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Analytical design of stabilized fly ash pavements 

Dimensionnement analytique des chaussées aux cendres volantes stabilisées

A.H.Lav & M.A.Lav — I s t a n b u l  T e c h n i c a l  U n iv e r s i ty ,  I s t a n b u l ,  T u r k e y

ABSTRACT: The main objective o f this study is to utilize a class F fly ash as base material in road pavements where high volumes of 
Ihis material may be used. Since fly ash does not manifest desirable engineering properties for this purpose, it was decided to stabilize 
the material with cement and lime separately. Fly ash may be utilized with or without aggregate in a pavement base or subbase. It 
should be noted that, in this research only aggregate-free stabilized mixtures were used. After performing geotechnical and 
mechanical tests, it was found that cement stabilization is superior than lime stabilization and decided to focus on cement stabilized 
material. O f the tests performed were standard proctor, Texas triaxial, resonance frequency, ultrasonic pulse velocity. Result o f some 
of these tests gave the fundamental properties o f the cement stabilised material in order to analyse the pavement structure. With the 
help of an accelerated full scale road test data which gave the fatigue performance o f cement stabilised fly ash, an analytical 
pavement design procedure was performed to obtain the required layer thickness for different design lives.

RÉSUMÉ: Le but de ce travail est l’évaluation des cendres volatils de classe F utilises aux chaussées. Pour améliorer ses propriétés 
ce matériel a été stabilisé par le ciment et aussi par la chaux. Un auntre point important à souligner dans ce travail est que le cendre 
volatil a été stabilisé sans utiliser aucun agrégat. Pour une projection analytique, des valeurs nécessaires ont été obtenues en faisant 
les expériences de Proctor, de Texas Triaxial, de résonnance et d ’ultrason, sur ce matériel stabilisé. En tenant compte des résultats 
obtenus d ’après l’expérience de l’extension dynamique et ceux faits sur la chaussée elle-même, on a obtenu des critères de fatique, et 
d’après ceux-ci on a préparé des abaques contenant les épaisseurs des couches qui expriment les durées de service des diverses types 
de chaussées.

1 INTRODUCTION

The aim of the study presented in this paper is to use a class F 
fly ash as pavement base material. The most important reason 
for replacing base materials with fly ash is economy and waste 
utilization. Additionally, fly ash base may continue to increase 
its strength for a long time due to its pozzolanic reactivity. In 
order to be used as a base or subbase course for a road 
pavement, fly ash should be mixed with a stabilizing agent such 
as cement or/and lime. Generally fly ash is also mixed with 
aggregate for this purpose, however, in this study aggregate free 
fly ash was stabilized with cement or lime. It should be noted 
that this paper deals only with analytical analysis and design of 
the fly ash as pavement base material, other information 
regarding various properties o f this stabilized material can be 
found elsewhere (Lav&Kenny 1996a,b )

Laboratory tests formed the most significant part o f this 
study. The results obtained from the tests such as elasticity 
modulus, Poisson’s ratio and fatigue life performance model was 
then incorporated into pavement analysis and design procedure 
to obtain design life versus layer thickness.

2 MOISTURE-DENSITY RELATIONSHIP

In order to indicate standard performance o f the stabilized fly 
ash, all testing must be done with samples prepared at maximum 
dry density and optimum moisture content. Before starting 
sample preparation, the moisture-density relationship was 
determined for each cement and lime content. Compaction was 
achieved by standard Proctor and the moisture density 
relationship of stabilized mixes having a cement or lime content 
of2%, 4%. 8% and 10% are shown in Figure 1 and Figure 2. As 
can be seen from Figure 2, lime stabilization requires more 
water because o f the reaction of lime hydrated with water. 
Therefore, compaction should be completed quickly in lime

stabilization due to the rapid decrease in moisture content. All 
the samples tested in this study were prepared in accordance 
with the results obtained from Figure 1 and Figure 2 for cement 
and lime stabilized samples, respectively.

3 TEXAS TR1AXIAL TESTS

The Texas triaxial test is an undrained triaxial test which 
measures the deformation resistance o f pavement base layers. 
Lay (1985). The test is carried out using a set o f four cylindrical 
samples with a diameter o f 153 mm and a height o f 203 mm. 
The testing apparatus is a steel cylindrical cell fitted with a 
rubber membrane on the inside. Air is used to apply lateral 
pressure between the cell and the membrane. For each sample, a 
different lateral (constant) stress is applied and vertical stress is 
increased until the failure is reached. Mohr circles for each 
lateral stress at failure are drawn on a classification chart to 
determine the Texas triaxial classification number. The test 
method is also suitable for stabilized materials since they may 
also be cured before testing to investigate the stabilization effect. 
In a study by (Bhuiyan et al. 1995), stabilized samples were 
assessed by the Texas triaxial method after 60 days o f curing.

