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Strength and deformation characteristics of fly ash added clay 
Caractéristiques de la résistance et de la déformation de l’argile vjoutée de la cendre volante

O.Tan & R.lyisan -  Istanbul Technical University, Istanbul, Turkey

ABSTRACT: The significant part o f the electrical power over the world is produced in coal-firing thermal plants. Annually producing 
fly ash at thermal electrical power plants are about 48 million tons in the USA, 10 million tons in the UK, 15 million tons in Turkey. 
As the other industrial wastes, it leads to stocking and environmental problems. Only 10% o f the total amount can be utilized in the 
construction industry in the US while remaining 90% have to be stocked in ash dams. In order to increase its impact on the 
environment utilization opportunities are being searched. Because of the low-cost availability and pozzolanic properties, the fly ash is 
used in cement industry, road construction and geotechnical practice. In this experimental study, shear strength and deformation 
properties fly ash added silty clay have been investigated.

RÉSUMÉ: La plus part de l’énergie électrique du Monde est produite par des centrales thermiques dont le lignite est employé comme 
le combustible. A peu près 48 millions tons de cendres volantes sont produits annuellement aux centrales électriques thermiques en 
Etats-Unis, 10 millions tons en Royaume Uni, et 15 millions tons en Turquie. Comme tout déchet industriel, ces cendres causent 
aussi des problèmes de stockage et de pollution. Seulement 10% de la quantité totale peut être utilisé dans l’industrie de la 
construction aux Etats-Unis, quand 90%, qui reste, est obligé d ’être stocké dans les barrages des cendres. Pour augmenter son impact 
sur l’environnement, les occasions de l’utilisation sont recherchées. Grâce à sa disponibilité économique et ses propriétés 
poussoloniques, la cendre volante est employée dans l’industrie du cément, dans la construction des chaussées, et dans la pratique 
géotechnique. Dans cette contribution expérimentale, la résistance de cisaillement et les propriétés de déformation de l’argile ajoutée 
de la cendre volante ont été étudiées.

1 INTRODUCTION

Coal-based electrical power production has still an important 
role over the world. About 15 million tons in Turkey, 48 million 
tons in the US and 10 million tons in the UK of fly ash comes 
out as a by-product solid waste at electrical power plants each 
year. Piling and stocking such amount of fly ash produced at 
power plants creates a common environmental problem. Using 
and consuming fly ash may reduce its effects to the environment 
and lead to more economical applications in other areas such as 
construction industry.

Fly ash utilization in Turkey is about 1% of the total 
production, mainly in cement and concrete production whereas 
about 10 % o f the total production is consumed in the US. At 
thermal power plants, the amount o f producing fly ash trapped 
from chimney gasses mainly depend on level o f the technology 
of the plant, which is about 15% of the coal burnt. General 
chemical components o f fly ashes are summarized Table 1 
(Oweis & Khera 1990).

Table 1. General chemical composition o f  fly ash

Constituent %
S i0 2 3 4 -5 8
Al20 3 2 0 -4 0
Fe2Oj 4 - 2 4
CaO 2 - 2 7
MgO 1 -6
S 0 3

oTt1ITi
Ö

Soluable alcali 2 - 6

Fly ashes are mainly classified in two groups, “ C ” and “ F ” 
classes, based on the amount o f S i0 2+Al20 3+Fe20 3 contents. C 
class ashes produced from lignite coals have more pozzolanic 
and cementing activity than F class ashes which are produced

from bituminous coals. When the fly ash consists o f more than 
10% CaO, the fly ash is called “ High Lime Content Fly Ash”. 
Both C and F class ashes are available in Turkey.

Fly ash can be used in cement, concrete, brick production, in 
geotechnical engineering field; injection applications, road 
construction and soil stabilization, in daily cover and bottom 
liner in sanitary landfill sites.

2 PHYSICAL AND GEOTECHNICAL PROPERTIES OF 
FLY ASH

Physical and index properties o f fly ash mainly depend on the 
quality and grinding size, burning technology o f the plant, ash 
collecting and stocking method. Fly ash is generally consist of 
gray, some black portion when unburned, depending upon 
combustion efficiency, 1 to 100 |im rounded particles, 
commonly in silt size, non-plastic material. General geotechnical 
properties o f fly ashes are given in Table 2.

