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NATIONAL COOPERATIVE HIGHWAY RESEARCH PROGRAM 

Systematic, well-designed research provides the most ef-
fective approach to the solution of many problems facing 
highway administrators and engineers. Often, highway 
problems are of local interest and can best be studied by 
highway departments individually or in cooperation with 
their state universities and others. However, the accelerat-
ing growth of highway transportation develops increasingly 
complex problems of wide interest to highway authorities. 
These problems are best studied through a coordinated 
program of cooperative research. 
In recognition of these needs, the highway administrators 
of the American Association of State Highway and Trans-
portation Officials initiated, in 1962 an objective national 
highway research program employing modern scientific 
techniques. This program is supported on a continuing 
basis by funds from participating member states of the 
Association and it receives the full cooperation and sup-
port of the Federal Highway Administration, United States 
Department of Transportation. 

The Transportation Research Board of the National Re-
search Council was requested by the Association to admin-
ister the research program because of the Board's recog-
nized objectivity and understanding of modern research 
practices. The Board is uniquely suited for this purpose 
as: it maintains an extensive committee structure from 
which authorities on any highway transportation subject 
may be drawn; it possesses avenues of communications and 
cooperation with federal, state, and local governmental 
agencies, universities, and industry; its relationship to its 
parent organization, the National Academy of Sciences, a 
private, nonprofit institution, is an insurance of objectivity; 
it maintains a full-time research correlation staff of special-
ists ,in highway transportation matters to bring the findings 
of research directly to those who are in a position to use 
them. 

The program is developed on the basis of research needs 
identified by chief administrators of the highway and trans-
portation departments and by committees of AASHTO. 
Each year, specific areas of research needs to be included 
in the program are proposed to the Academy and the Board 
by the American Association of State Highway and Trans-
portation Officials. Research projects to fulfill these needs 
are defined by the Board, and qualified research agencies 
are selected from those that have submitted proposals. Ad-
ministration and surveillance of research contracts are 
responsibilities of the Academy and its Transportation 
Research Board. 

The needs for highway research are many, and the National 
Cooperative Highway Research Program can make signifi-
cant contributions to the solution of highway transportation 
problems of mutual concern to many responsible groups. 
The program, however, is intended to complement rather 
than to substitute for or duplicate other highway research 
programs. 
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PREFACE 	There exists a vast storehouse of information relating to nearly every subject of 
concern to highway administrators and engineers. Much of it resulted from research 
and much from successful application of the engineering ideas of men faced with 
problems in their day-to-day work. Because there has been a lack of systematic 
means for bringing such useful information together and making it available to the 
entire highway fraternity, the American Association of State Highway and Trans-, 
portation Officials has, through the mechanism of the National Cooperative Highway 
Research Program, authorized the Transportation Research Board to undertake a 
continuing project to search out and synthesize the useful knowledge from all pos-
sible sources and to prepare documented reports on current practices in the subject 
areas of concern. 	 - 

This synthesis series attempts to report on the various practices without in fact 
making specific recommendations as would be found in handbOoks or design 
manuals. Nonetheless, these documents can serve similar purposes, for each is a 
compendium of the best knowledge available concerning those measures found to 
be the most successful in resolving specific problems. The extent to which they are 
utilized in this fashion will quite logically be tempered by the breadth of the user's 
knowledge in the particular problem area. 

	

FOREWORD 	This synthesis will be of special interest and usefulness to design, construction, 

B 	
materials, and maintenance engineers seeking technical information on the use 

' tall 

	

Transportation 	
of lime-fly ash—aggregate materials for stabilized pavement bases and subbases. 

 
Research Board 	

i 	 i Detailed information s presented on the materials, mixture properties, selection 
 

of proportions, construction procedures, and pavement behavior and performance. 
Applications and limitations for the use of lime-fly ash—aggregate materials in 
pavement construction are outlined. 

Administrators, engineers and researchers are faced continually with many 
highway problems on which much information already exists either in documented 
form or in terms of undocumented experience and practice. Unfortunately, this 
information often is fragmented, scattered, and unevaluated. As a consequence, 
full information on what has been learned about a problem frequently is not 
assembled in seeking a solution. Costly research findings may go unused, valuable 



experience may be overlooked, and due consideration may not be given to recom-
mended practices for solving or alleviating the problem. In an effort to resolve this 
situation, a continuing NCHRP project, carried out by the Transportation Research 
Board as the research agency, has the objective of synthesizing and reporting on 
common highway problems—a synthesis being identified as a composition or com-
bination of separate parts or elements so as to form a whole greater than the sum 
of the separate parts. Reports from this endeavor constitute an NCHRP report 
series that collects and assembles the various forms of information into single 
concise documents pertaining to specific highway problems or sets of closely related 
problems. 

In recent years, energy and environmental considerations have brought about 
an increased interest in the use of lime and fly ash in pavement construction. 
A well-developed technology now exists for the stabilization of bases and subbases 
with these materials. However, lime-fly ash—aggregate materials are sometimes 
not used 'when they might because technical information has not been conveniently 
available. 

This report of the Transportation Research Board describes current tech-
nology for construction of stabilized bases and subbases using lime-fly ash—aggre-
gate materials. Typical specifications for mixing and placing the materials are 
described. 

To develop this synthesis in a comprehensive manner and to ensure inclusion 
of significant knowledge, the Board analyzed available information assembled 
from numerous sources, including a large number of state highway and trans-
portation departments. A topic panel of experts in the subject area was established 
to guide the researchers in organizing and evaluating the collected data, and to 
review the final synthesis report. 

This synthesis is an immediately useful document that records practices that 
were acceptable within the limitations of the knowledge available at the time of 
its preparation. As the processes of advancement continue, new knowledge can 
be expected to be added to that which is now at hand. 
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LIME-FLY ASH-STABILIZED 
BASES AND SUBBASES 

SUM MARY 	Technology for stabilizing aggregates with lime and fly ash has been increasing dur- 
ing the past 20 years. Many state and federal agencies now include this paving 
material in their specifications. However, because this technology is not widely 
known, many agencies with sources of lime and fly ash do not make extensive use 
of these materials. Factors that are likely to influence the future use of lime-fly ash 
aggregates (LFA) are: 

Increase in use of coal for fuel. 
Low energy requirements for producing LFA mixes. 
New technology for LFA use. 
Widespread availability of lime and fly ash. 

Most commercially available hydrated limes are suitable for LFA mixes. In 
addition, some by-product limes can be used. Although there are differences in the 
properties of these limes, most of them can be used in LFA mixtures, but each lime 
source should be validated before approval for use. 

Fly ash is the fine residue that results from the combustion of coal; it is col-
lected from flue gases. It has been estimated that the U.S. fly ash production will 
approach 40 million tons (3.6 x 107  metric tons) annually by 1980. Fly ashes are 
pozzolans with little cementitious value but in the presence of moisture will chemi-
cally react with calcium hydroxides at ordinary temperatures to form compounds 
with cementitious properties. 

"Dry" fly ash is taken directly from the precipitator or from dry storage. Fly 
ash stockpiled in the open requires the addition of water to prevent dusting. As a 
result of alkalies present in some fly ashes, dampened fly ashes may set up and 
require crushing and screening before use. Fly ash is also stored in slurry ponds, 
and may segregate during settlement causing the final product to be more variable. 

The physical and chemical properties of fly ash are highly variable. Some of 
these are: 

Shape (spherical, solid, or hollow). 
Glass content. 

Composition (silica and aluminum plus carbon; and oxides of iron, calcium, 
magnesium, and sulfur). 
Size (1mto 80 /Lm). 
Color (gray, tan, black). 

Agencies usually cite ASTM Specification C 593 in their specification for fly 
ash. 

The quality of a lime-fly ash-stabilized mixture is highly dependent on the 
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aggregates used; crushed stone, gravel, and granular sands produce better mixes 
than silts. (Fine-grained clays are not normally used with LFA mixtures.) Other 
factors that affect the stability and strength of the LFA mixture include: gradation, 
plasticity index, liquid limit, soundness, compactive effort, and curing. 

Generally, the lime-plus-fly ash content of a mixture ranges from 12 percent to 
30 percent with lime-to-fly ash ratios of 1:3 to 1:4 being common. 

Critical engineering properties of LFA mixtures include: strength (compres-
sive, flexural, and shear), modulus of elasticity, Poisson's ratio, fatigue, autogenous 
healing, volume changes, and durability. These properties are influenced by the 
constituent materials (lime, fly ash, aggregate, and soil) and by proportions, 
processing, compaction, and curing (time, temperature, and moisture). 

Test data on full-scale and model pavements correlated with theoretical analy-
ses confirm that the load distribution characteristics of pavements with layers of 
LFA mixes are essentially those of a slab. The ultimate strength of LFA slabs 
under static load has been shown to far exceed the strength predicted by elastic slab 
theory. The stiffer LFA layers distribute the load over large areas of the subgrade 
by the slab action, thus transmitting low vertical stress to the subgrade. 

The primary factors affecting the performance of LFA pavements are: load-
ing and the interrelationships between load, slab thickness, and material strength; 
durability of the LFA material as related to the environment in which it must serve; 
quality of construction, including uniformity of the final product; and subsurface 

drainage of the pavement system. 
Performance of LFA pavements has been studied using: scale models in lab-

oratory and quasi-laboratory conditions, short-term evaluation of full-scale pave- 
ments with vehicle loading under simulated service conditions, and performance of 
pavements in service for a number of years under normal traffic. One objective of 
the studies of LFA performance has been the identification of structural coefficients 

to be used in designing LFA pavement systems. 
Distress in LFA pavements is normally surface cracking caused by excessive 

loads on the pavement and deterioration of the LFA material, which is often the 
result of excess moisture and inadequate density (particularly near the pavement 

edge). 
Two types of construction-related distress have been observed on LFA pave-

ments. One type occurs when the material becomes saturated before setting and 
shoves under traffic. This is corrected by reshaping and compacting the unstable 
layer and permitting it to dry. A more harmful type of distress is caused when con-
struction traffic causes cracks in partially set LFA material. Under favorable curing 
conditions these cracks will reheal, but with a reduction in the ultimate strength of 

the pavement. 
Exact proportions of lime, fly ash, and aggregate are included in LFA mixtures 

to satisfy specific requirements. For a given set of materials, several proportions 

may provide mixtures of satisfactory quality. 

Advantages of using LFA mixtures in pavement construction include ease of 

construction and the ability to use conventional construction equipment. The essen-
tial construction requirements are thorough mixing, uniform spreading, and com-
paction to a high density. LFA materials can be blended or mixed on the 

roadbed or in a central plant. Compacted layers of LFA materials should be sealed 

as soon as possible. 
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LFA materials are most effective when used under proper conditions and 
within specified limitations. Some general guidance is offered: 

LFA materials can be used for a wide range of pavement systems from low 
volume to heavy volume. 

LFA materials can be used as a base or subbase for flexible pavements, or 
as a subbase for rigid pavements. 

The key to good performance with LFA materials is good mixture selection 
and sound construction techniques. 

Durability is the single most important consideration in the performance of 
LFA materials, especially in areas of cyclic freezing and thawing and where use of 
deicing salt is heavy. 

Procedures are required for establishing cutoff dates for late-season con-
struction with LFA materials. 

High relative density is critical for high strength and durability. 

CHAPTER ONE 

INTRODUCTION 

The technology for stabilizing aggregates with lime and fly 
ash has been growing at a significant pace during the past 
20 years. The state of -the art in this technology has de-
veloped to the point that lime-fly ash—aggregate (LFA) 
materials are included in many state and federal agency 
specifications as a conventional type of paving material. 

Despite the development of the technology, its acceptance 
has not been universal. In several areas of the country, 
substantial quantities of LFA materials are used annually 
in the construction of pavement bases and subbases, but in 
other areas with excellent resources of lime and fly ash, the 
materials are not used extensively. There are, no doubt, a 
number of reasons for this, including the fact that the tech-
nology for use of this material is not widely known in the 
profession. One of the primary functions of this synthesis 
is to summarize the current state of the art on LFA 
materials in a readily available format. 

Use of LFA materials has increased in recent years be-
cause of concern for energy resources and the environment. 
Currently, more than 35 million tons of fly ash are disposed 
of annually in an environmentally acceptable manner. As 
more utilities are forced to shift from gas and oil to coal as 
a source for fuel, quantities of fly ash will increase. In addi-
tion, because LFA mixes generally require only 2 to 5 per-
cent lime, the total energy used in the production of LFA 
mixes is very low. These two factors along with a well-
developed technology should make an attractive case for the 
expanding use of LFA mixes. 

Lime and fly ash are not locally available in all areas of 
the United States. The distribution of lime and fly ash is 
widespread enough, however, that LFA materials could be 
produced in most areas of the country with local materials 
and reasonable haul distances of only one, of the compo-
nents. Appendix A shows the availability of lime and fly 
ash around the country. 
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CHAPTER TWO 

MATERIALS 

Lime and fly ash can be used to stabilize aggregates and 
soils to produce acceptable quality base and subbase ma-
terials. 'the characteristics of the lime, fly ash, and aggre-
gate or soil being stabilized significantly influence the qual-
ity and properties of the stabilized material. Thus, it is 
important to carefully evaluate and consider all of the 
various mixture components (lime, fly ash, and aggregate 
or soil) and their interactions. 

LIME 

In general, the term lime refers to oxides and hydroxides 
of calcium and magnesium, but not to carbonates. There 
are various types of lime commercially available. Calcitic 

quicklime (CaO) and dolomitic quicklime (CaO + MgO) 
are produced by calcining calcitic and dolomitic. limestone, 
respectively. By the controlled addition of water to quick-
lime, three types of hydrated lime can be produced: high-
calcium, Ca(OH) 2; monohydrated dolomitic, Ca(OH) 2  -I-
MgO; and dihydrated dolomitic, Ca(OH) 2  + Mg(OH) 2. 
Only hydrated high-calcium and. monohydrated dolomitic 
limes are used in lime-fly ash stabilization. Quicklimes are 
not used. For a comprehensive consideration of lime and 
the lime production process, consult Boynton (1). Typical 
properties of commercial varieties of quicklime and hy-
drated limes are summarized in Table 1. 

By-product lime also provides a source of lime that is 

TABLE 1 

PROPERTIES OF COMMERCIAL LIMES * 

Quicklime 

Constituent (percent) High Calcium Dolomitic 

CaO 92.25 - 98.00 55.70 - 57.50 

MgO 0.30 - 	2.50 37.60 - 40.80 

CO2 0.40 - 	1.50 0.40 - 	1.50 

S12 0.20 - 	1.50 0.10 - 	1.50 

Fe203 0.10 - 	0.40 0.05 - 	0.40 

A1 203 0.10 - 	0.50 0.05 - 	0.50 

H20 0.10 - 	0.90 0.10 - 	0.90 

Specific Gravity 3.2 - 	3.4 3.2 - 	3.4 

Specific heat at Btu/lb (J/kg) Btu/lb J/kg) 
100 F (38 C) '0.19 (440) 0.21 488) 

Bulk Density, pebble lime £ (kg/rn3) 2f (kg/rn3) 
(880-960) 55-60 (880-960) 55-60 

Eydrates 

High Monohydrated - 	Dihydrated 
Calcium Dolomitic Dolomitic 

Principal 	constituent. Ca(OH)2 Ca(OH)2MgO Ca(OH)2M9(OH)2 

Specific gravity 2.3 - 2.4 2.7 - 2.9 2.4 - 2.6 

Specific heat at Btu/lb (/kg) Btu/lb (J/kgl Btu/lb (/kg) 
0.29 	(675) 

100 F (38 C) 0.29 	(675) 0.29 	(675) 

Bulk density (kg/rn3) 
25-35 (400-560) 

f 	(kg/rn3) 
25-35 (400-560) 

	

f. 	(kg/rn3) 

	

30-40 	(480-640) 

"rhomiri limp Facts." Bulletin 214 (3rd ed.), 
National Lime Association (1973). 

11 



often suitable for use in stabilization. This type of lime is 
usually available from various manufacturing processes. 
Two types of by-product limes commonly available are: 
(a) that collected from the draft of the calcining process 
in lime production operations (flue dust), and (b) the by-
product of acetylene gas production from calcium carbide. 
By-product lime may be a very economical source of lime; 
however, these limes may be nonuniform in quality (2). 

Although many by-product limes may be similar to virgin 
limes in terms of chemical composition, other important 
properties may be considerably different. For example, 
commercial hydrates generally are more finely divided and 
have higher specific surfaces than carbide limes. 

A new form of lime for stabilization has recently been 
developed in the Chicago area. The material is a by-product 
hydrate produced by hydrating a mixture of flue dust and 
normal quicklime. Although the by-product hydrate is not 
chemically equivalent to normal commercial hydrated lime, 
it has been successfully used in lime-fly ash stabilization. 
By-product hydrate is less expensive and more readily 
available in the Chicago area. 

There is some concern as to whether calcitic lime, 
Ca(OH) 2, or monohydrated dolomitic lime, Ca(OH) 2  + 

MgO, is the more effective lime for use in lime-fly ash 
stabilization. Studies indicate that monohydrated dolomitic 
lime is more effective than high-calcium lime (3, 4), but 
both limes produce long-term strengths of approximately 
equal magnitude. Other investigators (4, 5, 6) have found 
that high-calcium lime gives higher strengths, especially at 
low lime contents. Thus, it can probably be concluded that 
either high-calcium or monohydrated dolomitic lime is, in 
general, satisfactory for use in lime-fly ash stabilization. 
Laboratory testing may be used to indicate the effectiveness 
of any of the lime types, but it should be emphasized that 
the quality of the fly ash has a much greater influence on 
the lime-fly ash pozzolanic reaction than does lime type. 

It can be stated that most types of lime (exclusive of 
dihydrated dolomitic) are. appropriate if a quality lime-fly 
ash-stabilized product meeting strength, durability, and eco-
nomic criteria can be obtained. Appropriate quality con-
trol testing should be conducted during the course of a 
project to ensure the quality and uniformity of the lime 
being incorporated into the LFA mixture. Typical lime 
specifications are summarized in the following section. 

Lime Specifications for Lime-Fly 

Ash—Aggregate Mixtures 

Illinois Department of Transportation 

The lime, either high-calcium or dolomitic hydrate, shall 
comply with the requirements of ASTM C 207, Hydrated 
Lime for Masonry Purposes, Type N, with the following 
modifications: 

Total calcium and magnesium oxides 
(nonvolatile basis) 
minimum percent .......................... 90 
Calcium oxide in hydrated lime (as-received basis) 
maximum percent .......................... 5 
Magnesium hydroxide (as-received basis) 
maximum percent .......................... 5 

Mechanical moisture in hydrated lime 
(as-received basis) 
maximum percent .......................... 4 
The sieve analysis of the lime residue shall be as 
follows: 

MAXIMUM PERCENT 

SIEVE 	 RETAINED 

No. 4 (4.75 mm) 	 0 
No. 30 (600 14m) 	 2.5 
No. 100(l50m) 	 15 

Pennsylvania Department of Transportation 

Lime shall meet the requirements of ASTM Designation 
C 207, Type N, Sections 2, 3(a), 6, and 7(a) and shall 
be capable of producing a mixture meeting Pennsylvania 
aggregate-lime-pozzolan mixture requirement. 

Ohio Department of Transportation 

Hydrated lime shall meet the requirements prescribed in 
standard specification for Hydrated Lime for Masonry, 
ASTM C 207, Type N for chemical composition, residue, 
sampling, inspection and methods of test. (Sections 3.1, 2, 
4, and 5 are not relevant to the intended usage.) 

Federal A via tion Administration 

The lime shall meet ASTM Specification C 207, Type N, 
Sections 2 and 3(a) when sampled and tested in accordance 
with Sections 6 and 7. The above requirements may be 
waived if it is demonstrated that a mixture of comparable 
quality and reliability can be produced with lime and/or 
fly ash which do not meet the above criteria. 

FLY ASH 

Fly ash is "the finely divided residue that results from the 
combustion of ground or powdered coal and is transported 
from the boilers by flue gases" (ASTM Specification C 
593). Fly ash is collected from the flue gases by either 
mechanical or electrostatic precipitation devices. 

Large quantities of fly ash are produced in the U.S. Past 
and future fly ash production trends, as presented by 
Brackett (8), are shown in Figure 1. 

Fly ash is a pozzolan and is defined as "a siliceous or 
siliceous and aluminous material, which in itself possesses 
little or no cementitious value but which will, in finely di-
vided form and in the presence of moisture, chemically 
react with calcium hydroxide at ordinary temperatures to 
form compounds possessing cementitious properties" (7). 

Fly ash is available in different conditions. "Dry" fly ash 
is taken directly from the precipitator or from dry storage. 
If the fly ash is stockpiled in the open atmosphere, it is 
normally conditioned by adding water to prevent dusting. 
Some conditioned stockpiled fly ashes may develop ce-
mentitious materials and "set up" in the stockpile. If the 
fly ash has set up, crushing and screening may be re-
quired prior to use in stabilized mixtures. In some instances 
the collected fly ash is slurried into storage pond areas and 
must subsequently be reclaimed from the pond for use. 
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ashes produced in plants where the SO2  emission control 
processes use lime or limestone may also contain signifi-
cant amounts of calcium or magnesium oxides and other 
products. It may also contain selenium. 

Brackett (12) reports that most fly ashes contain more 
than 85 percent of alumina, silica, iron oxide, and magnesia 
with the percentage of any one constituent varying over a 
wide range of values, depending upon the character of the 
particular ash being characterized. The broad ranges of fly 

ash composition are also evident from the studies of 
Minnick (13), Vincent et al. (14), and Watt and Thorne 
(9). 

According to Bràckett (12), the size of fly ash particles 
varies from 1 to 80 microns (3.94 X 10 to 3.15 X 10 
in.) The carbon particles tend to be concentrated in the 
larger sizes (12, 13). Specific surface values for fly ash are 
quite variable but are generally in the range of 2 000 to 
8 000 cm2/g (8,800 to 35,000 in.2/oz). 

Fly ash is usually light gray in color, but can vary from 
light tan through shades of gray to black. The tan color is 
usually associated with the presence of iron oxide; darker 
colors are indicative of carbon or, in some cases, magnetic 
iron oxide or magnetite (12). 

Fly ash particles are predominantly spherical, solid or 
hollow in nature, and amorphous. British studies (9) of 
seven different fly ashes indicate that the glass content 
(amorphous material) ranges from 71 to 88 percent. 
Minnick (10) indicated that the amorphous components 
of fly ash are the main components involved in the lime-fly 
ash pozzolanic reactions. 