During this study, two sets o f samples each containing 2% 
cement and 2% lime were prepared. In order to compare the 
stabilization effect o f  lime and cement the tests were carried out 
after 7 days o f curing. Each set consisted o f four samples and 
each sample was loaded until failure at different lateral stresses 
(10 kPa, 30 kPa, 60 kPa and 90 kPa). The test results indicated 
that the Texas triaxial classification number is 1.4 for cement 
stabilized fly ash and 3.1 for lime stabilized fly ash. The rate of 
strength increase of lime stabilization in the first seven days was 
considerably less than cemcnt stabilization, however, NAASRA 
(1986) states that a Texas triaxial classification number o f “3" 
for a material, indicates that it is likely to perform satisfactorily 
as a road base and has a design life o f around one million
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Figure 1. Moisture-Density relationship of cement stabilized fly ash.
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Figure 2. Moisture-Density relationship of lime stabilized fly ash.

Table 1. Resonant-frequency lest results

Sample Type nL (Hz) nT(Hz) Ed(MPa) G„(MPa)
. u„

2% Cement 1657 965 1976 793 0.25
4% Cement 2002 1190 2917 1219 0.20
8% Cement 2624 1573 5086 2163 0.18
10% Cement 2874 1732 6181 2657 0.16

2% Lime 1361 804 1223 505 0.21
4% Lime 1490 890 1466 619 0.18
8% Lime 1787 1083 2133 927 0.15
10% Lime 1901 1155 2499 1069 0.14

The measurements were made by an Erudite rcsonanl- 
frequency tester (Erudite, 1990). The samples were placed on 
the spccial bench where they were supported at the center nodal 
point and then dam ped by the clamping bar. The longitudinal 
vibrations were excited placing the couplings (vibration emitter 
and receiver) at the ends o f  the sample and the torsional 
vibrations were produced when the couplings were placed to the 
sides o f the sample.

Commencing from the low frequency, vibration frequencies 
for both cases were increased gradually until the outputmeter 
showed a maximum value which was the fundamental resonant 
frequency. The sinusoidal standing wave was also monitored by 
oscilloscope and the resonant frequency was obtained from the 
digital frequency meter. Moduli for longitudinal frequency and 
torsional frequency are as given in Equations 1 and 2, Erudite 
(1990):

Ed = D W n L2, Gd = B W nT2 (1,2)

where,Ed = dynamic elasticity modulus ( kg/cm2); Gd = dynamic 
shear modulus ( kg/cm2 ); W = weight o f sample (kg); nL = 
longitudinal resonant frequency (Hz); nT = torsional resonant 
frequency (Hz); B = constant related to cross sectional shape and 
length o f sample; D = constant related to cross sectional shape 
and length o f sample.

From the dynamic elasticity and shear moduli, the dynamic 
Poisson’s ratio was calculated from the Equation 3 and the 
results o f the resonant-frequency test are given in Table 1.

u d = ( E d/ 2 G d ) - l  (3)

equivalent standard axles. On the other hand, according to Texas 
triaxial test results, cement stabilized fly ash was suitable as a 
base material.

4 RESONANT FREQUENCY TESTS

The resonant-frequency test is basically the excitation o f a 
sample by a vibration generator. The vibration is induced at 
different bands o f frequency. At the moment o f resonance, the 
exciting frequency matches the natural frequency o f sample and 
standing waves are produced. As the natural frequency o f a 
sample is mainly dependant on the fundamental properties o f the 
material (modulus and Poisson’s ratio), the resonant-frequency 
test enables the determination o f those properties without 
damaging the sample.

The aim o f conducting this test was essentially to obtain the 
dynamic Poisson’s ratio o f stabilized fly ash which will be used 
both to analyze pavement structure and to calculate the dynamic 
modulus from the ultrasonic pulse velocity test. The resonant 
frequency test was unsuitable for the testing o f fresh and 
nonhydrated fly ash samples. Therefore 90 days cured cement or 
lime stabilized beam samples having a length o f 350 mm and 
100x100 mm cross sections were tested. The samples were 
prepared in a purpose built steel mould and were statically 
compacted. In computing the dynamic Poisson’s ratio, 
longitudinal and torsional resonant-frequencies must be 
measured.

