 
and Marysville fly ashes exhibited excessive frost heave. 
The strengths resulting from self-hardening apparently were 
not sufficient to significantly limit frost heave in this 

case.
. (2) Samples treated with lime failed to reduce heaving

within acceptable ‘mits. This can be attributed to the lower 
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rate of pozzolanic reaction in a lime-treated as opposed to 
a cement-treated ash. Longer curing periods, or higher 
curing temperatures than those used for cement treated ashes 
before subjecting them to freezing temperatures may be nec­
essary in the case of lime-treated ashes.

(3) A 5-percent by weight addition of Portland cement 
reduced the amount of heave of the Trenton Channel fly ash to 
less than 7% of the original sample height, and completely 
eliminated heave in the Marysville fly ash. It appears that 
5 percent cement is sufficient to reduce frost heave of Mich­
igan fly ashes within tolerable limits. However, each ash 
which is being considered for use in the field should be 
investigated separately. 
Compressibility

(l) Freshly compacted, saturated fly ashes exhibited 
consolidation characteristics similar to those of ordinary 
soils. In the case of lime-treated samples with longer curing 
periods, cementing forces between particles developed to 
such an extent that he internal structure was stiff enough 
to carry part of the initial load that would normally be 
carried by the pore fluid. Consequently,the primary consoli­
dation phase cannot be distinguished readily from secondary 
compression during consolidation of the samples. The magnitude 
of deformation in lime-treated ashes was also considerably 

smaller than that in untreated samples»

(2) The portions of the consolidation curves which repre­

sent secondary compression are not straight lines on a logar­
ithmic time scale (as for most ordinary soils). This most 
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likely occurs because compression is proceeding at a much 
slower rate in a material which is also becoming stiffer (age 

hardening) with time.
The above two findings have some important practical 

implications. These phenomena indicate that the primary 
consolidation is less significant than it would be in ordinary 
soils, hence the rate of settlement would tend to be indepen­
dent of the thickness of the soil layer. The lower magni­
tude of deformation for ash cured for longer time, and the de­
creasing rate of secondary compression imply that the magnitude 
of settlement would be less than that of ordinary soils and 
would depend upon the aging properties of the individual mater­
ial and the age of the material at which the load is applied.

(3) The compressibilities of lime treated samples either 
tested in long term loading or cured before testing are con­
siderably lower than samples tested in short term loading. 
This emphasises the importance of good correlation between the 
laboratory tests and existing field loading conditions.

(4) The four untreated. Michigan fly ashes did not show 
any effect of aging on their compressiblity behavior. In this 
case, fly ash can be treated as an ordinary soil in conducting 

a consolidation test.
(5) The compressibility of partially saturated fly ash 

is lower than that in a fully saturated condition. This may 
be attributed to the increase in the stability of particle 

contacts in the partially saturated condition.
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(6) Analogous to ordinary soils, the volume change pro­
perties of partially saturated, compacted fly ashes can be 
influenced by the pore pressure component and the change in 
ash saturation. However, with increase in age of a compacted 
ash, these effects can be overshadowed by the effect of 
material aging which tends to increase the stiffness of soil 
skeleton due to the cementitious binding between particles. 
An ash with this less compressible internal structure will no 
longer be so sensitive to changes in suction and saturation 
condition in ash.

(?) To reduce the laboratory effort that is required to 
take into account the aging effect of fly ash, a creep function 
derived from viscoelastic theory can be used to predict the 
compressibility of fly ash at different stages of aging. How­
ever, it can only provide an approximate estimate of settle­
ment and its accuracy depends on the sensitivity of a fly 
ash to its previous stress history. Nevertheless, this proce- 
dure represents a considrable improvement over conventional 
settlement predictions which are often grossly in error when 
applied to a material like compacted, stabilized fly ash.
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