Fly ash particles are primarily composed of silica and 
alumina. Secondary ingredients are carbon and oxides of 
iron, calcium, magnesium, and sulfur. Oxides of sodium, 
potassium, titanium, manganese, and phosphorus may also 
be present. Table 2 gives typical ranges of values for the 
chemical composition of fly ash. Manz's data (11) for sev-
eral United States lignite fly ashes indicate that substantial 
quantities of calcium oxide (20 to 40 percent) and mag-
nesium oxide (5 to 10 percent) are typically present. Fly 

TABLE 2 

TYPICAL COMPOSITION OF FLY ASH 

Principal Constituents 	Percent 

Si02  28-52 

A1203  15-34 

Fe203  3-26 

CaO 1-10 

MgO 	 0-2 

so3 	 0-4 

Loss on Ignition 	 1-30  

Fly Ash Specifications for Lime-Fly Ash—Aggregate 

Mixtures 

Illinois Department of Transportation 

The pozzolan, prior to dampening thereof to alleviate the 
dust problem, shall comply with the requirements of ASTM 
C 593. The maximum loss on ignition, determined in ac-
cordance with the procedures of ASTM C 311 shall be 
10 percent. The tests prescribed by .this specification shall 
be performed at the option of the engineer. At the time 
of mixing the pozzolan shall be, when dry sieved, in a finely 
divided condition, as follows: 

MINIMUM PER- 

SIEVE 	 CENT PASSING 

½inch(12.Smm) 	 100 
/8 inch (9.5 mm) 	 95 
No. 10 (2.00 mm) 	 75 

The moisture content of dampened pozzolan shall not 
exceed 35 percent. 

Pennsylvania Department of Transportation 

Pozzolan shall meet the requirements of ASTM Designa-
tion C 593 and shall be capable of producing a mixture 
meeting Pennsylvania aggregate-lime-pozzolan mixture 
requirements. 

Ohio Department of Transportation 

Fly ash shall meet the requirements of ASTM C 593, with 
the exception of Section 7 for plastic mixes. The maximum 
loss on ignition shall be 10 percent as determined in 
accordance with ASTM C 311. 



Federal Aviation Administration 

The fly ash shall meet ASTM Specification C 593, Section 
3.2, when sampled and tested in accordance with Sections 
4, 6, and 8. An exception is noted that the water-soluble 
fraction shall not be determined. The above requirements 
may be waived if it is demonstrated that a mix of com-
parable quality and reliability can be produced with lime 
and/or fly ash which do not meet the above criteria. 

AGGREGATES AND SOILS 

The quality of a lime-fly ash-stabilized product depends to 
a large extent on the material being stabilized. High-clay-
content fine-grained soils are less desirable for stabilization 
with lime-fly ash than are silts and more granular sands, 
gravels, and crushed stones. 

A wide range of aggregate types and gradations have 
been used successfully including sands, gravels, crushed 
stones, and several types of slag. Aggregates should be of 
such gradation that, when mixed with lime, fly ash, and 
water, the resulting mixture is mechanically stable under 
compaction equipment and capable of being compacted in 
the field to a high density. The aggregate should be free 
from deleterious organic or chemical substances that may 
interfere with the desired chemical reaction and should 
consist of hard, durable particles, free from soft or dis-
integrated pieces. 

Aggregate mixtures with greater fines contents have gen-
erally produced materials of greater durability than coarser 
grained mixtures. However, mixtures with coarser aggre-
gate gradations are generally more mechanically stable. 

Although laboratory studies have demonstrated the feasi-
bility of stabilizing fine-grained soils (4, 6), lime-fly ash is 
not commonly used to stabilize such materials. Such con-
siderations as (a) the difficulty of incorporating lime and 
fly ash with these materials under field conditions, (b) the 
low-level strength development (as compared to stabilized 
granular materials), (c) the increased lime-plus-fly ash 
content requirements, and (d) the.use of alternate stabiliz-
ing agents, have hindered the widespread use of lime-fly ash 
stabilization of fine-grained soils. 

Lime-fly ash stabilization specifications vary substantially 
regarding the properties of the materials to be stabilized. 
ASTM C 593, which is widely used, does not consider 
aggregate or material properties [gradation, plasticity index 
(P1), soundness, etc.] at all, but rather specifies mixture 
quality as evaluated by cured strength and durability. 

Specifications used by some agencies consider aggregate 
gradation and quality. The specifications currently used by 
Illinois, Pennsylvania, and Ohio are summarized in Table 3. 
Specifications used by the Federal Aviation Administration 
can be found in the next section. 

FAA Aggregate Gradation Requirements 

A wide range of aggregate gradations are permitted with 
these base materials provided appropriate mix design pro-
cedures are followed. If the maximum particle size in the 
aggregate exceeds 0.75 in. (19.0 mm), the aggregate shall 
meet the gradation requirements given in Table 4 when 
tested in accordance with AASHTO T 11 and T 27. 

The gradation in the table sets limits which shall deter-
mine the general suitability of the aggregate from a source 
of supply. The final gradations selected for use shall be 
within the limits designated in the table, and shall also be 
well graded from fine to coarse and shall not vary from 
high to low limits on subsequent sieves. 

In addition to the gradations given in the table, clean 
sands and sand-sized materials such as boiler slags can be 
used. Also, if the aggregate has a substantial portion (75 
percent) passing the No. 4 (4.75-mm) mesh sieve, the 
gradations in the table can be waived and the aggregate 
gradation adjusted with the fly ash and fines contents to pro-
duce the maximum dry density in the compacted mixture. 

LIME-FLY ASH REACTIONS 

The reactions that occur in the lime-fly ash—water system 
to form cementitious materials are complex. However, 
several studies provide basic information pertaining to the 
reactions. 

Minnick (10) presents an illustrative list of reactions, as 
follows, and acknowledges that other reactions are also 
possible. 

1120 

I. RO—*R(OH)2  

11,0; CO, 
RO 	)RCO3 +H20 

Co2 
R(OH) 2  —p RCO3  + H2O 

HzO 

R(OH), + SiO,—*xROySiO2 •zH2O 

1120 
R(OH) 2  + Al,O3 —+xROyAl,O,zH2O 

11,0 
R(OH) 2  + AI,O,  + Si02 —xROyAl,O3 zSiO,•wH20 

11,0 
R(OH), + SO3--  + Al,O -p 
xRO yAl2O3  zRSO wH, 0 

Note: R = Ca or Mg or combinations of these ions. 

Based on his own studies as well as others documented in 
the literature, Minnick (10) indicates that the major ce-
menting compounds formed in lime-fly ash mixtures are 
probably calcium silicate hydrates and possibly ettringite. 
Low-sulfate sulfoaluminate may also be formed. 

The amorphous glassy materials in fly ash are the con-
stituents that react to form complex silicates and aluminates 
(10, 15, 16, 17). The strength developed as a result of the 
lime-fly ash reaction is dependent on the quantity of ce-
menting materials produced (18). Mullite may also be an 
important reactant. For a given lime-fly ash composition, 
increased quantities of pozzolanic reaction products are pro-
duced by extending the curing time and/or increasing the 
curing temperature. The effects of curing time and tem-
perature on the strength development of a typical lime-fly 
ash—aggregate mixture are shown in Figure 2. 

The pozzolanic reactivities of fly ashes are quite variable. 
Several studies have considered the relation between fly ash 
properties and pozzolanic reactivity (14, 15, 19). The fol-
lowing factors are indicative of good pozzolanic reactivity: 
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Increased percentage of fly ash passing the No. 325 
(45.m) sieve (14) or increased surface area (15, 19) 

Increased Si02  (14, 15), Si02  -4- R203  (14), and 
SiO2  + A1203  (15) contents. 

Low carbon content (14) or loss on ignition (19). 
Increased alkali contents (19). 

Minnick et al. (19) emphasize that "ho single test On 
fly ash will predict the performance of that material in 
compositionS in Which it is used," but that "it is far more 
preferable to combine factors or develop multiple factors 
in making performance piedictions" 

In addition to the primary rection between the linie and 
the fly ash, the lime may also react With the "fines" in the  

material being stabilized. Soil-lime reactiàns that may Oc-
cur are catiOn exchange, flocculation/agglomeration, and a 
soil-lime pdzzolañiC reactioh 

Cation exchange and flcculation/ agglOnitation reactions 
take place quite rapidly and cause decreased plasticity of the 
fines and some "immediate" strengthening. The plasticity 
reduction improves workability and allows äsièt mixing 
with rriatërials that áontain substantial quantities of plastic 
fines. 

Reaction products from the soil-lime pozzolanic reaction 
contribute to the dèvelopmènt of the cemntitious matrix in 
thestabilized mixture. Similar secondary soil-lime reactions 
have been noted for soil-cerhent mixtures 6ontaining "linie-
reactive" fines. 

TABLE 3 

AGGREGATE SPECIFICATIONS FOR LIME FLY ASH MIXTURES 

a) Gradation 

Sieve % Passing 

IllinOis. Pennsylvania PJii.2. 

2" 	(50.0 mm) 100 	100 100 

1 	1/2 	(38.1 	ni-n) 100 - 
1" 	(25.0 mm) 9d-1 00 --- 	- 75-iO6 

3/4" 	(19.0mm) - 52-100 70-100 - 
1/2" 02.5 mm) 60-100 - - 50-85 

3/8" (9.5 mm) - 36-70 	5-100 - 
No. 	4 	(4.75 fluli) 4040 24-0 	4580 35-60 

No. 	8 	(2.36 n) - - 1545 

No. 	16 0.18 mm) -. 10-30 	25•-50 10-35 

No. 	40 	(45 urn) 0-25 

Nd. 50 000 jim) - --- 	.-._-- 3-18 

No. 	iÔO 	(150 lAm) - -- 	620 - 
No. 	200 (75 jim) 0-10 (Gravel) 0i0  

0.-15 (Crushed StOne & Slag) 

b) Othér.Typtcal Requfrements .. 
Illinois Penn 	Ohio FAA 

Sodium Sulfate Soundness 
(AASHTO - T104) <25% < 20% 	<15% <12% 

Los Knge1s Abrasion 
(AASHTO - 196) <45%. < 55% 

Platicit$' Index < 9 < 6 	- < 6 

Liquid Limit < 25 
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TABLE 4 

REQUIREMENTS FOR GRADATION OF AGGREGATE FOR THE 
PLANT-MIX BASE COURSE 

Sieve designation 
(square openings) 

Percentage by weight passing sieves 

4 B C 

2'! 	(50.0 m) 100 - - 
1-1/2" 	(38.1 	mm) - 100 - 
1" 	(25.0 mm) 55 - 85 70 - 95 100 

3/4" 	(19.0 mm) 50 - 80 55 - 85 70 - 100 
No. 	4 	(4.75 nirn) 40 - 60 40 	60 40 - 65 

No. 	40(425iirn) 10-30 10-30 - 	15-30 
No. 	200(75 	m) 5 - 	15 5 - 	15 5 - 15 

I .  •'- 	 --• 	 I 	-I 
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i00 	 70"F 

600 

400 
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Figure 2. Eflects of curing temperature and curing time on the 
compressive strength development of an LF4 mixture (22). 
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Figure 3. Compressive strength development of lime-fly ash-
stabilized mixture in Chicago area (23). 
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CHAPTER THREE 

MIXTURE AND MIXTURE PROPERTIES 

RANGE OF COMPOSITION 

The composition of a lime-fly ash—aggregate (LFA) mix-
ture can be defined by designating the total amount of lime 
plus fly ash and the lime-to-fly ash ratio. Lime and fly ash 
contents- are generally designated as a percent by dry weight 
of the total mixture (i.e., 4 percent lime, 16 percent fly ash, 
80 percent aggregate). 

Lime-plus-fly ash contents depend on many variables, but 
generally range from 12 to 30 percent. Fine-grained soils 
generally require higher percentages of lime plus fly ash and 
requirements for well-graded aggregates generally fall at the 
lower end of the range. Aggregates of angular shape and 
rough surface texture require larger quantities of lime plus 
fly ash than rounded and smooth aggregate particles. 

Lime-to-fly ash ratios vary substantially, but the range is 
generally from 1:10 to 1:2 with ratios of 1:3 to 1:4 being 
common. Factors that tend to increase the lime requirement 
are (a) greater fines content [minus No. 200 (-75 sm)], 
(b) increased P1, and (c) increased pozzolanic reactivity of 
the fly ash. 

Lime-fly ash mixture proportions can not be established 
based on an analysis of the properties of the lime, fly ash, 
and material to be stabilized. Proportions are determined 
using laboratory-based mixture design procedures (see 
Chapter Five) using the component materials to be in- 
corporated into the field mixture. 	 - 

ENGINEERING PROPERTIES OF LIME-FLY ASH-
STABILIZED MATERIALS 

Many properties must be considered in lime-fly ash mixture 
proportion selection and pavement structural analysis. LFA 
mixture properties vary depending on lime and fly ash char-
acteristics, mixture proportions, stabilized material, density, 

TABLE 5 

RANGES OF COMPRESSIVE. STRENGTH FOR THE 
LIME-FLY ASH-STABILIZED MATERIALS 

28 Day Immersed 
Material 	 Compressive Strength 

psi 	 (kPa) 

Gravels 400-1300 (2800-9000) 

Sands 300- 700 (2100-4800) 

Silts 300- 700 (2100-4800) 

Clays 200- 500 (1400-3400) 

Crushed Stones and Slag 1400-2000 (10,000-14,000) 

and curing conditions. Many of the properties vary for a 
given mixture depending on curing conditions. Thus, it is 
necessary to define mixture curing conditions (time, tem-
perature, moisture) when reporting mixture property data. 

Compressive Strength 

Unconfined compressive strength is frequently used to eval-
uate the quality of cured LFA mixtures. A general range 
of typical strengths for various LFA mixtures is given in 
Table 5. Barenberg (22) states that standard ASTM C 593 
curing [7 days at 100 F (38 C)] develops mixture com-
pressive strengths ranging from about 500 to 1200 psi 
(3400 to 8300 kPa). ASTM Procedure C 593-69 requires 
a minimum compressive strength of 400 psi (2800 kPa) for 
lime-fly ash used in paving-type mixtures. 

Compressive strength development continues in LFA mix-
tures for a substantial period following placement. Figure 3 
shows core strength data for a typical LFA mixture con-
structed in Chicago (23). 

Shear Strength 

The shear strength of LFA mixtures has not been exten-
sively considered. Unconfined compressive strength data 
for typical mixtures indicate that shear strength failures are 
not likely for normal pavement applications. 
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Typical shear strength data (24) for lime-fly ash—gravel 
mixtures (lime-plus-fly ash contents of 13.5 to 18 percent, 
lime-to-fly ash ratios of 1:2.5 to 1:3.5) indicate that angles 
of shearing resistance varied from 49° to 53° and cohesions 
ranged from 55 to 128 psi (380 to 880 kPa). Mixture 
curing was equivalent to 28-day moist-sand curing at 
approximately 70 to 75 F (21 to 24 Q. 

Flexural Strength 

The flexural strength of LFA mixtures is substantially lower 
than the corresponding compressive strengths. Similar 
trends have been noted for other cementitious-stabilized 
materials such as soil-cement or soil-lime mixtures. 

Laboratory test procedures similar to ASTM D 1635-63 
can be used to evaluate the flexural strength of LFA mix-
tures. Figure 4 illustrates typical flexural strength-cure time 
relations for two mixtures. 

The ratio of flexural strength to compressive strength for 
most LFA mixtures is between 0.18 and 0.25. A value of 
20 percent of the compressive strength is a conservative 
engineering estimate of the flexural strength of LFA mix-
tures (22). 

Split-tensile and double-punch procedures have also been 
proposed for evaluating the tensile strength of stabilized 
materials (25, 26). The tensile strengths determined by 
these procedures are approximately one-half the flexural 
strengths. LFA mixture pavement response and perform-
ance studies indicate that the mixtures can sustain repeated 
flexural stresses that are greater than the split-tensile or 
double-punch strength of the mixtures. Thus, the double-
punch and split-tensile strength data are of limited value in 
pavement analysis and design procedures. 

Modulus of Elasticity 

According to Ahlberg and Barenberg (23) the elastic 
moduli for LFA mixtures are different depending on 
whether the modulus is determined from compressive or 
flexural testing procedures. They indicate that the flex-
ural modulus is somewhat lower than the compressive 
modulus. 

Flexural moduli values are recommended for pavement 
design calculations (23). A moment-curvature plot for a 
typical LFA mixture is shown in Figure 5. Ahlberg and 
Barenberg (23) indicate that flexural moduli for granular 
LFA mixtures range from 1.5 X 106 to 2.5 X 106 psi 
(10 X 106 to 17 X 106 kPa) after a reasonable curing time. 
LFA mixtures containing greater fines contents generally 
have lower moduli values. 

LFA mixture moduli values increase as mixture strength 
increases. Figure 6 illustrates the development of compres-
sive strength, flexural strength, and flexural modulus for the 
LFA mixture used in an extensive University. of Illinois test• 
track study (23). Studies using "pulse. velocity" evaluation 
procedures (27) for laboratory and field conditions also 
suggest increasing moduli values with the development of 
mixture strength. Figure 7 illustrates the relation between 
unconfined strength and pulse velocity for 14 different soils 
ranging from AASHTO classes of A-i-a to A-S. 
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Figure 4. Flexural strength development of typical lime-fly 
ash-stabilized mixtures (laboratory curing) (23). 
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Figure 5. Moment-curvature relationship for lime-fly ash—
aggregate mixture (23). 

Poisson's Ratio 

Poisson's ratio of a material usually varies with the intensity 
of the applied stress. However, this ratio usually remains 
relatively constant at stress levels below about 70 percent 
of the ultimate stress. Figure 8 is a plot of Poisson's ratio 
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Figure 6. Effect of curing (approximately 73 F) on the engineering properties, of a lime-fly  ash—
aggregate mixture (82 percent aggregate, 14 percent fly ash, 4 percent lime) (23). 
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Figure 7. Relationship between cured compressive strength and 
velocity for lime-fly ash-stabilized soils (27). 

versus stress level for a typical LFA mixture (23). The 	Fatigue Properties 

value for Poisson's ratio remains relatively constant at about The fatigue properties of LFA mixtures are important in 
0.08 for stress levels below approximately 60 percent of 	pavement design analysis. Because the compressive stresses 
ultimate strength and then increases at high stress levels, 	developed in most pavements with LFA mixture layers are 
reaching a value of approximately 0.3 at failure. 	 small compared to LFA mixture compressive strength, com- 

Barenberg (22) indicates that for most pavement design 	pressive fatigue behavior is not considered to be of any 
calculations, Poisson's ratio for cured LFA mixtures can be 	consequence. Flexural fatigue is of major importance, 
taken as between 0.10 and 0.15 without appreciable error, 	however. 
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Figure 9. Flexural fatigue behavior of lime-fly  ash—aggregate 
mixture (28). 
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Figure 10. Effect of dry density on thermal expansion proper-
ties (30). 

The flexural fatigue properties of lime-fly ash—aggregate 
mixtures have been studied and reported by Ahlberg and 
McVinnie (28). Results from these tests are summarized 
in Figure 9. The results are presented as a relationship 
between the ratio of applied stress to the modulus of rupture 
of the material and the number of load applications to 
failure. All tests were conducted on beam specimens with 
loads applied continuously at a rate of approximately 450 
applications per minute. 

In analyzing the fatigue properties of LFA mixtures, the 
influence of the strength gain with time must be recognized. 
Because flexural strength increases with time, the stress level 
(expressed as a percent of the ultimate flexural strength) 
decreases. Thus, as the time required to accumulate the 
number of load applications to failure becomes longer, the 
number of load applications to failure becomes greater. If 
the gain in strength is sufficiently rapid or the stress level 
is small, the probability of the material failing in fatigue is 
minimized. 

Autogenous Healing 

Autogenous healing refers to the phenomenon by which a 
crack in a material heals or re-cements itself by a self-
generating mechanism. The continuing pozzolanic reaction 
between lime and fly ash in LFA mixtures provides the 
potential for autogenous healing. 

Laboratory tests by Callahan et al. (29) proved that 
autogenous healing can take place to a significant extent in 
lime-fly ash—aggregate mixtures. Several cases in which this 
phenomenon has occurred in the field have been observed. 
The degree of healing is dependent on the age at which the 
fracture occurs, the degree of contact of the fractured sur-
faces, and the curing conditions. Although it can not be 
expected that healing will occur across wide cracks, autoge-
nous healing provides the potential for improved durability 
and fatigue resistance in LFA mixtures. 

Volume Changes 

LFA mixtures that are properly proportioned, constructed, 
and cured will have a good resistance to "frost heave." 
Thus, the major volume changes in the LFA mixtures are 
induced by thermal and moisture changes. Temperature 
and moisture shrinkage may develop sufficient tensile stress 
to initiate cracking in the LFA mixture pavement layer. 

Miller and Couturier (30) investigated the thermal ex-
pansion characteristics of lime-fly ash—aggregate mixtures. 
Their data indicate that the coefficients of thermal expan-
sion for the LFA mixtures ranged from approximately 5 to 
7 X 10-6/°F (9 to 13 X 10-6 / *C). Increased dry density 
and larger percentages of lime and fly ash tended to in-
crease the coefficient of thermal expansion. Figures 10 and 
11 illustrate the density and lime content effect. Barenberg 
reports similar values for the coefficient of thermal expan-
sion for LFA mixtures (31). 

There is no published information on moisture-related 
volume change in LFA mixtures. It is known from field 
experience that LFA mixtures do exhibit drying shrinkage 
tendencies. 

13 

Durability 

Cyclic freeze-thaw action is the major durability factor that 
must be considered for LFA mixtures. The extent of cyclic 
freeze-thaw action is dependent on the location of ma-
terial in the pavement structure, geographic location, cli-
matic variability, and pavement system characteristics (32). 

Cyclic freeze-thaw and brushing tests (ASTM C 593) 
have been extensively used for evaluating LFA mixture 
durability. ASTM C 593 criteria require less than 14 per-
cent weight loss following 12 freeze-thaw cycles. 

The Iowa freeze-thaw test (33) has also been used to 
evaluate the freeze-thaw durability of LFA mixtures. The 
index of resistance, R, is used as a measure of durability. 
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Rf 
 = 100 P 

(1) 
PC 

in which 

R = index of resistance to freeze-thaw; 

P f  = unconfined compressive strength following 28 days 
moist curing at 71 F (22 C), 24 hours immersion 
in water, and 10 freeze-thaw cycles; and 

PC  = unconfined compressive strength of "control speci-
mens" following 28 days moist curing at 71 F 
(22 C) and 11 days immersion in water. 

For Iowa climatic conditions, it has been proposed that 
R f  should be greater than 80 for stabilized soils (34, 35). 

Recent stabilized materials durability studies at the Uni-
versity of Illinois (36) have resulted in the development of 
a freeze-thaw testing procedure that closely simulates field 
conditions. The standard "freeze-thaw" testing cycle de-
veloped for Illinois is shown in Figure 12. Typical com-
pressive strength—freeze-thaw cycle response data for LFA 
mixtures are presented in Figure 13. The mixtures were 
cured 7 days at 100 F (38 C) in accordance with ASTM 
C 593 prior to freeze-thaw testing. It is apparent from 
Figure 13 that the CA-6, Plainfield sand, and CA-10 LFA 
mixtures possess a high degree of freeze-thaw resistance, 
and that Ridgeville sand and pit-run gravel mixtures are less 
durable. 