Table 2. General geotechnical properties o f  fly ashes (Wasti, 1993)

Properties o f fly ashes

Specific gravity (ys) 1.97 -2 .50  Mg/m3

Mean particle size (D50) 0.003 - 0.032 mm

Coefficient o f uniformity (Cu) 3.5 - 12.5

Max. dry unit weight (ykmax) 12.2- 15.2 kN/m3

Optimum water content (coopt) 18 -3 4 %

Coefficient o f permeability (k) IO'4 - 10'8 m/s

Unconfined compr. strength (qu) 1 00 -700  kPa

Angle of shear resistance (<(>) 32° - 52°

Cohesion (c) 0 -1 0 0  kPa

Compression Index (Cc) 0 .0 4 -0 .0 7
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3 STUDIES ON EFFECTS OF FLY ASH ON THE 
STRENGTH

In many studies, fly ash-soil ratio by weight have preferred 
between 5% and 30%. Since the specific gravity o f soils is 
greater and the optimum water content is smaller than fly ashes, 
the increase in the fly ash content decreases the maximum dry 
density o f the mixture, on the contrary the fly ash content 
increases the optimum water content (Lee&Fishman 1992). 
Compaction characteristics o f clay-fly ash mixtures vary 
between 100% of clay and 100% o f fly ash depending upon the 
fly ash/clay ratio as expected.

Lee and Fishman (1992) have found that the fly ash increases 
the unconfined compression strength (UCS) of the clay. The 
strength decreases for higher fly ash/clay ratio. They have 
reported that a significant increment in the UCS up to the 7 days 
curing time while any increment have been observed for longer 
curing time.

Adding more than 20% or 25% fly ash leads to decrease the 
unconfined strength in short period, 7 days, whereas some 
increase is observed in long period o f time (Nicholson & 
Kashyap 1993). Fly ash-lime-cement admixtures in different 
ratios have been studied by many researchers (Keshawarz & 
Dutta 1993).

Ferguson (1993) has found that adding 16% o f C class fly 
ashes to the low strength soil increases CBR values from 1.5-5.0 
to 19-34 and the similarly increases 7-days unconfined 
compression strength.

Lee, Ding & Nicholson (1996) have studied on stabilization 
effect o f fly ash and lime. They have conducted both unconfined 
compression strength and shear box tests on 15% fly ash and 
15% fly ash plus 5% lime added clay samples. Adding fly ash 
decreases cohesion while frictional strength increases which low 
pH and reactivity o f the natural soil is responsible o f this 
behaviour. They concluded fly ash and lime combination is the 
most beneficial for acidic soils while fly ash alone may be good 
stabilization agent for high pH soils.

4 THE METHOD

In this study, the effects o f the admixture o f 10% and 20% fly 
ash, on the mechanical behaviour o f the clay and the time effect 
have been investigated experimentally.

4.1. The Fly Ash

The fly ash used in this study has been supplied from Seyitomer 
Power Plant stock area, Turkey. Composition o f the fly ash is 
given in Table 3.

It is classified in C class, has high pozzolanic activity and 
high lime content, about 10.3% (Akman 1993). While the fly ash 
has more than 70% of grains finer than 0.076 mm, #200 sieve, it 
is non-plastic. Specific gravity is 1.98 Mg/m3 and the maximum 
dry density o f 8.5 kN/m3, optimum water content o f 44% have 
been found at Standard Proctor test. Grain size distribution o f 
the fly ash is shown in Figure 1., and the compaction curve 
under Standard Proctor condition is shown in Figure 2.

Table 3. Composition of the fly ash

Component %

S i0 2 47

a i2o 3 12

Fe20 3 14

CaO 12

Na20 3

MgO 5

S 0 3 6

10 0. 0.01 0.001

Grain size, D (mm) 

Figure 1. Grain size distribution

Water content, w (%)

Figure 2. Compaction curve of fly ash

4.2. The Soil

The clay used in the tests has been obtained from a brick-plant at 
Pliocene aged formation in Kemerburgaz, Istanbul and air-dried. 
Typical index properties o f the clay are that the specific gravity 
is ys=2.69 Mg/m3, the liquid limit is coL=51 %, the plastic limit is 
cop= 19% and the pH value of the clay is around 6. The soil can 
be classified as highly or intermediately plastic silty clay. Grain 
size distribution of the silty clay is shown in Figure 1.

4.3. Sample Preparation

In order to investigate the effects o f the fly ash admixture on the 
mechanical properties o f clay experimentally, fly ash-clay ratio 
by the weight has been chosen 10% and 20%. Compaction 
curves under the Standard Proctor energy have been given in 
Figure 3.