5 PAVEMENT ANALYSIS AND DESIGN

There are basically two design methods available in current 
practice: Empirical methods and analytical (mechanistic or 
structural) methods. Empirical methods are based on experience 
gained in practice and from observation o f the performance of 
existing or specially constructed roads under different traffic 
conditions. One o f the first empirical methods was the CBR 
(California Bearing Ratio) method developed in the 1930’s by 
Hveem and associates Croney &Croney (1991). However, the 
most well known example o f  the empirical design method is the 
1972 version o f American Association o f State Highway and 
Transportation Officials’ pavement design guide (AASHTO, 
1972) developed in connection with the AASHO road test 
(HRB, 1962). The method was based on an equation (prediction 
model) with coefficients that were statistically obtained from the 
AASHO test road. All o f the empirical design methods are 
restricted to the range o f pavement materials and traffic loads 
defined in the procedure.

When a new material or different traffic loads outside the 
range are considered, the empirical methods become 
insufficient, even useless. As a result o f this, analytical methods 
take its place. In analytical methods, the first step is to assume 
the pavement structure and load configuration. Pavement 
structure may consists o f many layers o f different materials, but 
for the general design procedure, the structure is simplified to 
three distinctly different layers. Such simplification is preferred 
by many researchers for analyzing various pavements (Dormon
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Si Edwards, 1967; Hadley ct al., 1973; Gcrritscn & Koole,
1987).

The lop layer takes up all the asphaltic concrete, the middle 
layer can be stabilized (with cement or lime) material as in this 
study. And the bottom layer is considered as the subgrade 
(foundation o f the structure). After simplifying the structure the 
stresses induced by specified wheel loading is calculated in 
order to identify the critical strains in the structure (pavement 
analysis) by means of purpose developed computer programs. 
These programs were usually based on linear elastic theory, 
hence, the layers in the pavement structure were considered to 
be homogeneous and isotropic or cross isotropic. Fundamental 
properties o f layers were expressed by elastic modulus and 
Poisson’s ratio, which can be obtained by laboratory tests.

The critical strains usually occur under the wheel paths. 
These are the horizontal tensile strains developed at the bottom 
of both the asphalt layer and the stabilized layer, which controls 
fatigue cracking, while the vertical compressive strains at the top 
of subgrade, control the permanent deformation. Design criteria 
for critical strains may be obtained from laboratory tests and full 
scale trials in terms o f number o f standard axles. These criteria 
are the expression o f the relationship between allowable strain 
and the number o f load applications to failure as a mathematical 
equation. The number o f standard axles to failure is calculated 
for each failure mode (fatigue cracking and permanent 
deformation) with the corresponding critical strains and design 
criteria. The governing design criterion (the minimum number of 
load applications to failure) is compared to the design life (the 
predicted number o f equivalent standard axles passing in the life 
of pavement). If  the design life is less than the governing failure 
criterion in terms of number o f standard axles, than the related 
pavement configuration is considered as satisfactory and 
acceptable as a valid design. Otherwise, layer thickness and/or 
material properties are adjusted to reach an acceptable 
configuration.

5.1 Analysis and design ofpavements with stabilized fly ash base

In this study, a simplified pavement structure having a stabilized 
fly ash base layer was analyzed for critical strains. The 
pavement consisted o f three layers and the top layer was 
asphaltic concrete having a thickness o f 50 mm, a modulus of 
2800 MPa and a Poisson’s ratio o f 0.40 (since the aim o f this 
study to assess the stabilized fly ash, other values were 
assumed). The elastic parameters shown in Table 2 were 
assigned for stabilized layers.
The parameters were derived from laboratory test results 
discusscd previously. The layer thicknesses varied between 150 
mm and 400 mm to investigate the effect o f increasing 
thickncss. The subgrade was assumed to be semi-infinite and 
analyses were carried out for a variety o f modulus values which 
were designated as CBR. Equivalent standard axle loading (one 
side dual wheels. 330 mm apart and supporting a load of 4.1 
tonnes with the lyre pressure o f 700 kPa) was applied throughout 
the analysis. The assumed pavement structure is given in Figure
3. Calculations were achieved by a linear clastic layered 
program called CIRCLY Wardlc (1977).
The maximum tensile strains occurred in the cement stabilized 
layers are found at the bottom o f  the layer symmetrically 
between dual wheels and used in calculations (Table 3).