Dempsey and Thompson (36) have developed general 
relations between the compressive strengths of stabilized 
materials (including LFA mixtures) subjected to 5 or '10 
freeze-thaw cycles and the compressive strengths of the 

Time, hrs 

Figure 12. Standard freeze-thaw cycle for Illinois. 
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cured mixtures prior to freeze-thaw testing. The relation-
ships for 5 and 10 freeze-thaw cycles are shown in Figures 
14 and 15, respectively. It is apparent that freeze-thaw 
durability resistance is significantly related to cured strength. 

In. a follow-up study (37), Dempsey and Thompson 
demonstrated that the compressive strength of cured stabi-
lized materials subject to vacuum saturation provides a bet-
ter indication of the 5- or 10-cycle freeze-thaw compressive 
strength. The relationship between vacuum saturation and 
freeze-thaw strength is shown in Figures 16 and 17. ASTM 
Committee C7.07 has revised ASTM C 593 to incorporate 
the vacuum saturation testing procedure. The standard 
freeze-thaw brushing test was deleted from ASTM C 593. 

In conjunction with the development of improved freeze-
thaw evaluation procedures, Thompson and Dempsey ex-
tended the residual strength concept (32). Residual strength 
is the strength of a stabilized material following the equiva-
lent of the first winter's freeze-thaw cycles. If the residual 
strength can ensure the desired level of structural pavement 
response and the material displays a projected strength-time 
history that ensures that the field strength will always be 
greater than some minimum strength requirement, then 
satisfactory pavement performance can be attained. The 
residual strength concept is illustrated in Figure 18. Field 
experience with LFA mixtures indicates that if the cured 
material possesses sufficient durability to survive the first 
winter's freeze-thaw cycles, the probability of experiencing 
durability problems during subsequent years is quite low. 
The additional curing developed during the summer follow-
ing construction and during subsequent summers is bene-
ficial in developing additional strength in the LFA mixture. 

FACTORS INFLUENCING LFA PROPERTIES 

There are many factors that significantly affect LFA mix-
ture properties. Figure 19 illustrates that mixture properties 
are dependent on the interaction of many variables. The 
variables can be grouped into four categories: materials, 
proportions, processing, and curing. 

Materials 

Fly ash, lime, aggregate, and soil characteristics have a 
strong influence on the ultimate nature of LFA mixture 
properties. A general discussion of these materials is pre-
sented in Chapter Two. There are substantial property 
variations in all of the ingredients incorporated into an 
LFA mixture and there is also a wide range in mixture 
quality as evidenced by the typical compressive strength 
data given in Table 5. 

Proportions 

The total quantity of lime plus fly ash and the lime-to-fly 
ash ratio are the proportioning variables that can be altered 
in LFA mixture proportion selection. It is generally ac-
cepted that when coarse-textured materials are stabilized, 
the mixture properties are primarily controlled by the 
quality of the matrix material [lime + fly ash + fraction 
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Figure 13. Effect of freeze-thaw on the compressive strength of 
lime-fly ash-stabilized mixtures. 

passing No. 4 (4.75-mm) sieve]. Sufficient matrix material 
must be present in the mixture to "float" the coarse aggre-
gate (plus No. 4) to ensure high strength and good dura-
bility. If insufficient matrix material is present in the mix-
ture, adequate compacted density is not achieved in the 
matrix material, even though the over-all LFA mixture 
density is high. 

The effects of the lime-plus-fly ash content on the 
strength and durability of an A-3 sand and a pit-run gravel, 
A-1-b(0), are shown in Figures 20 and 21, respectively 
(36). Similar data are shown in Figure 22 for a well-
graded crushed stone (36). 

Additional data (6) for three fine-grained soils and a 
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Figure 16. Relationship between vacuum saturation strength and 5-cycle freeze-
thaw strength (all data ddjusted to equivalent l/d = 2). 
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Figure 17. Relationship between vacuum saturation strength and 10-cycle freeze- 	- 
thaw strength (all data adjusted to equivalent l/d = 2). 
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sand are shown in Figure 23. It is apparent that increased 	The effects of the lime-to-fly ash ratio (6, 24) on corn- 
lime-plus-fly ash content effects increased cured strength. 	pressive strength development of typical LFA mixtures are 
Normal proportioning operations are directed toward 	shown in Figures 24 and 25. There is generally an appro- 
achieving a satisfactory quality LFA mixture at a mini- 	priate lime-to-fly ash ratio that produces adequate strength 
mum cost. In most situations, lime and fly ash are more 	development in a given mixture. Even though the fly ash 
expensive than the aggregate or soil being stabilized. Lime- 	source remains the same, optimum lime-to-fly ash ratios for 
plus-fly ash contents are established at the lowest level 	a mixture vary depending on the characteristics of the ma- 
consistent with achieving satisfactory mixture quality. 	terial being stabilized. Factors that normally increase the 

lime requirement are increased silt and clay contents, and 
increased plasticity. The additional lime is required to sat- 
isfy the lime demand of the greater quantity of plastic fines. 

In general, lime-to-fly ash ratios are set at the lowest 
possible level consistent with maintaining LFA mixture 

A 

	

	quality. Lime is the most expensive constituent in an LFA 
mixture. 

Processing 

Mixing 

Residual Strength 	 Maximum effectiveness of lime-fly ash stabilization is 
achieved when all of the materials are completely mixed. 
With fine-grained materials, adequate pulverization is 
needed to minimize the occurrence of clay balls in the 
mixture. 

Time 

Figure 18. The residual strength concept of freeze-thaw 
durability. 
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LIME PLUS FLY ASH CONTENT, % 

Note: Lime:fly ash ratio = 1:4 

Figure 20. Lime-plus-fly ash-content effects on compressive 
strength development (Plain field sand) (7-day curing at 100 F) 
(36). 
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Figure 21. Lime-plus-fly ash-content effects on compressive 
strength development (pit-run gravel) (7-day curing at 100 F) 
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Figure 22. Lime-plus-fly ash-content effects on compressive 
strength development (well-graded crushed Stone) (7-day curing 
atlOOF) (36). 

The effects of mixing time on strength development of 
laboratory mixtures have been considered (24). Generally, 
after a minimal mixing time for achieving an intimate 
mixture, additional mixing does not produce significant 
benefits as indicated in Figure 26. More thorough and 
uniform mixing can be achieved in plant-mix operations 
than with mixed-in-place procedures. 

An extensive study of plant-mixed LFA mixture opera- 
tion in the Chicago area (20) indicates that the coefficients 
of variation for cured compressive strength (laboratory-
prepared specimens of plant-mixed material) range from 
7.7 to 18.2 percent with an average of approximately 
11.5 percent. According to Thompson and Dempsey (32), 
a reasonable range of coefficient of variation for field-mixed 
stabilized materials is 20 to 25 percent; 

Density 

The compacted density of a given LFA mixture significantly 
influences the strength and durability of the cured mixture. 
Increased density improves strength and durability. The 
effect of density on the strength and durability of typical 
LFA mixtures is illustrated in Figures 27 and 28. 

It is apparent that careful consideration must be directed 
to density in any construction quality control program. 

Small changes in compacted density effect substantial 
changes in strength and durability. Similar trends have 
been noted for other forms of cementitious stabilizers 
(soil-cement, soil-lime). 

Curing 

Proper conditions (moisture, temperature, time) are essen-
tial for curing LFA mixtures. Without proper curing, ade-
quate mixture designs may not perform satisfactorily in the 
field. 

Maintaining adequate moisture in the mixture is essential 
for proper curing. The lime-fly ash pozzcilanic reaction re-
quires water. If. the compaction moisture content (generally 
around optimum) is approximately maintained in the LFA 
mixture during curing, sufficient water is available for the 
pozzolanic reaction. 

The lime-fly ash pozzolanic reaction is time- and tem-
perature-dependent. Figure 29 illustrates the effect of vari-
ous curing temperatures and times on compressive strength 
development for a typical LFA mixture (20). The effect 
of temperature on the lime-fly ash pozzolanic reaction is not 
linear. Curing temperatures in excess of approximately 80 F 
(27 C) accelerate the reaction to a greater extent than do 
lower temperatures (20, 26). Strength development is sub- 
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stantially retarded at low temperatures [less than approxi-
mately 40 F (4 C)]. 

Field curing occurs at varying temperatures. The "degree 
day" concept (20, 26) can be used to consider "mixed" 
curing conditions as illustrated in Figure 30. It is important 
to note that higher temperature curing data do not produce 
the same "strength-degree day" relation as lower tempera-
ture curing. 

Strength development will continue in LFA mixtures after 
the termination of the formal curing period. Figure 3 il-
lustrates field strength development for a typical LFA mix-
ture constructed in Chicago (23). 

If LFA mixtures are used in areas where low tempera-
tures may occur, it is necessary to consider time-tempera-
ture curing effects on fall construction. Adequate curing 
must be obtained prior to the beginning of cyclic freeze-
thaw to assure satisfactory field performance (32). If a 
minimum LFA mixture strength has been established for a 
particular situation, curing requirements (temperature-time) 
must be established accordingly. 

It is emphasized that the strength-degree day relation is 
a property of a particular LFA mixture. Fly ash, lime, and 
aggregate properties, as well as mixture composition, will 
influence the temperature-time dependent strength develop-
ment. 
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CHAPTER FOUR 

PAVEMENT BEHAVIOR AND PERFORMANCE 

PAVEMENT BEHAVIOR 

Although most pavements with lime-fly ash—aggregate 
(LFA) materials are classified and designed as flexible 
pavements, as indicated in Chapter Three, these materials, 
when cured, can develop moduli values to well over two 
million psi (14 000 MPa). With moduli values of this mag-
nitude, it can be expected that pavements with cured LFA 
mixes will behave essentially as slabs rather than as "flexi-
ble" pavements. Test data on full-scale and model pave-
ments confirm that the theoretical load distribution char-
acteristics of pavements with layers of LFA mixes are 
essentially those of a slab (23, 39). Because of the rigid 
nature of the material, slabs are susceptible to cracking 
caused by thermal and moisture changes in the pavements. 

Detailed studies on behavior of LFA pavements are re-
ported by Ahlberg and Barenberg (23) and Barenberg 
(40). In these studies, model pavements from approxi-
mately 3 to 6 in. (75 to 150 mm) thick were loaded at 
different stages of curing with static plate and dynamic 
wheel loads. In the plate load tests, surface deflections were 
determined by measuring the loaded plate deflections, and 
the deflection basin determined by measuring the pavement 
surface deflection at points outside the loaded areas. Some 
typical results of these tests are shown in Figures 31 through 
34. Figure 31 shows the relative load deflection patterns 
for an LFA slab compared with conventional flexible pave-
ments. Figure 32 shows the load distribution effects of a 
4-in. (100-mm) LFA slab compared with a 9-in. (230-mm) 
conventional flexible pavement. Figure 33 shows a com-
parison between typical measured deflection patterns and 
the theoretical deflections indicated by Westergaard slab 
theory for interior loading conditions. Figure 34 shows 
similar data for loads applied near the edge of the slabs. 
The relative deflections of a flexible and an LFA pavement 
under a wheel load moving at creep speed are shown in 
Figure 35. 

The load deflection characteristics and ultimate load 
carrying capacity of the LFA slabs are a function of the 
amount of curing of the LFA material, as indicated by the 
material's resistance to flexural deformation. The curves in 
Figure 36a reflect the load deflection curves for six 4-in.-
thick (100-mm) LFA slabs tested to failure under inferior 
loading conditions applied through a 7-in-diameter (175-
mm) steel plate. The fiexural strength of the LFA ma-
terial at the time of testing for each pavement is shown in 
the figure. Similar information for two pavements tested 
under edge loading conditions is shown in Figure 36b. Fail-
ure in the slabs under interior loads consisted of a shear-
type cone punching through the slabs. The shape of the 
load deflection curves for the interior loadings does not  

indicate any preliminary failure modes or abrupt changes 
in the load deflection properties of these pavements. Upon 
removal of the LFA slabs, however, the bottoms of the slabs 
in the region of the loaded area were severely cracked, 
indicating slab bending failure prior to the shear punchout 
(23, 39). For the edge load conditions, the failure pattern 
is different, and this is reflected by the break in the load 
deflection curves in Figure 36b. Failure of the LFA slabs 
under edge loadings follows the classical pattern outlined 
by Meyerhof (47). That is, as the load is increased, radial 
cracks initiate at the point of maximum stress, which is 
assumed to be directly under the load, and propagate up-
ward and outward from the loaded region. With the propa-
gation of the radial cracks, there is a redistribution of 
internal stresses causing an increase in the radial stresses 
at the pavement surface near the point of maximum nega-
tive bending. When negative bending stress reaches the 
flexural strength of the LFA, a semicircular crack develops 
on the surface near the point of maximum negative stress. 
The break in the load deflection curves shown in Figure 36b 
is probably the point at which radial cracking initiated 
under the applied edge load. Although the pavement can 
carry additional load, this break point in the load deflection 
curve is probably the load that should be considered as the 
design ultimate for sustained pavement performance. 

The ultimate strength of the LFA slabs under static load 
has been shown to far exceed the strength predicted by 
elastic slab theory. Figure 37 shows the effect of flexural 
strength of the LFA mix on the theoretical and observed 
strength of the LFA slabs under interior and edge loading 
conditions. Note that the observed ultimate load under 
edge loading agrees well with that predicted by the Meyer-
hof theory (47), whereas for the interior loading condition 
the observed ultimate load is greater even than that pre-
dicted by Meyerhof's collapse load theory. For both edge 
and interior load conditions, the theoretical ultimate load 
failure condition is nearly two and one half times greater 
than the corresponding failure load as determined by the 
Westergaard theory. Thus, results from the plate load tests 
clearly show that the behavior of pavement with LFA ma-
terials is essentially that of a slab, but that the load-carrying 
capacity of this slab under single static load is likely to be 
significantly greater than predicted by elastic slab theory. 

The reason for the greater load capacity of the LFA slab 
is understandable in light of the known properties of these 
materials. LFA materials, like concrete and other similar 
paving materials, are assumed to be quite brittle in nature. 
Although the stress-strain curves of these materials in flex-
ure tests make them appear brittle, carefully controlled tests 
show them to have rather poorly defined yield stress levels. 
Beyond this level, the materials undergo significant plastic 
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flow without apparent gross rupture. During this yielding 
process, there is a concurrent redistribution of stresses 
within the slab that accounts for the slab's supporting sub-
stantially higher loads than indicated by the elastic slab 
theory. Although gross rupture does not usually occur at 
initial yielding, microscopic rupture is probably occurring 
within the material mass that, under repeated load applica-
tions, may lead to fatigue failure. Thus, for reliable design, 

stress levels in the slab should be kept in the elastic 
(pre-yield) range. 

Recent field studies reported by Hirst, Fang, and 
Schmidt (45) also emphasize the slab behavior of the 
LFA materials. Pavement sections with typical base course 
materials, including LFA materials, used by the Pennsyl-
vania Department of Transportation (PENNDOT) were 
evaluated by deflection techniques in these studies. Dyna- 
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flect and plate load tests were run on a number of pave-
ment sections, and relative structural coefficients were de-
termined based on the ability of these pavements to resist 
deformation due to load. Moduli values for the different 
base materials were calculated by correlating measured de-
flection values with theoretical values from elastic layer 
theory and finite element methods of analyses. Results from 
these studies show that the effective modulus for the LFA 
base materials is approximately 1,000,000 psi (6 900 MPa). 
Corresponding structural coefficients calculated from these 
deflection data are in the order of 1.3 to 1.6 compared with 
values of 0.10 to 0.16 for dense-graded crushed stone bases. 

Creep-speed wheel load tests on full-scale airport pave-
ments with LFA layers totaling up to 32 in. (800 mm) 
thick, are reported by Yang (49, 50). In these tests, a test 
vehicle weighing 187,000 lbs (84 000 kg) was used to 
simulate the load from the landing gear of the Boeing 747 
aircraft. Up to 5,000 passes with the test vehicle were 
made over instrumented test sections of these pavements to 
evaluate the behavior and performance of the LFA layers. 

A significant finding from this study is that the use of 
the LFA material in lieu of a crushed stone as the base 
material does not significantly reduce the total pavement 
surface deformation, but does greatly improve the defor-
mation recovery of the pavement. This is indicated in 
Figure 38. As Yang observed, "The total surface deforma-
tion is largely contributed by the deformation of the sub-
grade. However, the longer, smooth deflection configura-
tion of the stabilized base (LFA) will produce a more 
durable and better performing pavement" (50). 

Because the aircraft loads are large and are distributed 
over such a large area, the effect of pavement stiffness on 
total pavement deformation is small. This is because nearly 
all of the deformations (>80 percent) occurs in the sub-
grade. The stiffer LFA layers, however, distribute the load 
over larger areas of the subgrade, thus reducing the maxi-
mum vertical stress transmitted to the subgrade as well as 
the amount of permanent rutting in the pavement. Fig-
ure 39 shows the permanent rutting trend versus pavement 
thickness observed in the Newark Airport pavement studies. 

Plate load tests were also run on various layers of a 
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heavy-duty LFA pavement constructed for the Portland 
Port Authority, Portland, Oregon, for one of their marine 
terminals. Pavements were constructed with up to 20 in. 
(500 mm) of LFA materials in three layers with a 3.5-in. 
(89-mm) asphaltic concrete surface. Approximately six 
months after placement of the LFA layers, the surface 
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and succeeding layers were carefully removed and plate 
load tests run on the three layers of LFA base material as 
well as on the top of the subgrade. Using the elastic layer 
theory, the effective moduli values were determined for 
each of the three layers (see Table 6) (48). 

Each of the three mixes used in the pavement had dif-
ferent proportions, and the corresponding compressive 
strengths at the time of testing were 1,670 psi (11 500 kPa), 
560 psi (3 900 kPa), and 1,760 psi (12 000 kPa) for the 
A, B, and C mixes, respectively. There was no viable ex-
planation why mix B was weaker than mixes A and C; the 
mixes supposedly increased in quality from the top to the 
bottom of the pavement (i.e., from mix A to Q. 

Based on the responses of pavements with LFA ma-
terials reported in the literature, it seems reasonable to 
conclude that these pavements distribute loads essentially 
by slab action. The effect of the slab action on total pave-
ment deflection is not consistent, however, because it de-
pends upon the manner in which the load is applied. With 
the applied loads distributed over very large areas, such as 
with aircraft gear, the effect of the slab action on total 
pavement deflection is much less than when the loads are 
applied over relatively small loaded areas. 

PAVEMENT PERFORMANCE 

Performance of pavements with LFA materials is affected 
by many factors. Some of these can be taken into account 
directly in the design procedure, whereas others are more 
subtle and need to be considered only as part of the over-
all design approach. The primary factors affecting the per-
formance of these pavements are: (a) loading and the 
interrelationships between load, slab thickness, material 
strength, etc.; (b) durability of the LFA material as re-
lated to the environment in which it must serve; (c) quality 
of construction, including uniformity of the final product; 
and (d) subsurface drainage of the pavement system. 

In evaluating the performance of paving materials, it is 
important to keep several factors in mind. All paving ma-
terials change dimensionally with changes in moisture and 
temperature, and unless the material has enough ductility 
to absorb these dimensional changes, the pavements crack. 
In addition, there is often a great difference between as-
sumed material properties and properties of materials as 
actually placed in situ. Many of the factors affecting pave-
ment performance are interacting, that is, the presence of 
one factor such as moisture increases or decreases the 
effects of other factors such as loading or cyclic freezing 
and thawing. As a consequence, there are many subtleties 
involved in evaluating the performance of paving materials. 

As compared to other paving materials, LFA mixes are 
relatively new. Thus, long-term, documented histories of 
pavement performance with these materials are not gen-
erally available. Several pavement performance evaluations 
have been reported, however, that permit the determination 
of the potential performance of pavements with LFA mixes, 
and a few reports are available with actual performance 
evaluations with pavements having up to 16 years of service. 

Studies on performance of pavements with LFA mixes 
can be broken into three categories: (1) scale-model test-
ing of pavements under laboratory and quasi-laboratory 

TABLE 6 

EFFECTIVE MODULI VALUES OF LFA PAVEMENT 
LAYERS AT PORTLAND PORT AUTHORITY (48) 

LAYER MIX 

EFFECTIVE 
MODULI, PSI (MPa) 

Top A 580,000 (4000) 
Middle B 112,000 	(770) 
Bottom C 630,000 (4 300) 
Subgrade Hydraulic fill 43,000 	(300) 

conditions (23, 39, 41), (2) short-term evaluation of full-
scale pavements with conventional highway and aircraft 
loading under simulated service conditions (43, 45, 49, 50, 
52, 53), and (3) evaluation of performance of pavements 
in service for a number of years under normal traffic con-
ditions (40, 54, 55). Each of these types of studies adds 
to knowledge of the performance of pavements with LFA 
mixes and the factors that influence their performance. 

Performance trends of scale-model LFA slabs under ac-
celerated wheel loadings under laboratory conditions are 
reported by Ahlberg and Barenberg (23, 39), and Baren-
berg (41). Some typical results from these studies are 
shown in Figure 40. These results show that because of the 
strength-gain characteristics of LFA materials with time, if 
the ratio of applied to ultimate load as indicated by the 
Meyerhof theory is less than approximately 0.6 at the time 
of initial loading, these pavements do not fail in fatigue. 
If, on the other hand, these pavements are severely over-
loaded at an early age, the LFA materials crack and de-
teriorate under repeated loading. 

These observations are valid only if the pavements are 
new at the time of initial loading. As the LFA mate-
rial becomes more mature with added curing, the rate of 
strength gain decreases. For the strength-gain effects to 
completely affect the cumulative fatigue damage at more 
mature stages in development, the load-to-ultimate load 
ratio has to be correspondingly lower as the pavement 
matures. Also, for pavements with sufficient maturity to 
have well-developed shrinkage cracks, the ultimate load 
calculations have to be based on edge loading rather than 
interior loading conditions. 