Three groups of samples, which are clay without ash (Clay), 
10% (Clay+10% Fly Ash) and 20% (Clay+20% Fly Ash) fly ash 
added to clay mixtures, have been prepared in compaction mold 
under the Standard Proctor conditions at their optimum water 
contents. Taking under consideration the cementing properties of 
fly ash, care has been paid to prepare the samples within 3 hours. 
The mould with compacted soil has been weighted and the water 
content has been evaluated. In order to get 38.1 mm (l'/i") 
diameter triaxial test samples steel rings has been driven to the 
sample in the Standard Proctor mold. Extruded samples in rings 
have been kept at original water contents for the triaxial tests.
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Table 5. Tangent modulus versus fly ash to clay ratio and curing time

Water content, w (%)

Figure 3. Compaction curves of clay and mixtures 

Table 4. Experimental results o f  shear strength parameters

Fly ash/clay 
ratio (%)

Curing time 
(days)

Cohesion, 
c (kN/m2)

Angle o f shear 
strength, <t> (°)

0 125 6
10 1 150 11
10 7 150 12
10 33 150 13
20 I 150 15
20 7 150 16
20 33 150 18

Fly ash/clay 

ratio (%)

Curing time 

(days)

Tangent 

modulus E 
(MN/m2)

Deformation at 

failure Ef (%)

0 — 20.0 7
10 1 22.5 8
10 7 25.0 9
10 33 30.0 8
20 1 32.5 8

20 7 35.0 8
20 33 40.0 7
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Figure 4. Variation o f shear strength angle o f  mixture with the 

amount o f  added fly ash

30

4.4. Triaxial Tests

The sample has been extruded and cut to 76 mm height at the 
predicted curing time. Then, the samples have been sheared till 
the failure under the undrained conditions at 100, 200 and 300 
kPa confining pressures, at 0.125 mm/min axial deformation 
rate.

5 TEST RESULTS

Three groups of samples have been prepared at their optimum 
water contents namely clay, 10% and 20% fly ash added clay. 
Fly ash added clay samples have been tested after 1, 7 and 33 
days curing time while pure clay samples have been tested next 
day at triaxial testing apparatus.

In order to compare the effects o f fly ash on mechanical 
behaviour o f the silty clay soil, Mohr-Coulomb parameters such 
as cohesion and angle o f shear strength have been evaluated 
from the tests. Mohr-Coulomb shear strength parameters and 
tangent modulus versus fly ash to clay ratio and curing time are 
summarized in Table 4 and 5 respectively.

Experimental results represent that even a day after sample 
preparation, the strength increases significantly. Both cohesion 
and angle o f friction terms o f Mohr-Coulomb criteria, initial 
tangent modulus increases by adding fly ash to the soil. As can 
be seen from the test results, cohesion of the fly ash admixtures 
soil increases about 20% by adding fly ash. But effects of both 
the time and the proportion o f the fly ash on the cohesion term 
could not be differentiated in these set o f samples tested.

An obvious increment is observed in angle o f shear strength 
by both time and amount o f added fly ash (Figure 4 and 5). Fly

to
c

S3<u
JS

00

c
<

Time (day)

Figure 5. Variation o f shear strength angle with the time

ash content has major effect than the time most probably 
rounded particles o f the fly ash. By the time pozzolanic or 
cementing properties increases the shear strength.

The deformation modulus also increases by fly ash content 
and by the time as can be seen in Figure 6, which should signify 
increase in strength. As in the shear strength, in tangent 
modulus increment o f fly ash content has more effective than the
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Time (day)

Figure 6 . Variation o f  the tangent modulus by the time

time. Tangent modulus increases very sharply from 10% to 
about 75% but the increment by the time is around 25%~50% in 
30 days.

Another parameter o f the stress-deformation characteristics is 
the deformation to reach the failure. While the tangent modulus 
increases by fly ash content but no significant chances in failure 
deformation.

6 CONCLUSION

It has been experimentally seen that adding the fly ash to the soil 
leads to significant improvement on mechanical properties the 
silty clay. Both the cohesion and the angle o f shear strength 
increase quite fast and the stabilization effect o f fly ash increases 
slightly by the time.

These results show that fly ashes can be used for the 
stabilization of fine grained soils in substructure, road 
construction, bottom and cover liners o f landfill site 
construction, earth fill dam construction in geotechnical 
engineering application.

The chemical composition o f fly ashes varies depending upon 
the properties o f the coal, combustion and collecting technology 
also upon the time in the same power plant, and the 
improvement effects naturally depends on the chemical 
interaction between the fly ash and the soil. Therefore almost 
each case needs to be investigated individually.

By utilization o f fly ash in geotechnical engineering practice; 
in road, earth dam, embankment and fill constructions 
geotechnical engineers can reach more economical and 
environment friendly solutions and applications.
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