Table 2. Elastic parameters of stabilized fly ash______________________

-___ Sample Type________ Modulus fMPa^_______ Poisson’s Ratio___
2% Cement 1500 0.20
4% Cemenl 2500 0.18
8% Cement 4500 0.16
10% Cemenl 5600 0.14

2% Lime 1000 0.16
4% Lime 1500 0.14
8% Lime 2900 0.12
10% Lime 3700 0.10

Asphaltic Concrclc 

E=2800 MPa, u=0.40
50 mm

Stabilised Fly Ash
150-400 mm

Subgrade
CBR= 2,3,4,5 and u=0.45 semi-infinite

CBR= 10, 15 and u=0.35

Figure 3. Assumed pavement structure used in the analysis

Table 3. Calculated maximum tensile strains (microstrains)
Thickness 2% Cement Stabilised Flv Ash

150 426 394 369 350 299 266
200 308 285 269 256 223 200
250 231 216 205 195 171 156
300 180 169 160 154 135 123
350 144 136 129 124 109 100
400 119 111 106 101 90 82

CBR 2 3 4 5 10 15
Thickness 4% Cement Stabilised Flv Ash

150 304 281 264 251 217 195
200 217 201 190 182 160 144
250 162 151 144 138 122 111
300 126 118 112 107 95 87
350 100 94 89 86 77 70
400 81 77 73 70 63 58
CBR 2 3 4 5 10 15

Thickness 8% Cement Stabilised Flv Ash
150 205 190 179 171 149 135
200 144 134 128 122 108 99
250 107 100 95 91 81 75
300 82 77 73 71 63 58
350 65 61 58 56 51 47
400 52 49 47 46 41 38

CBR 2 3 4 5 10 15
Thickness 10% Cement Stabilised Flv Ash

150 177 164 155 149 130 118
200 124 116 110 105 93 85
250 91 85 81 78 70 64
300 70 65 63 60 54 50
350 55 52 49 48 43 40
400 44 42 40 39 35 33
CBR 2 3 4 5 10 15

5.2 Fatigue performance of stabilized Jly ash

Fatigue performance o f stabilized fly ash was established using 
the relationship given in Equation 4;

N= (a/ h e ) b (4)

where, N= fatigue life (cycles to failure), |iE= maximum value of 
the initial tensile strain (microstrain), a , b= regression 
coefficients.

Full scale (ALF trial, for cement stabilized fly ash) and 
repeated load flexural test results were used to obtain regression 
coefficients. It should be noted that lime stabilized fly ash was 
not analyzed because the test method (repeated load flexural) 
w'as found to be unsuitable for this material (majority o f samples 
were failed after a few cycles). The results are shown in Table 4. 
Detailed information regarding full scale trial (ALF trial) may be 
found elsewhere (Jameson et al. 1996). From the maximum 
calculated strains (Table 3) and fatigue performance 
relationships (Table 4), design life for a layer o f stabilized fly 
ash can be determined in terms o f standard axles (under 50 mm 

o f asphaltic concrete and for a variation o f subgrade CBR) as 
presented in Figures 4 to 7 for different cement contents.
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Figure 4. Design chart for 2% cement stabilized fly ash.

6 CONCLUSIONS

According to the design charts (Figure 11 to 14), cement content 
is the most important parameter in determining the design life. 
The thickness o f stabilized layers are also important. The design 
life o f 10 % cement stabilized fly ash is considerably higher than 
those for other cement contents. Particularly, layer thickness 
higher than 350 mm give significant increase in the design life 
for 10% cement stabilized fly ash. In general, for base layers, 
cement content and layer thickness should not be less than 8% 
and 300 mm, respectively. It is assumed that 2% and 4% cement 
stabilized fly ash may be considered as subbase materials instead 
o f using in pavement base.

Design charts for lime stabilized fly ash were not created 
because o f the failure o f samples during the repeated load 
flexural tests. Although the mechanical and engineering 
characteristics o f lime stabilized fly ash were quite good, they 
were found to be fragile and weak under flexural stress. It was 
assumed that, the test method (simple beam) is not suitable to 
assess the fatigue performance of this type o f material. Other 
fatigue test methods, such as supported flexural, should be 
considered.

Finally, the authors are stressed that, the design charts arc 
given herein as examples only. Various pavement structures may 
be assumed and, using the results and relationships arising from 
this study, specific design charts may be developed using a 
suitable computer program.
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Figure 7. Design chart for 10% cement stabilized fly ash.
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