A review of the performance of LFA pavement in service 
by Barenberg (40) also shows that pavements that were not 
overloaded at an early age did not fail in fatigue. In this 
study 16 pavements, some in service for 16 years or more 
at the time of the study, were reviewed for performance 
and general distress. A summary of the pavements evalu-
ated in the study is given in Table 7. Based on results of 
this survey, the author concluded that so long as the ulti-
mate load capacity of the pavement under edge loading, as 
determined from the Meyerhof theory, was 1.5 to 2.0 times 
the applied load (load ratio of 0.5 to 0.7), the pavements 
did not fail in fatigue because of repeated traffic loads. 
Thus, the performance of these materials, insofar as load 
applications are concerned, can be developed around a 
strength-versus-thickness criterion for various traffic condi-
tions. 
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PAVEMENT PERFORMANCE TRENDS 
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TABLE 7 

SUMMARY OF PAVEMENT SECTIONS AND PAVEMENT CONDITIONS 

Pavement 
Thickness 
(inches) 

Compressive 
Strength 

of 
Pozzolanic Base 

Material 
(psi) 

Estimated 
Traffic 
Daily Remarks 

(n 
S.- 

a) 
L) 

U, - 
U 

4.1 
C a) a) 

0 
C.) 

S.- 
a) 
05 

•- 
U I 

Q)5- 
E a) 
U . 

U 
4- U 

Sfl ' 
.0 

U, 

>s 
10 

0 VS — U 
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— 0 10 US  > 
>m L. 

VS 
us 
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VS 

.- 

N- 	' 
a) L. 

LI.-U 
Uw so 
05—U 
<U- >- 

U' 
to 
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.- 
CE 

10 
U 

1 2 7-9 0 1000 2160 8 4000 600 600 Failed along edge for about 

(8) 30 to 40% of length. 

2 2 7-9 0 1000 1925 8 4000 150 10 Trench settlement failure 
only. 

3 1.5 3-12 0 1000 3240 6 2000 75 5 15 to 20% of total 

(8) . area failed. 

4 2.5 8 4.5 1000 1955 1 3000 325 25 SlIght edge distress only. 

5 3 6.5- 4-24 1000 2600 5 400 500 200 Slight edge distress only. 

11 (10) 

6 1.5 4-13 12 -- 1310 3 3000 150 50 2 to 4% of total area failed. 

(7) 

7 2-3 5-6 0-12 -- 1720 5 -- -- -- No distress. 

8 1.5 6 4 1165 1310 3 3000 700 100 2 to 3% of total area failed. 

9 2 8 0 1150 1200 8 -- -- -- No failures. 	See discussion. 

10 2 6 0 1350 1090 .3 -- -- -- 1 to 2% of total area failedii  
areas of soft subgrade only. 

11 2 10 - -- No 6 5000 300 van- 1 to 2% total area distressed. 

Cores able See discussion. 

12 3 10 - 1705 1700 7 No distress. 

13 2 6 - -- 1100 7 2000 200 50 3 to 5% area distress occurre 
during first year, 	did not 
progress. 

14 2 8 - 1104 600 7 -- -- -- No distress. 

15 2.5 8 - 1795 825 7 -- 250 200 Some map cracking % area not 
indicated. 

16 2 8-10 - 740 1800 8 -- 200 150 No distress. 
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Another way of evalüatig the perforriance of LFA In a-
terials is to. consider the structural coefficiéhts that have 
been assigned by various design agencies. Such coefficients 
are developed ardund some short-term evaluations, and then 
adjusted on the basis of the over-all performance of pave-
ments in service. Such coefficients have a s'ome.vhat broader 
connotation than mere sirength, because they reflect the 
actual performance of the materials in service. Inservice 
performance is a function of durability of the material and 
construction variability as well as the basic material 
characteristics.  

Following the concept developed by the AASHTO Com-
mittee on Pavdmént Design froni the results of the AASHO 
Road Test (51), the structhral capacity of a flexible pave-
ment can be defined by the relationship 

SN = a1D1  + a2D2  + a3D3 	(2) 

in which 

SN = the structural number or structural capacity of 
the pavement; 

D1, D2, D3  = thicknesses of the surface, base, and 
'subbase; respectively; and 

a1, a2, a3  = material cdefficients, often referred to as 
structural coefficients. 

This relationship indicates that to achieve a specified 
structural capacity there is an inverse linear relationship 
between the structural coefficient and the thickness of each 
layer in a flexible pavement system. Usually, there are 
minimum material stEndards associated with the assigned 
coefficients. In addition, a range of coefficients can be used 
to reflect diffeierit qualities for specific materials. Ahlberg 
and Barenberg (23) suggest the coefficients for LFA mate-
rials given in Table 8. 

No specific limits for compressive strehgth or modulus 
of elasticity were assigned by Ahlberg end Barenberg for 
the three categories of LFA, but a review of the background 
data suggests the ranges given in Table 9. Note that the 
modulus of elasticity does not have a 1:1 relationship with 
compressive strength. Note also that even the lowest quality 
of LFA must meet realistic durability criteria to be accept-
able. 

A field study on the performance of stabilized base ma-
terials including LFA materials is reported by Dunn (43). 
Base materials tested included lime-fly ash—aggregate mix-
tures, cement-treated aggregates, and two grades of bitu-
minous stabilized aggregates. These materials were tested 
in the test track operated by Pennsylvania State University. 
This test facility is a one-mile-long test loop that is loaded 
by trafficking the test pavements with standard truck ve-
hicles. Both pavement behavior and pavement performance 
were evaluated in this study. 

Figures 41 and 42 show the performance trends for pave-
ments with LFA mixtures as reported by Dunn (43). 
Trafficking on these pavements was started in October 1972, 
and required nearly two years to accumulate the million-
plus equivalent 18-kip (80-kN) single-axle loads shown in 
the figures. Private communication with supervisors of the 
test facility indicates that these sections were still under test 

TABLE 8 

STRUCTURAL COEFFICIENTS OF LFA 
MATERIALS (23) 

STRUCTURAL 

QUALITY OF LFA 	 COEFFICIENT (a2 ) 

High ' 	0.34 
Medium 	 0.28 
Low 	 0.20 

TABLE 9 

RANGES OF COMPRESSIVE STRENGTH AND 
MODULUS OF ELASTICITY FOR LFA MATERIALS 

COMPRESSIVE STRENGTH MODULUS OF 

[7 DAYS AT 100 F (38 C)], ELASTICITY, 

QUALITY PSI (kPa) 	 PSI X 10 (MPa) 

High 	>1000 	(>6900) 	>500 	(>3400) 
Medium 	650-1000 (4500-6900) 250-500 (1700-3400) 
Low 	400-650 (2800-4500) 100-250 (690-1700) 

TABLE 10 

RELATIVE STRUCTURAL qOEFFICIENTS OF FOUR 
STAILIZED MATERIALS (PENNDOT) 

a0  (TEST 	a2  (cUR- 

BORE MATERIAL 	 VALUE) 	RENT USE) 

Aggregate-cement base 	0.55 	0.30 
Aggregate-lime-fly ash base 	0.51 	0.30 
Bituminous concrete base 	0.51 	0.40 
Aggregate-bituminous base 	0.49 	0.30 

and giving satisfactory performance as of mid-1975. Table 
10 gives th relative structural coefficients for the four 
stabilized materials as determined from the Pennsylvania 
State University test track, and the current values used by 
the Pennsylvania Department of Transportation for these 
same materials. All values are based on a standard value of 
a2  = 0.14 for high-quality crushed stone. 

The higher-than-expected values obtained from the test 
track results can be explained in two ways. In evaluating 
these coefficients, it must be kept in mind that if any of the 
stabilized base materials (especially the aggregate-cement 
and aggregate-lime pozzolan bases) are significantly over-
loaded, they crack and the continuity of these bases is par-
tially lost. Once these bases are severely cracked, there is 
a rapid loss in serviceability level with continued loading. 
Thus, some minimum thickness standard is required, along 
with the structural coefficient values, for sound pavement 
design. It is anticipated that, because of the controlled 
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loading, the test pavements were never overloaded. Thus, 
the high apparent structural values compared with the 
crushed stone. 

The quality control employed during the construction 
process could also account for the high structural values. 
No specific data are available on the quality control used 
in construction of the test pavements, but it seems likely 
that because this is a test facility, the level of quality con-
trol would be greater than in normal pavement construc-
tion. Because most stabilized materials are more sensitive 
to variations in product quality than the unbound aggre-
gates, it follows that the stabilized materials in the test 
pavements would give better relative performance than in 
normal use conditions. 

Typical structural coefficients recommended by several 
states are given in Table 11. Direct comparisons of 
these values are not totally valid, because each agency uses 
slightly different values for the crushed stone base mate-
rials, which are normally considered to be the standard. 
However, the values shown provide a general indication of 
the relative performance of the LFA materials under normal 
service conditions. 

Based on the structural coefficients used by most agen-
cies and the results of short-term evaluations, the perform-
ance of LFA mixes of intermediate quality compares favor-
ably with that of cement-treated aggregates having a 7-day 
compressive strength of 700 psi (4 800 kPa) or greater. 
The critical factor in the performance of both LFA and 
cement-aggregate mixtures is achieving density of the ma-
terial in place. In this respect, the advantage lies with the 
LFA because there is usually a longer time period between 
mixing and setting during which density can be achieved. 
With cement-aggregate mixtures, all densification must be 
accomplished within two hours, and preferably within a 
much shorter time; but with most LFA mixes, delays of 
several hours do not affect the compactability of the ma-
terial unless it is allowed to dry to below optimum moisture 
content. This is not a general rule, however, because some 
fly ashes are so reactive that special handling may be re-
quired. Each particular combination of materials used 
should be checked for reactivity and rate of reactivity be-
fore decisions are made on the allowable lead time prior to 
completion of the compaction process. 

To thoroughly understand the potential and the limita-
tions for LFA materials, it is necessary to review the per-
formance and distress of several heavy-duty pavements in 
service. Some potential problems and causes for these prob-
lems can be illustrated through a review of the performance 
and distress of several highway pavements. With proper de-
sign and construction control, pavements with LFA mate-
rials have the potential to provide a high level of perform-
ance; with improper design and control during construction, 
the potential of this materialmay not be realized. 

The base and subbase for runways, taxiways, and apron 
areas at Newark Airport were constructed with LFA ma-
terials. Figure 43 shows some typical cross sections of the 
pavement sections for various airport facilities. Mix pro-
portions and properties of the cured mixes used in the con-
struction are given in Table 12. Quality control during the 
construction was provided by the Port Authority of New 

TABLE '11 

RELATIVE STRUCTURAL COEFFICIENTS USED BY 
SEVERAL STATES FOR LFA BASE MATERIALS 

STATE COEFFICIENT, a, 

Illinois 0.28 
Michigan 1: 1 with black base 
Ohio 0.25-0.30 
Pennsylvania 0.30 

TABLE 12 

APPROXIMATE MIX PROPORTIONS USED IN THE 
NEWARK AIRPORT PAVEMENT 

INGREDIENTS, % 
MIX DES- 

IGNATION 	LIME 	CEMENT FLY ASH SAND STONE 

A 	3.6 	0.9 12 	53.5 30 
B 	3.2 	0.8 14 	82 0 
C 	2.8 	0.7 14 	82.5 0 

El MIXA 
inch AC Surface 

Critical Runway and 	 L 30 inch LFA 
Taxiway Areas 

CIIbCIUIflUIIflUJ CV I 111.11 LtI 

inch AC 

Figure 43. Typical cross sections used at Newark Airport. 
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York and New Jersey and is generally higher than achieved 
in normal highway pavement construction. 

The projected compressive strength of these materials 
varies from around 1,000 psi (6900 kPa) after one year to 
in excess of 2,000 psi (14 000 kPa) after approximately 
three years. Cores taken from these pavements after one 
to two years in place are well in excess of the 2,000 psi 
projected ultimate strengths. 

At the time of the latest evaluation,*  some of the run-
ways and taxiways had been in service for slightly over five 
years. At that time, the only significant distress in the pave-
ments was some shrinkage cracks in the shoulder area where 
an insufficient number of contraction joints was provided, 
and one crack because of subgrade settlement in an area 
where an old drainage ditch existed prior to the construc-
tion. 

The airport facility engineers for several major airlines 
using Newark Airport indicate that they are satisfied with 
the performance of the pavements. They generally agree 
that despite the aforementioned minor cracking distress, the 
pavements at Newark Airport are smooth with a high ser-
viceability rating and show excellent performance trends. 

It should be noted that contraction joints as illustrated in 
Figure 44 were placed at 150- to 200-ft (46- to 61-m) 
intervals on the runways and taxiways. In some instances, 
the asphaltic concrete (AC) surface was partially sawed 
through, directly over the joints in the LFA base, and in 
other instances no saw cuts were made and the AC was 
allowed to crack in a random manner. The sawed joints 
were sealed as soon as possible, whereas the random cracks 
were not sealed until later when they had fully developed. 
These random cracks have caused the maintenance engi-
neers some concern, but apparently have notcaused any 
structural damage or loss of performance in these pave-
ments. 

Heavy-duty LFA pavements have also been recently 
completed by the Portland Port Authority of Portland, 
Oregon. Figure 45 is a cross section of two of the pave-
ments constructed by the Portland Port Authority. 

The marine terminal pavement has been in service for 
over a year with no significant problems. This pavement 
covers over 40 acres (162 000 m2 ) and is used as temporary 
storage for containers during transfer from Ship to land 
transportation. These containers, which weigh up to 40 tons 
(36 000 kg) each, are stacked up to three containers high 
with only a few inches between stacks. A transtainer, as 
shown in Figure 46, is used to transport these containers 
from one location to another. Normal wheel load for the 
loaded transtainer is 50,000 lb (220 000 N), but under un-
usual loading and wind conditions, individual wheel loads 
can go as high as 100,000 lb (440 000 N). Composition of 
the LFA materials used in the Portland Marine Terminal is 
given in Table 13. 

Projected compressive strengths of these materials vary 
from approximately 800 psi (5 500 kPa) after three months, 
to in excess of 2,000 psi (14 000 kPa) after three years 

TABLE 13 

COMPOSITION OF LIME-FLY ASH MIXES USED IN 
PORTLAND MARINE TERMINAL 

PROPORTION (%) 

MIX MIX MIX 
COMPONENT 	 A 	B 	C 

Hydrated lime, ASTM Type N 3.3 3.0 3.0 
Portland cement, ASTM Type I 1.1 1.0 1.0 
Fly ash 6.6 6.0 6.0 
Inorganic silt 8.0 10.0 10.0 
Aggregate 25.0 10.0 - 
In-place fill sand 56.0 70.0 80.0 

(48). Cores taken from the pavements after less than six 
months of service show that the strengths exceed the pro-
jected strengths of the materials. 

After more than one year of service, the pavements at the 
marine terminal showed only isolated cracks in two loca-
tions. These cracks are believed to be because of non-
uniform settlement of the hydraulic fill placed over the en-
tire site before the pavements were placed. It is significant 
to note that Portland has a mild climate with only moderate 
ranges in moisture and temperature. No shrinkage cracks 
were observed in these pavements. Figure 47 shows the 
condition of the runway and taxiway extensions at the 
Portland Airport after almost one year of service. 
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Figure 47. Pavemnemzt at Portland International Airport con-
structed with LFA materials showing (a) a pavement Overview 
(1/IC! (b) a traverse joint. 

l'erformance of pavements with LFA materials, as well 
as other paving materials, in pavements in Lake County, 
Illinois, were evaluated by Hazarika (44). The primary 
thrust of this investigation is to make an economic analy-
sis of the life-cycle costs of different pavement systems and 
to evaluate ways of decreasing life-cycle costs through elimi-
nation of the distress that causes the loss in serviceability. 

In the course of his investigation, Hazarika (44) opened 
several pavements with LFA materials to determine the 
cause of the distress. Figures 48; 49. and 50 show the type 
and extent of distress at three of these locations. A few 
observations on the type of distress at these locations are 
instructive. 

At the Everett Road location (Fig. 48), the distress con-
sisted of alligator cracking along the pavement edge and 
along either side of a transverse crack. The material along 
the transverse crack had heaved or tented to a significant 
degree. 

A section of the pavement surface was removed along the 
transverse crack as shown in Figure 48. Density readings 
were taken with a nuclear gauge near the pavement edge 
and at approximately the center of the wheelpath [25 ft 
(7.6 rn) from edge]. The measured densities are shown in 
Figure 48. Note that there is a significant difference be-
tween the density near the pavement edge and that in the 
wheelpath. 

The distress on Winchester Road (Fig. 49) is similar to 
that on Everett Road except that there is no heave and no 
alligator cracking along the transverse crack. Density read-
ings for this investigation were taken at three locations: 
near the pavement edge, in the wheelpath, and between the 
wheelpaths. Cores were also taken at these locations where 
the condition of the LFA material permitted. Core strength 
and density readings are shown in Figure 49. 

As with the Everett Road analysis, there is a significant 
clitference between the density of the LFA material near 
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the pavement edge and that found further in from the pave-
ment edge. This difference in density is reflected in the 
strength of the cores removed from the pavement. Near 
the edge where density was very low, no cores could be 
taken because the LFA was badly disintegrated. At the 
locations in and between wheelpaths, the core strengths 
reflect the measured densities of the material at these 
locations, with the higher strength cores also having the 
higher densities. 

The investigation on Yorkhouse Road (Fig. 50) was on 
a superelevated curve. At this location, all of the distress 
was along the lower edge of the pavement and consisted of 
alligator cracking that extended to approximately the mid-
point of the lower lane. Density readings for the three 
locations are shown in Figure 50. 

It is noted that in all three locations, the density along 
the edge was much less than in the wheelpath or between 
the wheelpaths. Data on the densities from these three 
locations (plus four additional locations) are summarized 
in Table 14. These data clearly show the effect of inade-
quate compaction of the LFA material along the edge of 
these pavements. 

The types of distress observed during this investigation 
suggest that three factors are involved in the pavement dis-
tress. The distress is due primarily to deterioration of the 
LFA material. This deterioration is, in turn, the direct re-
sult of excess moisture in the base material and inadequate 
density of the LFA, especially along the pavement edge. As 
illustrated by the data from Winchester Road, when ade-
quate density is achieved, LFA materials develop and main-
tain a high level of strength. Conversely, it can be shown 
that reductions in the compacted density result in signifi-
cantly lower strength and sharply reduced durability for 
these materials. 

The pavement edge is usually inadequately compacted 
and, therefore, is of low density because of (a) the lack of 
side restraint during rolling or (b) the lack of adequate 
rolling along the edges. The different methods of compac-
tion and ways to achieve uniform densities to the pavement 
edge are discussed further in Chapter Six, Construction 
Procedures. 

Causes for the difference in densities of the LFA ma- 

TABLE 14 

DENSITY OF LFA MATERIAL AT THREE PAVEMENT 
LOCATIONS 

DENSITY AS 

DRY DENSITY (PCF) PERCENT  
OF WHEEL- 

STD. 	PATH 

LOCATION OF TEST 	AVE. 	DEV. 	DENSITY 

Near pavement edge 	122.42 	9.1 	91.0 
Centerline of 

wheelpath 	 134.8 	6.6 	100.0 
Between 

wheelpaths 	130.0 	7.5 	96.0  

terial between wheelpaths compared to the material in the 
wheelpath are less obvious. Speculation on this phenome-
non leads to two possible causes: (a) the pattern of the 
rollers and other compaction equipment during construc-
tion, and (b) the rolling of construction equipment on the 
layers of LFA material prior to its setting up. The pat-
terns of the compaction equipment used in the construction 
of the pavements investigated are not known; thus no fur-
ther conclusions can be reached concerning this potential 
cause. Construction traffic on this type of construction does 
not generally follow the final wheelpaths of the pavement. 
It is likely that such traffic produces added densification in 
areas other than the final pavement wheelpaths. 

Use of the compacted LFA layers by the construction 
equipment is normal for the type of construction procedures 
used with LFA materials. Although this practice has been 
successful and economical, it does involve certain inherent 
dangers. Two types of distress have been observed from 
these operations. One type of distress occurs when the LFA 
material becomes saturated before setting up. If the ma-
terial does not have adequate internal stability, the unset 
LFA begins to shove and rut like a poorly graded aggregate. 
This distress is immediately observable and can be cor-
rected by reshaping and recompacting the pavement layer 
and allowing it to cure before additional use is permitted. 
A more subtle and perhaps more harmful type of distress 
can occur when heavy construction equipment runs on LFA 
materials that are partially set up. This damage is particu-
larly harmful because it occurs after the initial set, and even 
with the autogenous healing, the damage significantly re-
duces the ultimate strength of the material. This type of 
damage is also more harmful because it is usually not ap-
parent on the layer surface during construction, especially 
if the LFA layer is sealed and surfaced immediately. This 
second type of damage occurs when the material is placed 
over soft supporting soils and heavily loaded trucks, or 
other heavy pieces of construction equipment, are permitted 
on the partially set up layers. 

The discussion on performance of pavements with LFA 
materials has been directed primarily at, their use as base 
and subbase materials. These materials have also been used 
as the base layer in pavement shoulders for both rigid and 
flexible pavements. The performance of LFA materials as 
the base layer in shoulders is somewhat spotty; some instal-
lations show good performance whereas in other installa-
tions the performance is far less favorable. 

A review of the installations in which the LFA material 
did not give good performance as a shoulder material re-
veals that the same factors that cause poor performance in 
the pavement section proper also affect its performance in 
the shoulder. The biggest single cause for distress in the 
shoulder is durability of the LFA material. This, in turn, 
is greatly affected by such factors as improper compaction 
adjacent to the pavement edge and segregation of the LFA 
adjacent to the pavement drainage edge. This lack of dura-
bility near the pavement edge produces a surface distress in 
the shoulder near the pavement edge, which in turn allows 
excessive water to infiltrate the shoulder near the pavement 
edge. This water, often saturated with salt, causes an ad- 
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vanced rate of disintegration in the LFA shoulder base layer 
(46,55, 56). 

Although the potential for distress appears greater when 
using LFA materials for shoulder base construction, the suc-
cessful use of this material in some locations indicates that 
it has the potential for this type of application. During 
shoulder construction, high-quality construction techniques 
should be used to ensure uniform density throughout (es-
pecially near the pavement edge) and to prevent segrega-
tion of the LFA material due to overhandling. It is also 
important to design shoulders in a manner that permits 
adequate drainage of infiltrating water. 

The performance of pavements with LFA materials is  

affected by the same factors that affect the performance of 
pavements with other stabilized materials. Thus, the pri-
mary factors affecting the performance of pavements with 
LFA materials are durability, proper thickness design con-
sistent with the expected loading, and material strength de-
velopment. Pavements with LFA materials are no more 
sensitive to these factors or to construction anomalies than 
are pavements with other types of paving materials. It can 
be concluded, therefore, that with proper attention to for-
mulation of these mixes, design of appropriate pavement 
sections, and proper control during construction, LFA ma-
terials have the potential to provide pavements with ex-
cellent performance records. 

CHAPTER FIVE 

SELECTION OF MIXTURE PROPORTIONS 

Proportions of lime, fly ash, and aggregate (soil) should be 
selected so that a mixture can be used for a designated pur-
pose. In most instances, quality requirements for the mix-
ture components are specified as indicated in Chapter Two 
of this synthesis. 

The mixture proportions selected must (a) possess ade-
quate strength and durability for the designated use (gen-
erally as a base or subbase layer), (b) be easily placed and 
compacted, and (c) be economical. For a given set of ma-
terials, several proportions can provide lime-fly ash—aggre-
gate (LFA) mixtures of satisfactory quality. 

APPROACH TO MIXTURE PROPORTIONING 

For a given set of materials (lime, fly ash, and aggregate), 
the factors that can be varied in the mixture selection proc-
ess are the amount of lime plus fly ash and the ratio of 
lime to fly ash. The blending of materials creates more suit-
able gradations that can be stabilized with lime plus fly ash 
to produce superior quality LFA mixtures (compared to the 
stabilizing of unblended materials) (58). If more suitable 
and economical LFA mixtures can be obtained by blend-
ing procedures, various blended gradations may be appro-
priately considered in the mixture selection process. 

Lime.PIus.FIy Ash Content 

It has been found (57, 58) that the quality of cementitious 
stabilized mixtures (strength and durability) is related to 
the quality of the matrix material. It is possible to achieve 
a high compacted density in the matrix material, thereby 
improving its strength and durability, only if there is 

sufficient matrix material to "float" the coarse aggregate. 
Lime-plus-fly ash contents in excess of the amount required 
for maximum dry density produce systems in which the 
coarse aggregate [plus No. 4 (>4.75 mm)] is floating in 
a matrix of lime plus fly ash plus aggregate fines. 

Many agencies use compacted dry density (ASTM C 593) 
to determine the approximate amount of lime plus fly ash to 
incorporate into the mixture. Moisture-density curves are 
developed for several mixtures with varying lime-plus-fly 
ash contents. The lime-to-fly ash ratio is constant at some 
predetermined value. A plot is then prepared showing the 
relationship between maximum dry density and lime-plus-
fly ash content. The peak of the density—lime-plus-fly ash 
curve corresponds to the condition in which the voids in the 
aggregate are filled with lime plus fly ash plus aggregate 
fines [minus No. 4 (<4.75 mm) fraction]. 

It is desirable and conservative to have lime-plus-fly ash 
contents in excess of the amount required to develop maxi-
mum dry density. LFA mixture quality may drop off rap-
idly when lime-plus-fly ash contents are less than the 
amount required for maximum dry density. 

Figure 51 shows a typical maximum dry density—lime-
plus-fly ash content response for an A-3 (0) material. Ma-
terials that are well graded in the range of ± 1-in. (25-mm) 
maximum size through the No. 200 (75-Lm) sieve do not 
require large quantities of lime plus fly ash in order to 
achieve maximum dry density. Figure 52 indicates that for 
a well-graded crushed stone and a pit-run gravel, lime-plus-
fly ash contents in excess of 10 percent decrease maximum 
dry density. It is apparent that the original gradations of 
the material to be stabilized significantly influence the lime- 
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plus-fly ash content requirement for developing maximum 
dry density. Poorly graded materials with smaller maxi-
mum sizes require substantially more lime plus fly ash than 
better graded materials with larger maximum size. 

Lime-to-Fly Ash Ratio 

The proper lime-to-fly ash ratio must be determined based 
on laboratory data. This ratio does not necessarily remain 
constant for a given lime and fly ash. Characteristics of the 
material to be stabilized, such as fines content and plasticity, 
also affect the lime requirement. Increased fines content 
and plasticity require more lime for the same fly ash 
content. 

Once an approximate lime-plus-fly ash content has been 
established, a series of mixtures with constant lime-plus-fly 
ash content and varying lime-to-fly ash ratio can be pre-
pared. Mixture compressive strength following a designated 
curing period [perhaps 7 days at 100 F (38 C) for the 
ASTM C 593 procedure] can be used to determine the 
appropriate lime-to-fly ash ratio. 

Mixture Designation 

After the approximate lime-plus-fly ash content and lime-to-
fly ash ratio have been determined, it is necessary to further 
evaluate mixture quality. Such factors as cured compressive 
strength, durability, and rate of strength development (time-
temperature-strength relation) may be of interest. If the 
preliminary mixture is not satisfactory, other mixtures with 
different lime-plus-fly ash contents or lime-to-fly ash ratios 
should be evaluated. 

After the lime and fly ash content requirements have been 
established for a mixture based on the laboratory testing 
data, the final lime content is designated. A 0.5 percent 
increase in lime content is generally sufficient to offset the 
construction variability (lime content variation) associated 
with typical mixture production procedures. 

In some instances, a less structured approach to selection 
of mixture proportions may be used. Ranges of lime-plus-
fly ash and lime-to-fly ash ratio mixtures are considered and 
mixture proportions established based on an analysis of 
strength and durability data. This procedure is usually less 
efficient. 

LABORATORY TEST PROCEDURES 

Several different laboratory test procedures are used in de-
veloping lime-fly ash—aggregate (LFA) mixture proportions 
and evaluating LFA quality. Some of the more widely used 
procedures are considered in the following sections. 

Moisture-Density Test Procedures 

Moisture-density tests are conducted in the usual manner 
with the exception that compactive effort varies. Table 15 
gives the compactive efforts specified by various procedures 
and agencies. The Proctor mold, 4.0 in. (100 mm) in 
diameter by 4.6 in. (117 mm) in length, is used in all of the 
procedures. 

It is important to note that compacted density has a very 
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substantial effect on the cured strength and durability of 
LFA mixtures. Quality criteria developed for one type, of 
compaction should not be indiscriminately applied to LFA 
mixtures prepared in accordance with a different compac-
tion procedure. 

Compressive Strength 

Compressive strengths of cured LFA mixtures are used to 
evaluate mixture quality and to characterize engineering be-
havior. Factors of interest in compressive strength testing 
are sample size, compaction procedure, and curing condi-
tions (time-temperature). 

Standard-size specimens [4.0 in. (100 mm) in diameter by 
4.6 in. (117 mm) in length] are most widely used. Aggre-
gate particles larger than 0.75 in. (19 mm) are scalped and 
discarded. For fine-grained soils and sandy materials, 2-in.-
diameter (50-mm) specimens have also been used. The 
University of Illinois procedure (36) uses a 2-in.-diameter, 
4-in.-long specimen. The Iowa State procedure (59) uses a 
2-in.-diameter, 2-in.-long specimen. It is important to note 
that the length-to-diameter ratios vary for the different pro-
cedures. 

Direct comparison of the strength data developed from 
specimens of different sizes is difficult. The use of a cor-
rection factor based on length-to-diameter ratio (for exam-
ple per ASTM C 42) should be considered in making such 
comparisons. 

Standard-size compressive strength specimens are pre-
pared using the same compactive effort specified in the 
moisture-density testing procedure and thus vary, depending 
on agency requirements. In the University of Illinois pro-
cedure (36), the mixture is compacted in three layers using 
a 4-lb (1.8-kg) hammer (full-face compactor) with a 12-in. 
(300-mm) drop. The number of blows per layer is varied 
to produce the desired compacted density (normally per 
ASTM C 593). 

General correlations (59) for the Iowa State specimen 
indicate that for one lift, double-ended compaction, 10 
blows (5 on each end) of a 5-lb (2.3-kg) hammer with a 
12-in. (300-mm) drop approximates standard Proctor den-
sity, and 20 blows (10 on each end) of a 10-lb (4.5-kg) 
hammer with a 12-in, drop approximates modified Proctor 
density. 

It is essential to maintain closely controlled curing con-
ditions for LFA mixtures. Both time and temperature sig-
nificantly influence LFA mixture strength development. 
Curing conditions should be indicated when strength data 
are presented. 

Many agencies (Illinois DOT, Pennsylvania DOT, FAA) 
use ASTM C 593 curing conditions [7 days at 100 F (38 C) 
in a sealed container]. In several of the Iowa State studies, 
curing conditions were 70 to 74 F (21 to 23 C) for various 
time periods ranging from 7 to 28 days. 

It is possible to predict the strength development of a 
lime-fly ash—aggregate (LFA) mixture under field curing 
conditions. Extensive field temperature studies (preferably 
with a theoretical heat flow model), such as those described 

TABLE 15 

MOISTURE-DENSITY TEST PROCEDURES 

Agency 	 Procedure 	Compactive Effort * 

- 	 ASTM C 593 	10/18/3/25 

Federal Aviation FAA 1611 	10/18/5/25 
Administration 

Illinois DOT - 	10/18/3/25 

Ohio DOT ASTM C 593 	10/18/3/25 

Pennsylvania DOT PTM 106 	5.5/12/3/25 

*hammer weight, lbs / hammer drop, inches / 
number of layers / blows per layer 

by Thompson and Dempsey (60) and MacMurdo and 
Barenberg (20), are required to characterize field curing 
conditions. The Pennsylvania Department of Transporta-
tion (61) has used extensive field temperature data to de-
velop a procedure for predicting field curing temperatures 
from air temperature data. 

In order to correlate field curing to LFA strength de-
velopment, it is necessary to establish a strength—degree-day 
relationship for the mixture. Temperature ranges used to 
establish the strength—degree-day relationship should be 
similar to those expected in the field environment. The 
importance of the curing temperature on strength develop-
ment is obvious from Figure 29. 

Field curing conditions are quite variable. This varia-
bility must be considered in developing cure time recom-
mendations for field conditions. Industry-sponsored studies 
at the University of Illinois indicate that for all curing con-
ditions in Illinois (Chicago, Springfield), the standard de-
viation for accumulated curing degree days (based on an 
analysis period from October 15 to November 30) is ap-
proximately 75 degree days, 40 F base (42 degree days, 
4 C base). 

Durability Tests 

Three procedures have been predominantly used for eval-
uating the freeze-thaw durability of LFA mixtures. 

The freeze-thaw brushing procedure, formerly included 
in ASTM C 593, is basically modeled after the soil-cement 
procedure (AASHTO T 136). Thompson and Dempsey 
(60) indicate that the temperature conditions used in the 
ASTM C 593 procedure are unrealistic and do not simu-
late field conditions. The "weight loss" factor determined 
in the ASTM procedure has no physical significance in 
terms of basic engineering properties (strength, stiffness, 
etc.). 

Dempsey and Thompson (36) developed automatic 
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TABLE 16 

QUALITY CRITERIA 

Minimum 
Compressive Strength 	 Maximum Weight 

Agency 	 psi 	 (kPa) 	 Loss, % * 

ASTM C 593 400 (2800) 14 

Illinois DOT 400 (2800) 10 

Ohio DOT 400 (2800) 10 

FAA 400 (2800) 14 

Pennsylvania DOT Not specified 14 

*12 cycles of freeze-thaw 

25° 

Illinois Mean Winter 
Temperoture ( December, 
January, February 

Note 
All Temperotures 
Are In °F 

0 

Illinois Durability Zones 350  
Northern Zone 

Region I 
Districts 2, 3,8 4 

Central Zone 
Districts 586 

Southern Zone 
Districts 7, 8,89 

Figure 53. Mean Winter temperature data and freeze-thaw durability zones for 
Illinois. 
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freeze-thaw testing equipment that accurately simulates field 
conditions. Compressive strength after freeze-thaw cycling 
(5 to 10 cycles) is used to characterize LFA mixture 
durability. 

The vacuum saturation test procedure proposed by 
Dempsey and Thompson (37) is a rapid technique (ap-
proximately one hour). The vacuum saturation procedure 
produces an excellent correlation (Figs. 16 and 17) be-
tween the compressive strengths of vacuum saturation 
specimens and freeze-thaw (Dempsey-Thompson technique) 
specimens. ASTM C 593 has been revised to use the 
vacuum saturation procedure for durability evaluation 
purposes. 

QUALITY CRITERIA 

The acceptability of LFA mixtures is determined by apply-
ing selected quality criteria. Most mixture proportion pro-
cedures include both strength and durability criteria. 

Minimum cured compressive strength and maximum 

weight loss criteria are specified by ASTM C 59 3-69, Illi-
nois DOT, and the Federal Aviation Administration, as 
given in Table 16. The Pennsylvania Department of Trans-
portation has a durability requirement, but no strength cri-
teria. The vacuum saturation strength requirement re-
cently incorporated into ASTM C 593 specifies a minimum 
vacuum saturation strength of 400 psi (2800 kPa). The 
Illinois DOT is also currently considering a vacuum satura-
tion strength requirement. 

Thompson and Dempsey (32) advocate the use of the 
residual strength approach for establishing freeze-thaw 
durability criteria. The approach emphasizes that a sliding 
scale of quality should be specified depending on the field 
service conditions anticipated for the mixture. For exam-
ple, little freeze-thaw action occurs in an LFA mixture layer 
course in southern Illinois, but many freeze-thaw cycles 
occur in a base course constructed in Chicago. In fact, it 
has been proposed that Illinois be divided into three sepa-
rate zones, as shown in Figure 53, for the purpose of estab-
lishing stabilized mixture durability criteria. 

CHAPTER SIX 

CONSTRUCTION PROCEDURES 

Among the advantages for use of LFA mixtures in pave-
ment construction are the ease of construction and the fact 
that conventional construction equipment can be used to 
mix and place the materials. The major requirements for 
the effective use of LFA materials are that the ingredients 
be thoroughly mixed, that the mixture be spread uniformly 
to the proper thickness with a minimum of manipulation, 
and that it be compacted to a high relative density. This can 
be accomplished with construction equipment normally 
found on a pavement construction site (i.e., spreader box, 
grader, rollers, water truck, etc.). Although the required 
construction procedures are well known to pavement con-
tractors, it is emphasized that poor construction techniques 
can result in reduced pavement performance and a final 
product with low reliability. 

The blending of lime-fly ash—aggregate (LFA) materials 
can be done either in place on the roadbed using rotary 
mixers and similar equipment, or in a central plant. Plant 
blending is recommended where economically feasible be-
cause of the greater control over the quantity of ingredients 
added and the production of a more uniform mix. 

CENTRAL PLANT OPERATIONS 

Blending of Components 

Figure 54 shows a schematic layout of a typical plant used 
in the blending of LFA mixtures. The main components of 
these plants are: 

Aggregate hopper with belt feeders. 
Fly ash hopper with a belt feeder and controls. 
Lime storage tank with an intermediate feed hopper 

and a feed control device. 
Water storage tank with a calibrated pump. 
Continuous or batch-type pugmill for blending the 

components. 
Surge hopper for temporary storage of blended LFA. 

Figures 55 and 56 show various plants set up to produce 
LFA materials. These plants vary in capacity from small 
portable units, capable of being transported over the high-
way system and set up without special equipment, to large 
permanent plants. The portable plants are designed to pro- 
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Figure 54. Schematic diagram of typical plant layout for LFA mixes. 	 . 

duce about 100 tons (90 000 kg) of LFA mix per hour 
whereas the larger, permanent plants are capable of pro-
ducing up to 600 tons (540 000 kg) per hour. 

In addition to the equipment, described, the operator 
needs front-end loaders, tractors, and similar equipment to 
charge the aggregate and fly ash hoppers and to maintain 
an orderly plant site and plant operation.. 

Lime is stored in silo tanks as shown in the figures. It 
is delivered in pneumatic transports that are also used to 
charge the silos with the lime as shown in Figure 57. The 
storage capacity for lime needed at each plant depends on 
the plant production capacity, the reliability of the delivery 
schedules, and time lag between ordering and delivery of 
the lime. 

Fly ash is normally stored in open stockpiles as shown in 
Figure 58. Fly ash stored in this manner must be condi-
tioned with sufficient water to prevent dusting (usually 15 
to 20 percent residual moisture content). During dry 
weather, the stockpile surfaces must be kept moist, or the 
stockpile must be covered to prevent surface dusting. The 
conditioned fly ash is charged into the feeder hopper with 
a front-end loader or other arrangement. Some fly ashes  

set up in the stockpile. These must be recrushed before use 
in LFA mixes. Hammer mills and roll mills have beenued 
effectively to crush the set-up fly ash. 

The pugmill mixing plants described in the preceding 
chapters are normally the type used to blend LFA materials. 
However, central-mix concrete plants have been used suc-
cessfully for this purpose. Adequate mixing time must be 
provided in the central-mix plant to ensure thorough blend-
ing of the constituents: 

Hauling 

LFA mixtures blended in a cental plant can be hauled to 
the road site in conventional, open-bed dump trucks. If 
haul distances are long, or if drying of the material enroute 
poses a problem, provisions should be made to cover the 
trucks with tarpaulins or other suitable cover to prevent 
loss of moisture or the scattering of dust along haul routes. 
Sufficient trucks should be made available so that 'all equip-
ment, such as the mixing plant spreaders, rollers, etc., can 
operate at a steady, continuous pace rather than on a 
stop-and-go basis. 
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Fi_'ure 55. J'oriable pla,it used to produce LFA ,naterials 
	

Figure 56. I'er,nanent plant setup used to produce LFA 
materials. 

Spreading 

Plant-blended lime-fly ash—aggregate mixtures should be de-
livered to the prepared subgrade and spread as uniformly 
as possible with a minimum of manipulation. Figures 59 
through 62 show various types of operations and equip-
ment for spreading the blended LFA mixture. Spreader 
boxes, asphalt laydown machines, or other equipment with 

automated grade control is recommended because such 

mechanized equipment generally gives better uniformity of 

depth with a minimum of manipulation and segregation. 

The materials can be placed in windrows from the trucks 

and spread with graders. but this method is not recorn-

mended. With the windrow-type of operation. the material 

can be overmanipulated causing drying and segregation. 
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Figure 57. Lime being delivered to a plant by a truck having a 
pneumatic discharge svstenl. 

.' 

Fi'ure 58. F/v as/i stored in open stockpiles tiear if utility plant. 

Layers of LFA mix are normally spread to a thickness 
between 1 5 and 30 percent greater than the desired final 
thickness to allow for compaction. The amount of excess 
thickness is a function of the aggregate type and source as 
well as the method of spreading. Some types of spreading 
operations provide a degree of initial consolidation; there-
fore, some experimentation is necessary to determine the 
proper spread thickness for each operation. 

The maximum recommended thickness for a single layer 
of LFA after compaction is S to 10 in. (200 to 250 mm), 
although some agencies specify a lesser maximum thick-
ness. If thicknesses of LFA layers greater than the speci-
fied maximum are needed to develop an adequate pavement 
system, the material should be spread and compacted in 
lifts. If the material is placed in lifts, the time between lifts 

Figure 59. Tractor-,nounu'd spreaders used to distribute LFA 	Figure 60. Tractor-mounted spreader distributing LEA mi.v 
,nives over the roadbed. 	 from a .senmi-tvpe dump truck. 
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Figure 61. Subgraders used to distribute LFA mix. 	 Figure 62. Graders for fitial subgrading of LFA mixes, 

should be kept as short as possible so that the lower layer 

has not set up before the next layer is placed. If the LFA 

material in the lower layer is fresh and the surface free of 

loose debris, dirt, or sand, the next layer can be spread 

without scarifying the lower layer. Subsequent layers should 
be placed the same day: however with multiple layered 

pavements, such as airport and marine terminal pavements, 

this is not always possible. If the LFA mix in the lower 
layer has taken on an initial set, steps should be taken to 

ensure the development of a bond between the two layers. 

Specifically, there should be no loose material on the lower 

layer: the surface should be moist before placing the LFA 

material for the subsequent layer. 

Compaction 

A critical step in the construction of pavement with LFA 

mixes is compaction. Achieving a high relative density in 

these materials in place is the key to good performance. 

Figure 63 shows the final compaction of LFA mixtures with 

a steel-wheel roller. Steel-wheel, pneumatic, vibratory pan, 

and vibratory wheel rollers have all been used effectively for 

compacting LFA mixes. Because the material is basically 

granular in nature, with little or no cohesion at the time of 

compaction, pneumatic tire rollers, vibratory rollers, and 

vibratory pans are usually most effective in providing 
initial densification of the mixes. 

An important factor in achieving good density is an 
adequate working platform. LFA mixes placed and rolled 

on a soft subgrade tend to shove rather than densify. This 
leads to poor quality LFA material and high defiections of 

the pavements in service. An adequate support for the 

placement and compaction of LFA mixes is important even 

if it requires treatment of the existing soil. Treatment of 

soft subgrades usually results in reduced construction costs 
and increased pavement performance. 

Steel-wheel rollers are generally used only for producing 

a true and smooth final surface after initial compaction with 

the other types of compactors. The final surface is usually 

brought to grade with a grader or string-line subgrader prior 
to final rolling with steel-wheel rollers. 

An advantage of LFA mixes over some stabilized ma-

terials is that they can be effectively compacted for an ex-

tended period of time after mixing. Compaction within 

four hours after mixing is strongly recommended: however 

with some mixes, compaction can be achieved over a longer 
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Figure 63. Final rolling of a layer of LFA mix. (Preliminary 
compaction is usually done with vibratory and rubber-tired 
coin pactors.) 

time span. The length of time that can elapse between mix-
ing and final compaction is a function of the initial reactivity 
of the mixture and climatic conditions. Generally, compac-
tion should be completed as rapidly as possible to prevent 
loss of moisture and difficulty in the compaction due to 
initial set. Most specifications require the material to be 
compacted within four hours of mixing, and always on the 
same day on which it is mixed and spread. With some of 
the fast-setting fly ashes produced from subbituminous 
coals, it may be desirable to consider using retarders to 
increase compaction time. Not all retarders are effective, 
however, and each retarder should be checked with the mix 
in which it is to be used for effectiveness and possible side 
effects. With the faster setting fly ashes, the time between 
mixing and final compaction should be as short as possible, 
consistent with sound construction practice. 

MIXED-IN-PLACE OPERATIONS 

Satisfactory quality lime-fly ash mixes have been produced 
in mixed-in-place operations. The construction procedure 
consists of preparing a bed of suitable aggregate material 
of the approximate width of the roadbed, spreading the 
required amounts of lime-fly ash and water, and mixing with 
rotary mixers or other mixing equipment (Figs. 64 and 
65). After thorough blending of the components to the 
desired depth, the LFA mix is spread to the required thick-
ness and compacted to the desired density. Although sat-
isfactory performances have been attained with mixes 
prepared in this manner, the over-all quality of the mixed-
in-place operation is less satisfactory than that of plant mix 
operations. Some problems and limitations with the mixed-
in-place operations are discussed in the following section. 

Preparation of the Roadbed 

In mixed-in-place operations. aggregates already in place on 
the roadbed can be incorporated into the mix. Although 
the cost for the aggregates in the mix is greatly reduced, the 

quality of dgglegatcs uljtaiiicd iii this miniicr is also usually 
reduced. Most roadbed aggregates have some soil inter-
mixed, and these soil fines may significantly interfere with 
the production of a quality LFA mix. 

When using in-place aggregates for LFA mix, all the 
standard mixture proportion tests should be run to evaluate 
their suitability. It may be necessary to modify the aggre-
gates to produce a satisfactory LFA mix. Specifically, it 
may be necessary to "sweeten" the in-place material with 
ad,litional cican aggrcgafc to achicvc a saticfnrtory rada-
tion. If the fine portions of the in-place aggregates con-
tain excessive silts, this may tend to "choke down" the lime-
fly ash reactivity, further lowering the quality of mix. If 
the fines are predominantly clay minerals, lime may be pre-
blended to the aggregate to break down the clay to make a 
more worakble mix. 

If lime is used to make the in-place soil-aggregate work-
able, the following construction sequence is recommended: 

I. Scarify the in-place soil-aggregate material. 
Spread enough lime on the scarified roadbed to kill 

the plasticity of the fines and disc the lime into the soil. 
Allow the lime and soil-aggregate mixture to mellow 

(usually for 24 hours). 
Add aggregates and water as required and blend into 

the mellowed lime and soil-aggregate mixture. 
Level and smooth to make a prepared aggregate bed 

of the desired width and thickness for mixing with the lime 
and fly ash. 

Spread the lime and fly ash either as a blend or 
separately. 

Thoroughly mix the components adding water as 
necessary to bring the mix to the desired moisture content. 

Spread and compact to the desired thickness and 
density. 

For conditions where lime or additional aggregates are 
not required on the road site, steps 2. 3, and 4 can be 
deleted as appropriate. Steps 1, 5, 6, 7, and 8 apply to all 
mixed-in-place operations. 

Spreading Lime and Fly Ash 

In most instances, lime and fly ash are spread separately on 
the prepared roadbed in the mixed-in-place operations. It 
is possible, however, to preblend these two components be-
fore spreading as, for example, with the "Master Mix" 
material available from several suppliers. When lime and 
fly ash are preblended, it is necessary that they be stored in 
a dry state. They are normally spread in the dry condition. 

Lime Spreading 

Lime can be delivered and spread on the aggregate bed in 
either the dry condition or as a slurry. Most lime used for 
mixed-in-place operations is delivered and spread dry from 
pneumatic trucks. 

Spreading dry lime has two major problems: (a) achiev-
ing a uniform lime distribution, and (b) controlling the dust 
associated with the discharge from the pneumatic truck. In 
populated areas, the dusting problem may be severe and 
special precaution should be taken with this operation. 
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Figure 64. Rotary mixers used to blend LFA mixes for nuxed-
in-place operations. 

Figure 65. Two t'iews of a mixed-in-place operation. 

The major problems associated with spreading the lime 
in slurry form are the large quantities of water required 
and the cost of hauling water long distances. In addition. 
the water used to slurry the lime may cause an excess of 
water in the mix. The slurry method of lime spreading is 
practical only when the in-place aggregate requires signifi-
cant water to bring the mix to optimum moisture content 
and when an adequate supply of water is nearby and 
is inexpensive. 

Fly Ash Spreading 

Nearly all fly ash is spread in the conditioned state (i.e., 
moisture content at 15 to 25 percent). It is possible to 
spread dry fly ash from pneumatic trucks, but dusting with 
this mode of operation is severe and creates special han-
dling problems, especially near populated areas. 

Conditioned fly ash is normally delivered in open dump 
trucks and is dumped and spread with a grader, spreader 
box, or other types of spreaders. Uniform distribution of 
the fly ash compared with the aggregate is the major prob-
lem with this type of operation. 

Blending 

As indicated, blending in place is normally done with 
rotary mixers and similar equipment. Heavy-duty rotary 
mixers (such as shown in Figure 64) must be used to make 
this operation successful. Blending can also be done with 
graders, but this method of blending is much less effective 
than with rotary mixers. Improper manipulation with 
graders can result in segregation of the coarse and fine 
aggregates in the mix. 

Compaction 

Compaction of LFA for mixed-in-place operations is the 
same as for plant mix operations. 

SEALING AND SURFACING LFA LAYERS 

Compacted layers of LFA material should be sealed as soon 
as possible to prevent loss of moisture. In many instances, 
a prime coat consisting of from 0.1 to 0.2 gallons per square 
yard (0.38 to 0.75 litres per square metre) of cut-back liq- 
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uid or emulsified asphalt is placed the day of compaction, 
and never later than the day following placement and com-
paction. Any pavement surface layers are applied as soon 
thereafter as can be scheduled in the construction sequence. 
The only justification for delay in surfacing the LFA mixes 
occurs when heavy rains saturate the base and subbase, 
making the compacted roadway unstable and causing it to 
shove and rut under the surfacing equipment and trucks. 

CONSTRUCTION SEASON 

Construction season varies with the climatic conditions of 
any particular site and the manner in which the paved sec-
tion will be used during the first winter. Early-season con-
struction is limited by the dates during which heavy con-
struction can effectively operate on the site after the normal 
last freezing date. The late-season cutoff date is determined 
by such factors as the rate of setting of the LFA mix and 
the anticipated temperature between the last construction 
date and the beginning of heavy frost penetration. A typi- 

cal construction season for northern and central Illinois 
ranges from the last half of April to about mid-October. 
In more moderate climates, suôh as at Newark, New Jersey, 
where no loads are to be placed on the pavement during the 
winter months, LFA has beei placed up to December 1 
without any apparent long-term damage. 

Procedures have been determined for the systematic de-
termination of the late-season cutoff date based on historical 
data from a first-order weather station in the area. A model 
procedure is shown in Appendix B. 

SPECIFICATIONS FOR MIXING AND PLACING 
LFA MIXES 

Typical specifications for mixing and placing LFA ma-
terials are given in Appendix C. It is emphasized that these 
are only model specifications and that each agency or user 
must develop specifications that meet its particular needs. 
Specifications currently used by Illinois are included in 
Appendix D. 

CHAPTER SEVEN 

APPLICATIONS AND LIMITATIONS 

As with all paving materials and pavement systems, LFA 
materials are most effective when used under proper con-
ditions and within specified limitations. Although these 
materials have wide applicability in pavement construction, 
there are conditions, of which the proposed user should be 
aware, involving risks. Some of the conditions and limita-
tions for use of LFA materials for pavement construction 
are as follows: 

LFA materials can be used for a wide range of pave-
ment systems from low-volume roads to heavy-duty pave-
ments. Appropriate mixture proportion procedures and cri-
teria are available for the entire range of pavement systems. 

LFA materials can be used as either a base or subbase 
material in flexible pavement systems or as a base material 
in rigid pavement systems. A riding surface is required for 
the flexible pavement systems. This can vary from a seal 
coat for low-volume roads to 4 to 6 in. (100 to 150 mm) 
of asphaltic concrete for heavy-duty airfield pavements. Use 
of the seal coat should be limited to very-low-volume roads, 
preferably with low-speed vehicles. 

The key to good performance with LFA materials is 
to select a mixture proportion having adequate quantities of 
lime and fly ash and to employ sound construction tech-
niques. Thorough blending of the components and high  

relative densities in place will result in good pavement 
performance with these materials. 

Durability is the single most important property in the 
performance of LFA materials, especially in areas of cyclic 
freezing and thawing and where use of deicing salt is heavy. 
No standard criteria for durability can be given because the 
level of durability should relate to the in situ environmen-
tal conditions for the proposed pavements. Durability also 
varies with the amount of cure the material experiences be-
fore it is exposed to detrimental environmental conditions. 

Procedures have been developed for establishing cut-
off dates for late-season construction with LFA materials. 
The procedures outlined in Appendix B are based on the 
expected curing conditions, the number of freeze-thaw cy-
cles, and the traffic conditions expected at the site. There 
have been a number of instances in which LFA materials 
have been placed after the last expected curing weather has 
passed, allowed to be undisturbed over the winter, and 
trafficked the following spring and summer without ap-
parent damage. This procedure, while effective, is not rec-
ommended for normal use. Application of traffic during the 
critical freezing and thawing seasons greatly increases the 
probability of damage in proportion to the amount of traffic 
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and magnitude of applied loads. Thus, the user must be 
aware of the potential hazards of late-season construction, 
and trafficking of insufficiently cured LFA materials. 

High relative density in situ is critical for development 
of high-strength, highly durable materials. Because high 
density is achieved primarily through compactive effort, it 
is important that conditions exist for achieving densification 
with the application of effort. It is particularly important 
that a firm support be established as a base for compaction. 
Attempts to achieve a high relative density in materials 
supported on soft subgrades result in shoving rather than  

densification of the materials. There are special problems 
of compaction near the edge of any pavement layer be-
cause, without lateral support, the material is likely to shove 
rather than to densify under the compactor. 

Excessive moisture combined with freezing and thaw-
ing and high concentrations of salt is an extreme environ-
mental condition to be avoided. If high groundwater is 
present at the site, installation of subsurface drainage fa-
cilities can provide substantial improvement in perform-
ance. Salt brine is detrimental to LFA materials and should 
be drained from the pavement system as rapidly as possible. 

REFERENCES 

1. BOYNTON, R. S., Chemistry and Technology of Lime Conference, Bureau of Mines Information Circular 
and Limestone. Interscience Publishers (1966). 8348 (1967). 

2. HERRIN, M., and MITCHELL, H., "Lime-Soil Mixtures." 13. MINNICK, L. J., "Fundamental Characteristics of Pul- 
HRB Bull. 304 (1961) pp.  99-138. verized Coal Fly Ashes." Proc. ASTM, Vol. 59 (1959) 

3. DAVIDSON, D. T., SHEELER, J. B., and DELBRIDGE, pp. 1155-77. 
N. 0., JR., "Reactivity of Four Types of Flyash with 14. VINCENT, R. D., MATEOS, M., and DAVIDSON, D. T., 
Lime." HRB Bull. 193 (1958) pp. 24-31. "Variation in Pozzolanic Behavior of Fly Ashes." 

4. MATEOS, M., and DAVIDSON, D. T., "Lime and Fly Proc. ASTM, Vol. 61 (1961) pp. 1094-1116. 
Ash Proportions in Soil, Lime and Fly Ash Mixtures, 15. WATT, J. D., and THORNE, D. J., "Composition and 
and Some Aspects of Soil Lime Stabilization." HRB Pozzolanic Properties of Pulverized Fuel Ashes: 	II. 

Bull. 335 (1962) pp.  40-64. Pozzolanic Properties of Fly Ashes as Determined by 

5. WANG, J. W., DAVIDSON, D. T., ROSAUER, E. A., and Crushing Strength Tests on Lime Mortar." Journal of 

MATEOS, M., "Comparison of Various Commercial Applied Chemistry, Vol. 15 (Dec. 1965) pp. 595-604. 

Limes for Soil Stabilization." HRB Bull. 335 (1962) 16. MINNICK, L. J., "Investigations Relating the Use of 

pp. 65-79. Fly Ash as an Admixture in Portland Cement Con- 

6. GOECKER, W. L., MOH, Z. C., DAVIDSON, D. T., and crete." Proc. ASTM, Vol. 54 (1954). 
CHU, T. Y., "Stabilization of Fine and Coarse-Grained 17. SIM0Ns, H. S., and JEFFREY, J. W., "An X-Ray Study 
Soils with Lime-Flyash Admiktures." HRB Bull. 129 of Pulverized Fuel Ash." Journal of Applied Chem- 

(1956) pp. 63-82. istry, Vol. 10 (Aug. 1960) pp. 328-36. 

7. "Standard Definition of Terms Relating to Hydraulic 18. WATT, J. D., and THORNE, D. J., "Composition and 
Cement." ASTM C 219-74a. Pozzolanic Properties of Pulverized Fuel Ashes: 	III. 

8. BRACICETT, C. E., "Production and Utilization of Ash Pozzolanic Properties of Fly Ashes as Determined by 
in the United States." Proc. Third International Ash Chemical Methods." Journal of.  Applied Chemistry, 

Utilization Symposium, Bureau of Mines Information Vol. 16 (Feb. 1966) pp.  33-39. 
Circular 8640 (1974). 19. MINNICK, L. J., WEBSTER, W. C., and PRUDY, E. J., 

9. WATT, J. D., and THORNE, D. J., "Composition and "Prediction of Fly Ash Performance." Proc. Fly Ash 

Pozzolanic Properties of Pulverized Fuel Ashes: 	I. Utilization Conference, Bureau of Mines Information 
Composition of Fly Ashes from Some British Power Circular 8488 (1970). 
Stations and Properties of Their Component Particles." 20. MACMURDO, F. D., and BARENBERG, E. J., "Deter- 

J. Appi. Chem., Vol. 15 (Dec. 1965) pp.  585-94. mination of Realistic Cutoff Dates for Late-Season 

10. MINNICK, L. J., "Reactions of Hydrated Lime with Construction with Lime-Fly Ash and Lime-Cement- 

Pulverized Coal Fly Ash." Proc. Fly Ash Utilization Fly Ash Mixtures." 	Hwy. Res. Record No. 442 

Conference, Bureau of Mines Information Circular (1973) pp.  92-101. 

8348 (1967). 21. ROBNETT, Q. L., and THOMPSON, M. R., "Soil Stabili- 

11. MANZ, 0. E., "Ash from Lignite." 	Proc. Fly Ash zation Literature Review." Civil Engineering Studies, 

Utilization Conference, Bureau of Mines Information Highway Engineering Series No. 34, Illinois Coopera- 

Circular 8348 (1967). tiVe Highway Research Program, Univ. of Illinois, 

12. BRACICETT, C. E., "Availability, Quality, and Present Urbana, Ill. (June 1969). 

Utilization of Fly Ash." 	Proc. Fly Ash Utilization 22. BARENBERG, B. J., "Lime-Fly Ash Aggregate Mixtures 



54 

in Pavement Construction." Process and Technical 
Data Publication, National Ash Association (1974). 
AHLBERG, H. L., and BARENBERG, E. J., "Pozzolanic 
Pavements." Bulletin 473, Eng. Exper. Station, Univ. 
of Illinois, Urbana, Ill. (1965). 
HOLLON, G. W., and MARKS, B. A., "A Correlation 
of Published Data on Lime-Pozzolan-Aggregate Mix-
tures for Highway Base Course Construction." Circu-
lar No. 72, Eng. Exper. Station, Univ. of Illinois, 
Urbana, Ill. (1962). 
KENNEDY, T. W., and HUDSON, W. R., "Application 
of the Indirect Tensile Test to Stabilized Materials." 
Hwy. Res. Record No. 235 (1968) pp.  36-48. 
CUMBERLEDGE, G., HOFFMAN, G. L., and BHAJANDAS, 
A. C., "Curing and Tensile Strength Characteristics of 
Aggregate-Lime-Pozzolan." Trans. Res. Record No. 
560 (1975) pp.  21-30. 
MINNICK, L. J., and MEYERS, W. F., "Properties of 
Lime-Flyash-Soil Compositions Employed in Road 
Construction." HRB Bull. 69 (1953) pp.  1-28. 
AHLBERG, H. L., and MCVJNNIE, W. W., "Fatigue 
Behavior of a Lime-Fly Ash-Aggregate Mixture." 
HRB Bull. 335 (1962) pp.  1-10. 
CALLAHAN, J. P., MORROW, J., and AHLBERG, H. L., 
"Autogenous Healing in Lime-Pozzolan-Aggregate 
Mixture." Report No. 631, Department of Theoretical 
and Applied Mechanics, College of Engineering, Univ. 
of Illinois, Urbana, Ill. (1962). 
MILLER, R. H., and COUTURIER, R. R., "Measuring 
Thermal Expansion of Lime-Fly Ash-Aggregate Com-
positions Using SR-4 Strain Gages." Hwy. Res. Record 
No.29 (1963) pp.  83-94. 
BARENBERG, E. J., "Lime Fly Ash Aggregate Mixtures 
as Paving Materials." Proc. 3rd Interamerican Con-
ference on Materials Technology, Rio de Janeiro, 
Brazil (1972). 
THOMPSON, M. R., and DEMPSEY, B. J., "Final Re-
port-Durability Testing of Stabilized Materials." Civil 
Engineering Studies, Transportation Engineering Series 
No. 11, Illinois Cooperative Highway Research Pro-
gram, Series No. 152, Univ. of Illinois, Urbana, Ill. 
(June 1974). 
GEORGE, K. P., "Development of a Freeze-Thaw Test 
for Evaluating Stabilized Soils." Master's thesis, Iowa 
State Univ., Ames, Iowa (1961). 
DAVIDSON, D. T., and BRUNS, B. W.,"ComparisoE of 
Type I and Type II Portland Cements for Soil Stabili-
zation." HRB Bull. 267 (1960) pp.  28-45. 
DAVIDSON, D. T., MATEOS, M., and BARNES, H. F., 
"Improvements of Lime Stabilization of Montmoril-
lonitic Clay Soils with Chemical Additives." HRB 
Bull. 262 (1960) pp.  33-50. 
DEMPSEY, B. J., and THOMPSON, M. R., "Interim Re-
port-Durability Testing of Stabilized Materials." 
Civil Engineering Studies, Transportation Engineering 
Series No. 1, Illinois Cooperative Highway Research 
Program, Series No. 132, Univ. of Illinois, Urbana, 
Ill. (Sept. 1972). 
DEMPSEY, B. J., and THOMPSON, M. R., "Vacuum 
Saturation Method for Predicting the Freeze-Thaw 

Durability of Stabilized Materials." Hwy. Res. Record 
No. 442 (1973) pp. 44-57. 
BARENBERG, E. J., "Variability of Lime-Fly Ash Mix-
tures." Unpublished report. 
AHLBERG, H. L., and BARENBERG, E. J., "The Univer-
sity of Illinois Pavement Test Track-A Tool for 
Evaluating Highway Pavements." Hwy. Res. Record 
No. 13 (1963) pp.  1-21. 
BARENBERG, E. J., "Behavior and Performance of As-
phalt Pavements with Lime-Flyash-Aggregate Bases." 
Proc. Second International Conference on the Struc-
tural Design of Asphalt Pavements, Ann Arbor, Mich. 
(1967) pp. 619-33. 
BARENBERG, E. J., "Behavior of Pozzolanic Pavements 
Under Load." Hwy. Res. Record No. 112 (1966) 
pp. 1-24. 
BARENBERG, E. J., "Lime-Flyash-Aggregate Mixtures." 
Proc. Fly Ash Utilization Conference, Bureau of Mines 
Information Circular 8348 (1967) pp. 111-34. 
DUNN, H. C., "A Study of Four Stabilized Base 
Courses." Ph.D. dissertation, The Pennsylvania State 
Univ., University Park, Pa. (Nov. 1974). 
HAZARIKA, B. P., "Performance and Economic Analy-
sis of Flexible Pavements in Lake County, Illinois." 
Ph.D. dissertation, Univ. of Illinois, Urbana, Ill. 
(1973). 
HIRST, T. J., FANG, H. Y., and SCHMIDT, D. W., "Soil 
Support and Structural Coefficients for Flexible Pave- 
ments in Pennsylvania." Fritz Engineering Laboratory 
Report No. 350.5, prepared for the Penn. Dept. of 
Transportation (1972). 
MCKENZIE, L. J., "Final Report, Experimental Paved 
Shoulders on Frost Susceptible Soils." Research and 
Development Report No. 39, Illinois Dept. of Trans-
portation (1972). 
MEYERHOF, G. G., "Load Carrying Capacity of Con-
crete Pavements." Journal of Soil Mechanics and 
Foundations Division, Vol. 38, No. SM 3, Amer. 
Society of Civil Engineers (June 1962) pp.  89-116. 
YANG, N. C., "Analysis of Plate Load Tests by Multi-
Layer Computer Program." An engineering analysis 
for the Port of Portland (Oregon) of the plate load 
test results run on the lime-flyash-aggregate pavements 
used in construction of their marine terminal pave-
ments (1974). 
YANG, N. C., "New Paving Concept for Newark Air-
port." Civil Engineering, Vol. 40, No. 9 (Sept. 1970) 
pp. 95-98. 
YANG, N. C., "Systems of Pavement Design and 
Analysis." Hwy. Res. Record No. 239 (1968) pp. 
25-53. 
"AASHO Interim Guide for Design of Pavement 
Structures, 1972." Amer. Assn. of State Highway 
Officials (1972). 
"Newark Airport Pavement: The Pavement Story." 
Brochure published by Port Authority of New York 
and New Jersey (1969). 
"Newark Airport Redevelopment: The Pavement 
Story." Brochure published by Port Authority of New 
York and New Jersey (1969). 



55 

"PAM as Subbase for PCC Pavement." Internal Ad- 	Aggregate Mixtures." Trans. Res. Record No. 560 
ministrative Report, Illinois Dept. of Transportation, 	(1975) pp. 1-10. 
private communication, unpublished (1969). 	 59. VisKoci-uL, R. K., HANDY, R. L., and DAvIDs0N,D. T., 
"PAM and CAM as Paved Shoulder Base and Sub- 	"Effect of Density. an Strength of Lime-Flyash Sta- 
base for PCC Pavement." Committee Report, Illinois 	bilized Soil." HRB Bull. 183 (1957) pp.  5-15. 
Dept. of Transportation, unpublished (1969). 	 60. THOMPSON, M. R., and DEMPSEY, B. J., Quantitative 
"Paved Shoulder Problems—Stevenson Expressway." 	Characterization of Cyclic Freezing and Thawing in 
Research and Development Report No. 19, Illinois 	Stabilized Pavement Materials." Hwy. Rex. Record 
Div. of Highways (1967). 	 No. 304 (1970) pp.  38-44. 
"Lab Studies Set Gradation Limits for Soil-Cement." 	61. HOFFMAN, G. L., CUMBERLEDGE, G., and BHAJANDAS, 
Soil Cement News, No. 84 (Jan. 1966). 	 A. C., "Establishing a Construction Cut-Off Date for 
ANDRES, R., GIBALA, R., and BARENBERG, E. J., "Some 	Placement of Aggregate-Lime Pozzolan." Pennsylvania 
Factors Affecting the Durability of Lime-Fly Ash- 	Dept. of Transportation (1974). 

APPENDIX A 

AVAILABILITY OF LIME AND FLY ASH IN THE UNITED STATES 

Figure A-i. Commercial lime plants in U.S., 1974. 	 9 - Convnercial Plant 	 - 
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Figure A-2. Approximate ash production (in 1,000s of tons) by major electric utilities, 1973. 
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Strength development of lime-fly ash—aggregate mixes is 
time- and temperature-dependent. For a particular stabi-
lized fly ash-aggregate mixture, a specified minimum cur-
ing, normally expressed in terms of degree days (DD), is 
required to develop a desired cured strength (CS). For 
typical conditions in many northern states, little beneficial 
curing can be achieved on a predictable basis after Novem-
ber 30. 

Cyclic freeze-thaw (F-T) action iii pavements typically 
begins in late November or early December. Strength de-
creases can be caused in the LFA by cyclic F-T action; thus 
the LFA strength following the completion of the first win-
ter's F-T action (termed the residual strength, RS) is gen-
erally less than the CS. 

A certain minimum strength called the minimum toler-
able strength (MTS) is required for LFA mixes to ensure 
adequate performance in a pavement system. MTS varies 
depending on whether the LFA is used as a subbase for a 
concrete pavement or as a base course in a flexible pave-
ment. Such factors as thickness of asphalt concrete surface 
course, LFA thickness, subgrade support, traffic, etc., also 
influence the MTS. 

The following procedure determines in a systematic and 
rational manner, the appropriate cutoff date for construc-
tion with LFA mixes with specified cured strength charac-
teristics when used in a specific pavement system. The pro- 

cedure is based on the residual strength concept (32). 
Figure 18 illustrates the residual strength (RS) and mini-
mum tolerable strength (MTS) concept discussed previ-
ously. Procedure: 

Establish a cured strength-degree day (CS-DD) rela-
tionship for the LFA mix. Calculate the DD using a 40 F 
(4.4 C) base temperature (20). Typical data are shown in 
Figure B-i. 

Minimum tolerable strength (MTS) requirements for 
LFA mixes are given in the specifications or can be deter-
mined from pavement design criteria. 

Cured strength (CS) requirements must be consistent 
with minimum MTS values selected to provide an RS 
greater than the MTS as illustrated in Figure 18. 

From Step 1 data, determine the DD required to 
achieve the CS requirement selected in Step 3 or given in 
the specifications. 

From Figure B-2, select the appropriate CUTOFF 
DATE to provide the accumulation of an adequate number 
of DD for curing the LFA mix. 

Adjust the CUTOFF DATE determined in Step 5 for 
construction and curing variability. The suggested adjust-
ment for the Chicago, Ill., area is to set the CUTOFF 
DATE seven days earlier than the date obtained from 
Step 5. The seven days' adjustment is equivalent to ap-
proximately 175 DD during mid-October in Chicago. 
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Figure B-I. Typical degree day—cured strength relationship for 
an LFA mix. 
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58 

APPENDIX C 

TYPICAL SPECIFICATIONS FOR 
LIME-FLY ASH-AGGREGATE BASE/SUBBASE COURSE 

1. Description 

1.1 This item shall consist of constructing a base course 
by mixing, spreading, shaping, and compacting mineral 
aggregate, lime, fly ash, and water. It shall be placed on 
the prepared underlying course in accordance with the 
requirements of this specification and shall conform to the 
dimensions and typical cross sections shown on the plans 
and to the lines and grades established by the engineer. 

2. Materials 

2.1 Lime-Fly Ash Cementitious Filler Material.—The 
lime and fly ash shall be supplied either separately or as a 
manufactured blend. The lime, fly ash, or blend may con-
tain admixtures such as water-reducing agents, portland 
cement, or other materials that are known to provide sup-
plementary properties to the final mix. When admixtures 
are to be included, they are to be used in the laboratory 
mixture selection. 

The lime shall meet ASTM Specification C 207, Type N, 
sections 2 and 3(a) when sampled and tested in accordance 
with sections 6 and 7. The fly ash shall meet ASTM Speci-
fication C 593, section 3.2, when sampled and tested in 
accordance with sections 4, 6, and 8. The water-soluble 
fraction shall not be determined. The preceding require-
ments may be waived if it is demonstrated that a mix of 
comparable quality and reliability can be produced with 
lime and/or fly ash that do not meet these criteria. If port-
land cement is blended with either lime or fly ash, or both, 
or added at the mixer, it shall be a standard brand and shall 
conform to the requirements specified in ASSHTO M 85 
for the type specified. 

2.2 Water.—The water for the base course shall be clean, 
clear, and free from injurious amounts of sewage, oil, acid, 
strong alkalies, or vegetable matter, and it shall be free from 
clay or silt. If the water is of questionable quality, it shall 
be tested in accordance with the requirements of AASHTO 
T 26. Water known to be of potable quality may be used 
without tests. 

2.3 Aggregate.—The aggregate may be either stone, 
gravel, slag, or sand, crushed or uncrushed, or any com-
bination thereof. In addition to the fine aggregate naturally 
contained in the coarse material, supplementary fly ash may 
be used as a mineral filler to provide the desired fines 
content. 

The crushed or uncrushed mass shall consist of hard, 
durable particles of accepted quality (crushed if necessary 
to reduce the largest particles to the largest accepted size  

and free from an excess of flat, elongated, soft, or disinte-
grated pieces, or dirt or other deleterious materials. 

The methods used in processing such as crushing, screen-
ing, blending, and so forth, shall be such that the finished 
product shall be as consistent as practicable. If necessary 
to meet this requirement or to eliminate an excess of fine 
particles, the materials shall be screened before and during 
processing, and all stones, rock, boulders, and other source 
material of inferior quality shall be wasted. 

The aggregate shall show no evidence of general dis-
integration nor show a total loss of more than 12 percent 
when subjected to five cycles of the sodium sulfate accel-
erated soundness test specified in AASHTO T 104; how-
ever, if an aggregate source that fails to meet this require-
ment can show an acceptable performance record in service, 
it may be accepted. 

All material passing the No. 4 (4.75-mm) sieve and 
produced during crushing or other processing may be incor-
porated in the base material to the extent permitted by the 
gradation requirements, unless it is known to contain signifi-
cant deleterious material. 

A wide range of aggregate gradations are permitted with 
these base materials provided appropriate mixture propor-
tion procedures are followed. If the maximum particle size 
in the aggregate exceeds 0.75 in. (19 mm), the aggregate 
shall meet the gradation requirements given in Table C-i 
when tested in accordance with AASHTO T 11 and T 27. 

The gradation in the table sets limits that shall determine. 
the general suitability of the aggregate from a source of 
supply. The final gradations selected for use shall be within 
the limits designated in the table, and shall also be well 
graded from flue to coarse and shall not vary from high to 
low limits on subsequent sieves. 

In addition to the gradations given in Table C-i, clean 
sands and sand-sized materials, such as boiler slags, can be 
used. Also, if the aggregate has a substantial portion (75 
percent) passing the No. 4 (4.75-mm) mesh sieve the 
gradations in Table C-i can be waived and the aggregate 
gradation adjusted with the fly ash and fines contents to pro-
duce the maximum dry density in the compacted mixture. 

The portion of the base material including any blended 
material passing the No. 40 (425-jim) mesh sieve shall have 
a liquid limit of less than 25 and a plasticity index of less 
than 6 when tested in accordance with AASHTO T 89 and 
T 90. 

2.4 Bituminous Material.—The types, grades, controlling 
specifications, and application temperatures for the bitumi-
nous materials used for curing the lime-fly ash-aggregate- 
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TABLE C-I 

REQUIREMENTS FOR GRADATION OF AGGREGATE FOR THE 
PLANT-MIX BASE COURSE 

Sieve designation 
(square openings) 

Percentage by weight 
passing sieves 

A 	 B 

2 inch (50 ruin) 100 - - 
1-1/2 inch (38.1 	nm) - 100 - 

1 inch (25 m) 55-85 70-95 100 

3/4 inch (19 m) 50-80 55-85 70-100 

No. 4 (4.75 m) 40-60 40-60 40-65 

No. 40 (425 pm) 10-30 10-30 15-30 

No. 200 (75 pm) 5-15 5-15 5-15 

TABLE C-2 

BITUMINOUS CURING MATERIALS FOR LFA BASES 

APPLICATION 

TYPE AND GRADE 	 SPECIFICATION 	 TEMPERATURE, F (C) 

Cutback asphalt MC-30 	AASHTO M 82 	 120-150 (49-65) 

Emulsified asphalt 	 Fed. Spec. SS-A-674 	 75-130 (23-54) 

treated base course are given in Table C-2. The engineer 
shall designate the specific material to be used. 

3. Laboratory Tests and Lime-Fly Ash Content 

3.1 Lime Content.—The quantity of lime (approxi-

mately 2 to 5 percent by weight) to be used with the aggre-
gate, fly ash, and water, shall be determined by tests for the 
materials submitted by the contractor, at his own expense, 
and in a manner satisfactory to the engineer. 

3.2 Fly Ash Content.—The quantity of fly ash (approxi-
mately 9 to 15 percent by weight) to be used with the ag-
gregate, lime, and water shall be determined by tests for the 
materials submitted by the contractor, at his own expense, 
and in a manner satisfactory to the engineer. 

3.3 Manufactured Blend Content.—The quantity of 
manufactured blend to be used with the aggregate and 
water (and any supplemental fly ash) shall be determined 
by tests for the materials submitted by the contractor, at his 
own expense, and in a manner satisfactory to the engineer. 

3.4 Laboratory Tests.—Specimens of the lime-fly ash-
aggregate base course material shall develop a minimum 
compressive strength .of 400 psi (2700 kPa) and demon-
strate freeze-thaw resistance of a maximum of 14 percent 
weight loss as specified in ASTM Specification C 593, sec-
tion.3.2, when tested in accordance with section 9 of that  

specification except that all compaction shall be done in 
accordance with FAA T 611, section 2.2(a) and (b). 

4. Construction Methods 

4.1 Sources of Supply.—All work involved in clearing 
and stripping pits, including handling unsuitable material, 
shall be performed by the contractor. All costs involved in 
clearing and stripping pits, including labor, equipment, and 
other incidentals shall be included in the price of the ma-
terial. The contractor shall notify the engineer sufficiently 
in advance of the opening of any designated pit to permit 
staking of boundaries at the site, to take elevations and 
measurements of the ground surface before any material is 
produced, to permit the engineer to take samples of the 
material for tests to determine its quality and gradation, and 
to prepare a preliminary base mixture proportion. All 
materials shall be obtained from approved sources. 

The pits, as used, shall be opened immediately to expose 
vertical faces of the various strata of acceptable material 
and, unless otherwise directed, the material shall be secured 
in successive vertical cuts extending through all the exposed 
strata in order to secure a uniform material. 

4.2 Equipment.—All methods employed in performing 
the work and all equipment, tools, other plans and ma-
chinery used for handling materials and executing any part 
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of the work shall be subject to the approval of the engineer 
before the work is started. If unsatisfactory equipment is 
found, it shall be changed and improved. All equipment, 
tools, machinery, and plants must be maintained in a satis-
factory working condition. 

4.3 Preparing Underlying Course.—The underlying 
course shall be checked and accepted by the engineer be-
fore placing and spreading operations are started. Any ruts 
or soft, yielding places caused by improper drainage condi-
tions, hauling, or any other cause, shall be corrected and 
rolled to the required compaction before the base course is 
placed thereon. 

Grade control between the edges of the pavement shall 
be accomplished by grade stakes, steel pins, or forms placed 
in lanes parallel to the centerline of the runway and at inter-
vals sufficiently close thatstring lines or check boards may 
be placed between the stakes, pins, or forms. 

To protect the underlying course and to ensure proper 
drainage, the spreading of the base shall begin along the 
centerline of the pavement on a crowned section or on the 
high side of the pavement with'one-way slope. 

4.4 Mixing. 

4.4.1 General requirements.—Lime-fly ash-treated base 
shall be mixed at a central mixing plant by either batch 
or continuous mixing. The capacity of the mixing plant 
should not be less than 50 tons per hour (45 metric tons 
per hour). The aggregates, lime, and fly ash may be pro-
portioned either by weight or by volume. 

In all plants, water shall be proportioned by weight or 
volume, and there shall be means by which the engineer 
may readily verify the amount of water per batch or the 
rate of flow for continuous mixing. The discharge of the 
water into the mixer shall not be started before part of 
the aggregates are placed into the mixer. The inside of the 
mixer shall be kept free from any hardened mix. 

In all plants, lime and fly ash (and portland cement when 
used in the mix) shall be added in such a manner that they 
are uniformly distributed throughout the aggregates during 
the mixing operation. 

The charge in a batch mixer, or the rate of feed into a 
continuous mixer shall not exceed that which will permit 
complete mixing of all the material. Dead areas in the 
mixer, in which the material does not move or is not suf-
ficiently agitated, shall be corrected either by a reduction 
in the volume of material or by other adjustments. 

4.4.2 Batch Mixing.—In addition to the general require-
ments as provided in Sec. 4.4.1, batch mixing of the mate-
rials shall conform to the following requirements: 

—The mixer shall be equipped with a sufficient number 
of paddles of a type and arrangement to produce a uni-
formly mixed batch. 

—The mixer platform shall be of ample size to provide 
safe and convenient access to the mixer and other equip- 
ment. The mixer and batch-box housing shall be provided 
with hinged gates of ample size to permit easy sampling of 
the discharge of aggregate from each of the plant bins and 
of the mixture from each end of the mixer. 

—The mixer shall be equipped with a timing device that  

will indicate by a definite audible or visual signal the ex-
piration of the mixing period. The device shall be accurate 
to within two seconds. The plant shall be equipped with 
an automatic device suitable for counting the number of 
batches. 

—The mixing time of a batch shall begin after all in-
gredients are in the mixer and shall end when the mixer is 
half emptied. Mixing shall continue until a homogeneous 
mixture of uniformly distributed and properly coated aggre-
gates of unchanging appearance is produced. In general, 
the time of mixing shall be not less than 30 seconds; how-
ever, the time may be reduced when tests indicate that the 
requirements for lime-fly ash content and for compressive 
strength can be consistently met. 

4.4.2.1 Weight Proportioning.—When weight propor-
tioning is used, the discharge gate of the weigh box shall be 
arranged to blend the different aggregates as they enter the 
mixer. 

4.4.2.2 Volumetric Proportioning.—When volumetric 
proportioning is used for batch mixing, the volumetric pro-
portioning device for the aggregate shall be equipped with 
separate bins, adjustable in size, for the various sizes of 
aggregates. Each bin shall have an accurately controlled 
gate or other device designed so that each bin shall be 
completely filled and accurately struck-off in measuring the 
volume of aggregate to be used in the mix. Means shall be 
provided for accurately calibrating the amount of material 
in each measuring bin. 

4.4.3 Continuous Mixing.—In addition to the general 
requirements as provided in Sec. 4.4.1, continuous mix-
ing of the materials shall conform to the following re-
quirements: 

—The correct proportions of each aggregate size intro-
duced into the mixer shall be drawn from the storage bins 
by a continuous feeder, which will supply the correct 
amount of aggregate in proportion to the lime-fly ash and 
will be arranged so that the proportion of each material can 
be separately adjusted. The bins shall be equipped with a 
vibrating unit, which will effectively vibrate the side walls 
of the bins and prevent any "hang up" of material while the 
plant is operating. A positive signal system shall be pro-
vided to indicate the level of material in each bin, and as 
the level of material in any one bin approaches the strike-
off capacity of the feed gate, the device shall automatically 
and instantly close down the plant. The plant shall not be 
permitted to operate unless this automatic signal is in good 
working condition. 

—The drive shaft on the aggregate feeder shall be 
equipped with a revolution counter accurate to 1 / 100 of 
a revolution and of sufficient capacity to register the total 
number of revolutions in a day's run. 

—The continuous feeder for the aggregate may be 
mechanically driven or electrically driven. Aggregate feed-
ers that are mechanically driven shall be directly connected 
with the drive on the lime feeder. 

—The pugmill for the continuous mixer shall be equipped 
with a surge hopper containing sufficient baffles and gates 
to prevent segregation of material discharged into the truck 
and to allow for closing of the hopper between trucks with-
out requiring shutdown of the plant. 
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4.5 Placing, Spreading, and Compacting.—The use of 
mixers having a chute delivery shall not be permitted except 
as approved. In all such cases the arrangement of chutes, 
baffle plates, etc., shall ensure the placing of the lime-fly 
ash-treated base without segregation. 

The prepared underlying course shall be free of all ruts 
or soft yielding places. The surface, if dry, shall be moist-
ened but not to the extent of precluding a muddy condi-
tion at the time the base mixture is placed. 

Any dusting or surface ravelling caused by traffic on the 
sealed base course material shall be the responsibility of the 
contractor and shall be taken care of as directed by the en-
gineer. 

4.6 Construction Joints.—The protection provided for 
construction joints shall permit the placing, spreading, and 
compacting of base material without injury to the work 
previously laid. Care shall be exercised to ensure thorough 
compaction of the base material immediately adjacent to all 
construction joints. 

4.7 Protection and Curing.—After the base course has 
been finished as specified herein, it shall be protected against 
drying until the surface course is applied by the application 
of bituminous material or other acceptable methods, such as 
periodic application of water by a pressure water distribu-
tor. A double seal shall be used for the small projects where 
a surface course layer is not required. 

The bituminous material specified shall be uniformly ap-
plied to the surface of the completed base course at the rate 
of approximately 0.15 gallons per square yard (0.68 litre 
per square metre) using approved heating and distributing 
equipment. The exact rate and temperature of application 
to give complete coverage without excessive runoff shall be 
as directed by the engineer. At the time the bituminous 
material is applied, the surface shall be dense, free of all 
loose and extraneous material, and shall contain sufficient 
moisture to prevent penetration of the bituminous material. 
All surfaces shall be cleaned of all dust and unsound ma- 
terials to the satisfaction of the engineer. Cleaning shall be 
done with rotary brooms and! or blowing the surface with 
compressed air, with the surface reasonably moistened to 
prevent air pollution. Water shall be applied in sufficient 
quantity to fill the surface voids immediately before the 
bituminous curing material is applied. 

Should it be necessary for construction equipment or 
other traffic to use the bituminous-covered surface before 
the bituminous material has dried sufficiently to prevent 
pickup, sufficient granular cover shall be applied before 
such use. 

No traffic shall be allowed on the pozzolan base course 
other than that developing from the operation of essential 
construction equipment unless otherwise directed by the 
engineer. Any defects that may develop in the construction 
of the base course or any other damage caused by the 
operation of the job equipment is the responsibility of the 
contractor and shall be immediately repaired or replaced at 
no expense to the sponsor. 

Other curing materials, such as moist straw or hay, may 
be used upon approval. Upon completion of the curing 
period, the straw shall be removed and disposed of as 
directed by the engineer. 

Trucks for transporting the mixed base material shall be 
provided with protective covers. The material shall be 
spread on the prepared underlying course to such depth 
that, when thoroughly compacted, it will conform to the 
grade and dimensions shown on the plans. No time limit 
is required for placing the base material; however, it is sug-
gested that the base material be placed within several hours 
to avoid the necessity of replacing moisture that may be lost. 

The materials shall be spread by a spreader box, self-
propelled spreading machine, or other method approved by 
the engineer. It shall not be placed in piles or windrows 
without the approval of the engineer. If spreader boxes or 
other spreading machines are used that do not spread the 
material the full width of the lane or the width being placed 
in one construction operation, care shall be taken to join 
the previous pass with the last pass of the spreading ma-
chine. The machine shall be moved back approximately 
every 600 ft (180 m) when staggered spreading machines 
are not used. The first pass shall not be compacted to the 
edge and, if necessary, the loose material shall be dampened 
just prior to joining the next pass. When portland cement 
is used in the mixture, if the temperatures are 70 F (21 C) 
or more, the materials must be spread within four hours and 
reworked into the adjacent material. When portland cement 
is used in the mixture, and the temperatures are less than 
70 F (21 C), the materials must be spread within eight 
hours and worked into the adjacent material. Additional 
moisture may be required during the reworking operations 
as directed by the engineer. 

The equipment and methods employed in spreading the 
base material shall ensure accuracy and uniformity of depth 
and width. If conditions arise where such uniformity in the 
spreading can not be obtained, the engineer may require 
additional equipment or modification in the spreading pro-
cedure to obtain satisfactory results. Spreading equipment 
shall be no more than 30 ft (90 m) nor less than 9 ft 
(2.7 m) in width unless approved by the engineer. 

After spreading, the material shall be thoroughly com-
pacted by rolling. The rolling shall progress gradually from 
one side toward previously placed material by lapping uni-
formly each preceding rear-wheel track by one-half the 
width of such track. Rolling shall continue until the entire 
area of the course has been rolled by the rear wheels. The 
rolling shall continue until the material is thoroughly com-
pacted, the interstices of the material reduced to a mini- 
mum, and until creeping of the material ahead of the roller 
is no longer visible. Rolling shall continue until the base 
material has been compacted to not less than 97 percent 
density, as determined by the compaction-control tests 
specified in ASTM C 593. Blading and rolling shall be done 
alternately, as required or directed, to obtain a smooth, 
even, and uniformly compacted base. Finishing operations 
shall continue until the surface is true to the specified cross 
section and until the surface shows no variations of more 
than 0.38 in. (9.5 mm) from a 16-ft (4.9-m) straightedge 
laid in any location parallel with, or at right angles to, the 
longitudinal axis of the pavement. 

4.8 Cold Weather Protection.—During cold weather if 
the air temperature unexpectedly drops below 35 F (1 C) 
and remains there for a period of several days or more, the 
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completed base course shall be protected from freezing by 
any approved method if required by the engineer prior to 
application of the bituminous surface course. Any light 
surface frost caused by overnight below-freezing tempera-
tures shall be treated by rolling the surface with a light 
steel-wheel roller as directed by the engineer. 

4.9 Thickness.—The thickness of the base course shall 
be determined from measurements of cores drilled from 
the finished base or from thickness measurements at holes 
drilled in the base at intervals so that each test shall repre-
sent no more than 300 square yards (250 square metres). 
The average core thickness shall be the thickness shown on 
the plans, except that if any one thickness shown by the 
measurements made in one day's construction is not within 
the tolerance given, the engineer shall evaluate the area and 
determine if, in his opinion, that section shall be recon-
structed at the contractor's expense or the deficiency is to 
be deducted from the total material in place. 

5. Methods of Measurements 

5.1 The quantityof one course, lime-fly ash-treated base, 
to be paid for will be determined by measurement of the 
number of square yards of base actually constructed and 
accepted by the engineer as complying with the plans and 
specifications.  

Basis of Payment 

6.1 Payment shall be made at the contract unit price per 
square yard for lime-fly ash base course. This price shall be 
full compensation for furnishing all materials and for allY 
preparation, manipulation, and placing of these materials 
and for all labor, equipment, tools, and incidentals neces-
sary to complete the item. 

Testing and Material Requirements 

Test and short title: 

AASHTO T 26—Water 
AASHTO T 96—Abrasion 
AASHTO T 104—Soundness 
AASHTO T 11 and T 27—Gradation 
AASHTO T 89—Liquid Limit 
AASHTO T 90—Plastic Limit and Plasticity Index 
AASHTO T 136—Freeze-Thaw Compressive Strength 

Material and short title: 

ASTM C 207—Lime 
ASTM C 593—Fly Ash 
AASHTO M 85—Portland Cement, ASTM C 150 
AASHTO M 1 34—Air-Entrained Portland Cement, ASTM 

C226 
AASHTO M 82—Asphalt MC, ASTM D2027 
SS-A-674—Asphalt Emulsion 
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State of Illinois 

Department of Transportation 

SPECIAL PROVISION 
FOR 

POZZOLANIC BASE COURSE, TYPE A 

Effective April 1, 1964 
Revised November 1, 1973 

DESCRIPTION. This item shall consist of a base coarse composed of lime, 

pozzolan, coarse aggregate and water, plant-mixed and constructed on a 

prepared subgrade, in accordance with the requirements of this special 

provision and applicable portions of the Standard Specifications for 

Road and Bridge Construction, adopted July 2, 1973, to the lines, 

grades, thicknesses and cross sections shown on the plans or estab-

lished by the Engineer. 

MATERIALS. All materials shall meet the requirements of the following 

Articles of Section 700 - Materials: 

Item 	 Article 

Water ............... 702.01 - 702.02 

Aggregate (Note 1) 	 704.05 

Lime (Note 2) 

Pozzolan (Note 3) 

Bituminous Material ........ 713.01 - 713.06, 713.10. 
713.11 

Water Reducing Admixture (Note 4) 	 718.13 

Sand Cover 	.............703.01 (a), 703.01(e)  

Note 1. The gradation requirements shall be as follows: 

Passing 1 1/2" sieve 	 100% 
Passing 1 sieve 	 90-100% 
Passing 1/2" sieve 	 60-100% 
Passing No. 4 sieve 	 40- 70% 
Passing No. 40 sieve 	 0 -25% 
Passing No. 200 sieve 
(Gravel) 	 0- lOS 
(Crushed stone & slag) 	 0- 15% 

Boiler Slag. In addition to the aggregates permitted in Article 704.05, 

boiler slag may be used. The slag shall be wet-bottom boiler slag 

produced as a by-prodact of apower plant burning pulverized bituminous 

coal. The slag shall be composed of hard durable particles and shall be 

free of excessive or harmful amxunts of foreign substances. Boiler slag 

In an oven dry condition shall meet the following gradation requirements: 

Passing No. 4 sieve 	 80-100% 
Passing No. 10 sieve 	 . 55- 90% 
Passing No. 40 sieve 	 0- 25% 
Passing No. 200 sieve 	 0- 10% 

Granulated slag will be permitted only when authorized In writing by the 

Engineer. 

Note 2. Lime. The lime, either high calcium or dolomitic hydrate, shall 

comply with the requirements of ASTM C 207, Hydrated Lime for Masonry 

Purposes, Type N, with the following modifications: 

Total calcium and magnesium oxides (eon-volatile basis) 
mm. percent .......................90 

CalcIum oxide in hydrated lime (as received basis) 
max. percent .......................5 

Magnesium hydroxide (as received basis) 
max. percent ......................5 

Mechanical Moisture in hydrated lime (as received basis) 
max. percent ...................... 

Residue. The sieve analysis of the lime residue shall be as 
follows: 

Sieve 	 Maximum Percent Retained 

No. 4 	 ' 	 0% 
No. 30 	 2.5% 
No. 100 	 15 5 

Note 3. Pozzolan. The pozzolan, prior to dampening thereof to alle-

viate the dust problem, shall comply with the requirements of ASTM C 593. 

The maximum loss on ignition determined In accordance with the procedures 

of ASTM C 311 shall be 10%. The tests prescribed by this specification 

shall be performed at the option of the Engineer. At the time of mixing 

the pozzolan shall be, when dry sieved, in a finely divided condition, 

as follows: 

Sieve 	 Minimum Percent Passing 

1/2 inch 	 100% 
3/8 inch 	 95% 
No. 10 	 75% 

The moisture content of, dampened pozzolan shall not exceed 35 percent. 

Note 4. A water reducing admixture may be used if permitted by the Engineer 

No adjustments will be made in the required lime and pozzolan contents for 

this addition. 

SAMPLES. The Cmntractor, shall at his own eupense, sunit to the Engineer 

a minimum of 25 pounds of lime, 50 pounds of fly ash, and 100 pounds of,  

aggregate which he proposes for use In the pozzolanic mixture. The lime. 

when sanpled, shall inovedlately be placed in a sealed container and shall 

be kept sealed. Samples shall be furnished at least 60 days prior to 

the construction of the pozzolanic base course. The samples as sub-

mitted will be tested for acceptance of materials and also to deter-

mine whether or not they will produce a satisfactory mixture; and will 

be used to determine preliminary proportions for the mixture composi-

tion. 

EQUIPMENT. The equipment shall meet the requirements of the following 

Articles of Section 800 - Equipment: 

Item 	 Article 

Three-wheel Roller (Note 1) .......BO1.Ol 
Tandem Roller (110Cc 1) .........801.01 
Taniping Roller (Note 2 	.........801.01 
Pneumatic-tired Roller 	.........801.01 
Trench Roller (Note 3) 

Note 1. Three-wheel rollers and tandem rollers shall weigh from 6 to 

12 tons and shall have a compression on the drive wheels of not less 

than 190 pounds nor more than 400 pounds per inch width of roller. 

nibrating rollers or vibrating cothpactors will be permitted if approved 

by the Engineer. 

Note 2. In addition to the requirements of Article 801.01, the tampers 

shall be long enough to penetrate within one inch of the prepared sub-

grade on the Initial rolling. 

Note 3. Trench rollers shall be self-propelled and shall develop a 

compression of not less than 300 pounds nor more than 400 pounds per 

inch of width on the compaction wheel. The width of the cmmpactlon 

roll shall be not less than 20 Inches and its diameter shall be not 
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less than 60 inches. Trench rollers shall meet the approval of the 

Engineer. 

GENERAL CONDITIONS. Except in specific cases, when otherwise permitted 

by the Engineer In writing, the pozzolanic aggregate mixture shall be 

constructed between April 15 and September 15 and only when the air 

temperature In the shade is above 400  F. The amount of pozzolanic 

aggregate mixture constructed shall be limited to that which can be 

surfaced during the current construction seasun. No mixture shall be 

deposited on a frozen or muddy roadbed. In specific cases, the Engineer' 

may order, In writing, waiver of this limitation. 

The applicable provisions of the General Requirements for Base Course 

Section 300 of the Standard Specifications shall apply. 

Wherever the Standard Specifications are referred to hereinafter, and 

the tern aggregate" is used in the Standard Specifications with reference 

to base course material, It shall be construed to Include pozzolanic base 

course mixture. 

COMPOSITION OF POZZOLANIC AGGREGATE MIXTURE. The line, pozzolan, and 

aggregate shall be proportioned within the following approximate limits 

on a dry-weight basis: 

APPROXIi(ATE PER CENT BY WEIGHT OF TOTAL DRY MIXTURE 

Ingredient Gravel, Crushed Stone Boiler Slag 
Crushed Slag or Aggregate 

Blend  

Lime 2to5 2to4 
Pozzolan 8 to 20 15 to 30 
Aggregate 75 to 90 56 to 78 

The actual proportions of lime, pozzolan, water, and aggregate will 

be set by the Engineer before work begins and will be based on tests 

conducted on mixtures composed of samples of the constituent materials 

furnished by the Contractor. The right is reserved by the Engineer to 

make such changes in proportions during the progress of the work as he 

may coosider necessary. 

The composition of the mixture shall be such that when molded Into 

cylinders, cured and tested as stated in the following paragraph, the 

cylinders shall have a minimum average compressive strength of 400 psi 

and no individual test shall be loueer than 300 psI, and such that the 

loss in weight shall not be more than 10% after 12 cycles of freezing 

and thawing when tested in accordance with the applicable paragraph of 

ASIM C 593. 

Test cylinders shall be molded at the optimum moisture content and 

maximum density in accordance with MSHO T 180, Method C, except that 

the 5 lift requirement is replaced with 3 lifts. The molded specimens 

shall then be placed In a sealed container to preserve moisture content 

and cured In an oven with forced air circulation for 7 days at 100 + 30 F. 

At the end of 7 days, the test cylinders for compressive strength testing 

shall be removed from the containers, allowed to cool to room temperature, 

soaked for 4 hours, capped and broken for compressive strength within one 

hoar of time of removal from water. 

MIXING. The constituents of the mixture shall be accurately proportioned 

and thoroughly mixed in a mechanical mixer at a central mixing plant. The 

measuring devices for proportioning the mixture, either by volume or by 

weight shall be of such accuracy that the proportions of the mixture 

based on total dry weight will be maintained within the following 

tolerances: 

Lime 	 + 0.3 percent by weight 
Pozzolan 	 + 1.5 percent by weight 
Aggregate 	+ 2.0 percent by weight 

The equipment used must be provided with means, meeting with approval 

of the Engineer, for calibratixo and check tests of measuring devices. 

In all plants, the water shall be proportioned by weight or volume and 

there shall be means by which the Engineer may readily verify the amount 

of water per batch or the rate of flow for covtlnuuun mixing. If 

water reducing admixture is used, the autumatic dispensing system shall 

be capable of continuously Introducing the desired quantity of admixture 

within the range of + 0.03 gallons per minute. 

The moisture content at the time of mixing shall be such that the moisture 

content at the time of compaction will be within 85 to 110 percent of the 

optimuo moisture determined. The contractor shall provide a platform 

scale and make arrangements for the use of a certified truck scale of 

sufficient capacity for calibration and periodic check tests of the 

feeders or measuring devices as needed during production. 

Mixing operations shall be continued until all Ingredients are distributed 

evenly throughout the mixture and a uniform mixture, free of segregation, 

is obtained. The mixer shall be capable of discharging the mixture 

without undue segregation. 

SUBGRADE. The subgrade shall be prepared In accordance with Articles 

212.03, 212.04, 212.08 and 212.09. References therein to base course 

shall be construed to Include pozzolanic aggregate mixture. 

PLACING AND COMPACTING AND FINISHING POZZOLANIC AGGREGATE MIXTURE. The 

pozzolanic aggregate mixture shall be constructed in layers not more 

than 6 inches (compacted) In thickness;'except that If tests Indicate 

that the desired results are being obtained, the compacted thickness of 

any layer may be Increased to a maximum of 8 inches. When the thickness 

specified is more than 6 inches the mixture shall be placed in 2 or more 

approximately equal layers. Each layer shall be deposited, full width 

directly on the prepared subgade or on the preceding layer of compacted 

mixture with a mechanical spreader or spreader box of a type approved by 

the Engineer. Where the mixture must be placed In more than one layer, 

the previous layer shall be mái6taln'êd in a moistened condition until 

the succeeding layer is placed. After having been tested for density 

and approved by the Engineer, the previous layer shall be dampened with 

water If required by the Engineer and roughened ironedlately prior to 

placing the succeeding layer so that ihe layers are knit together. The 

second layer must be placed the same day as the first layer. When placed, 

the pozzolanic aggregate mixture shall be free from segregatIon and shall 

require minimum blading and mniulation. 

The pozzolanic base course shall be compacted to at least 97% of maximum 

density except that If more than one layer is required, the first layer 
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shall be compacted to 97% of maximum density and succeeding layers shall 

be compacted to 100% of maximum density. The maximum density shall be 

determined in the same manner as that herein described for test cylinder 

preparation. 

The density of each layer of the compacted base course shall be determined 

by the Engineer at regular intervals in accordance with RASHO T 191 or 

by other methods approved by the Engineer, for compliance with these 

specifications. If these tests Indicate that the layer does not comply 

with the density requirements, the conditions shall be corrected or the 

material replaced to meet these specifications. 

All pozzolanic mixture shall be placed and compacted the same day It is 

mixed. The entire base course within an Increment of work shall be 

completed within a single working day. 

In constructing the top layer, the grade shall be kept at sufficient 

height so that the top surface, when compacted, will be at or slightly 

above grade, rather than below grade. Finish grading shall be accomplished 

by removing excess material followed by recompactioo by rolling. In the 

event that low areas occur, they shall be loosened to the full depth of 

the lift, dampened with water imediately before placing additional 

mixture, and then rolled to the satisfaction of the Engineer. 

If any subgrade material is worked into the pozzolanic aggregate mixture 

during the compacting or finishing operations, all pozzolanic mixture 

within the affected area shall be removed and replaced with newmaterlal. 

The Engineer may restrict haulIng over partially completed work after 

inclement weather or at any time when the subgrade is soft and there is 

a tendency for the subgrade material to work into the pozzolanic aggregate 

mixture. 

If for any reason construction operations are delayed or suspended and 

the Engineer orders any loose or nocompacted material removed and disposed 

of, the Contractor shall perform this work at his own expense. No 

pozzolanic aggregate mixture may be salvaged. 

CURIDG. After the pozzolanic aggregate mixture has been constructed as 

specified herein, the moisture content of the surface material shall be 

maintained at or slightly below its optimum moisture content until the 

curing coat is applied. At the time the curing coat is applied, the 

surface shall be tightly knit and free of all loose or extraneous material. 

The bituminous curing coat shall be applied the day following final com-

paction of the mixture unless It should be delayed in the judgement of 

the Engineer. The bituminous curing coat used shall be that designated by the 

Engineer and applied at the rate of approximately 0.20 gallons per square 

yard. It shall be applied uniformly to the surface of the pozzolanic 

aggregate mixture by a pressure distributor, meeting the requirements 

of Article 802.05, to produce complete coverage without excessive runoff. 

The exact rate of application and temperature shall be specified by the 

Engineer. Should it be necessary for construction equipment to use the 

base course before the curing coat has cured enough to prevent pick-up, 

sufficient sand cover shall be applied to prevent pick-up. 

The equipment used for wettiog the finished pozzolanic aggregate mixture 

with water and to apply the bituminous material shall be of such limited 

weight that its use will not cause marring or ruttlmg of the surface. 

At least one day shall elapse after the curing coat is applied before 

the pavement is constructed. 

CONSTRUCTION JOINTS AND MAINTENANCE. At the end of each days construction, 

a straight transverse construction joint shall be formed by cutting back 

into the completed work to form a vertical face. Damage to completed 

work shall be avoided. The pozzolanic aggregate mixture shall be con-

structed and finished full width each day without longitudinal joints. 

The Contractor shall maintain, at his own expense, the ntlre base course 

in a manner satisfactory to the Engineer until the pavement has been com-

pleted. Maintenance shall Include ironedlate repairs of any defective or 

damaged portions of the base course. Repairs or replacements shall be 

made In such a manner as to Insure restoration of a uniform surface and 

durability of the portion repaired or replaced. The Contractor shall 

also remove and replace at his own expense any pozzolanic aggregate mixture 

which is unsatisfactory due to its being placed over excessively wet or 

otherwise unstable subgrade; damaged by rain, freezing or other climatic 

conditions; damaged by traffic; or which is unsatisfactory due to failure 

to comply with the requirements specified herein. 

No traffic other than essential construction equipment shall be allowed 

on the finished base until a wearing course has been constructed. At 

least five days shall elapse after the base course is completed before 

the wearing course is constructed. 

COMPENSATION 

TOLERANCE IN THICKNESS. It is the Intent that the base course shall be 

constructed to the nominal thickness shown on the plans. Thickness deter-

minations shall be made at such points as the Engineer may select. When 

the constructed thickness is less than 90 percent of the nominal thickness, 

It shall be brought to nominal thickness by the addition of the applicable 

mixture or by removal and replacement with new mixture. However, the 

surface elevation of the completed base course shall not exceed by more 

than 1/4 Inch the surface elevation shown on the plans or authorized by 

the Engineer. 

METHOD OF MEASUREMENT. The work will be measured for payment as follows: 

When work is constructed essentially to the lines, grades or dimensions 

shown on the plans and the Contractor and the Engineer have agreed in 

writing that the plan quantities are accurate, no further measurement 

will be required and payment will be made for the quantities shown in 

the cxntract for the various items Involved except that if errors are 

discovered after work has been started, appropriate adjustments will be 

made. 

When the plans have been altered or when disagreement exists between the 

Contractor and the Engineer as to the accuracy of the plan quantities, 

either party shall, before any work is started which would affect the 
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measurement, have the right to request in writing and thereby cause 

the quantities involved to be measured as hereinafter specified. 

Stabilized base course of the thickness specified shall be measured 

in place and the area computed in square yaras cumpleted in accordance 

with this specification. The width for measurement shall be from outside 

to outside of the top of the final layer of the completed work as shown 

on the plans or as directed by the Engineer. 

The liquid asphalt for the curing coat for the pozzolanic aggregate 

mixture,and.any sand cover required will not be measured forpayment, 

but shall be considered as incidental to the contract. 

BASIS OF PAYMENT. This work will be paid for, at the contract unit price 

per square yard for POZZOLANIC BASE COURSE, TYPE A of the thickness 

specified. 
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Literature Survey (Proj. 4-6), 	275 p., 	$8.00 Beams (Proj. 12-7), 	114 p., 	$5.40 

74B Protective Coatings for Highway Structural Steel— 103 Rapid Test Methods for Field Control of Highway 
Current Highway Practices (Proj. 4-6), 	102 p., Construction (Proj. 10-4), 	89 p., 	$5.00 
$4.00 	. 104 Rules of Compensability and Valuation Evidence 

75 Effect 	of Highway 	Landscape 	Development 	on for 	Highway 	Land 	Acquisition 	(Proj. 	11-1), 
Nearby Property.  (Proj. 2-9), 	82 p., 	$3.60 77 p., 	$4.40 



Rep. Rep. 
No. Title No. Title 

105 Dynamic Pavement Loads of Heavy Highway Vehi- 133 Procedures for Estimating Highway User Costs, Air 
des (Proj. 15-5), 	94 p., 	$5.00 Pollution, and Noise Effects (Proj. 7-8), 	127 p., 

106 Revibration of Retarded Concrete for Continuous $5.60 
Bridge Decks (Proj. 18-1), 	67 p., 	$3.40 134 Damages Due to Drainage, Runoff, Blasting, and 

107 New Approaches to Compensation for Residential Slides (Proj. 11-1(8)), 	23 p., 	$2.80 
Takings (Proj. 	11-1(10)), 	27 p., 	$2.40 135 Promising Replacements for Conventional Aggregates 

108 Tentative Design Procedure for Riprap-Lined Chan- for Highway Use (Proj. 4-10), 	53 p., 	$3.60 
nels (Proj. 15-2), 	75 p., 	$4.00 136 Estimating Peak Runoff Rates from Ungaged Small 

109 Elastomeric Bearing Research (Proj. 12-9), 	53 p., Rural Watersheds (Proj. 15-4), 	85 p., 	$4.60 
$3.00 137 Roadside 	Development—Evaluation 	of 	Research 

110 Optimizing Street Operations Through Traffic Regu- (Proj. 16-2), 	78 p., 	$4.20 
lations and Control (Proj. 3-11), 	100 p., 	$4.40 138 Instrumentation 	for 	Measurement of 	Moisture- 

111 Running Costs of Motor Vehicles as Affected by Literature 	Review 	and 	Recommended 	Research 
Road 	Design 	and Traffic 	(Proj. 2-5A and 	2-7), (Proj. 21-1), 	60 p., 	$4.00 

97 p., 	$5.20 139 Flexible Pavement Design and Management—Sys- 
112 Junkyard 	Valuation—Salvage 	Industry 	Appraisal tems Formulation (Proj. 1-10), 	64 p., 	$4.40 

Principles 	Applicable 	to 	Highway 	Beautification 140 Flexible Pavement Design and Management—Ma- 
(Proj. 	11-3(2)), 	41 	p., 	$2.60 terials 	Characterization 	(Proj. 	1-10), 	118 	p., 

113 Optimizing Flow on Existing Street Networks (Proj. $5.60 
3-14), 	414 p., 	$15.60 141 Changes in Legal Vehicle Weights and Dimensions- 

114 Effects of Proposed Highway Improvements on Prop- Some Economic Effects on Highways (Proj. 19-3), 
erty Values (Proj. 11-1(1)), 	42 p., 	$2.60 184 p., 	$8.40 

115 Guardrail Performance and Design (Proj. 15-1(2)), 142 Valuation 	of 	Air 	Space 	(Proj. 	11-5), 	48 	p., 

70 p., 	$3.60 $4.00 
116 Structural 	Analysis 	and Design 	of Pipe Culverts 143 Bus Use of Highways—State of the Art (Proj. 8-10), 

(Proj. 	15-3), 	155 p., 	$6.40 406 p., 	$16.00 
117 Highway Noise—A Design Guide for Highway En- 144 Highway Noise—A Field Evaluation of Traffic Noise 

gineers (Proj. 3-7), 	79 p., 	$4.60 Reduction Measures (Proj. 3-7), 	80 p., 	$4.40 

118 Location, Selection, and Maintenance of Highway 145 Improving Traffic Operations and Safety at Exit Gore 

Traffic Barriers (Proj. 15-1(2)), 	96 p., 	$5.20 146 
Areas (Proj. 3-17) 	120 p., 	$6.00 
Alternative 	Multimodal 	Passenger 	Transportation 

119 Control of Highway Advertising Signs—Some Legal Systems—Comparative 	Economic 	Analysis 	(Proj. 
Problems (Proj. 11-3(1)), 	72 p., 	$3.60 8-9), 	68 p., 	$4.00 

120 Data Requirements for Metropolitan Transportation 147 Fatigue Strength of Steel Beams with Welded Stiff- 
Planning (Proj. 8-7), 	90 p., 	$4.80 eners 	and 	Attachments 	(Proj. 	12-7), 	85 	p., 

121 Protection of Highway Utility (Proj. 8-5), 	115 p., $4.80 
$5.60 148 Roadside Safety Improvement Programs on Freeways 

122 Summary and Evaluation of Economic Consequences —A Cost-Effectiveness Priority Approach (Proj. 20- 

of Highway Improvements (Proj. 2-11), 	324 p., 7), 	64 p., 	$4.00 

$13.60 149 Bridge Rail Desig'n—Factors, Trends, and Guidelines 

123 Development 	of 	Information 	Requirements 	and (Proj. 12-8), 	49 p., 	$4.00 
Transmission Techniques for Highway Users (Proj. 150 Effect of Curb Geometry and Location on Vehicle 

3-12), 	239 p., 	$9.60 Behavior (Proj. 20-7), 	88 p., 	$4.80 

124 Improved Criteria 	for Traffic 	Signal 	Systems 	in 151 Locked-Wheel Pavement Skid Tester Correlation and 

Urban Networks (Proj. 3-5), 	86 p., 	$4.80 Calibration Techniques (Proj. 1-12(2)), 	100 p., 
125 Optimization of Density and Moisture Content Mea- $6.00 

surements 	by 	Nuclear 	Methods 	(Proj. 	10-5A), 152 Warrants for Highway Lighting (Proj. 5-8), 	117 

126 
86 p., 	$4.40 
Divergencies in Right-of-Way Valuation (Proj. 11- 153 

p., 	$6.40 
Recommended Procedures for Vehicle Crash Testing 

4), 	57 p., 	$3.00 of Highway Appurtenances (Proj. 22-2), 	19 p., 
127 Snow Removal and Ice Control Techniques at Inter- 

changes 	(Proj. 	6-10), 	90 	p., 	$5.20 154 
$3.20 
Determining Pavement Skid-Resistance Requirements 

128 Evaluation of AASHO Interim Guides for Design at Intersections and Braking Sites (Proj. 1-12), 	64 

of Pavement Structures 	(Proj. 	1-11), 	111 	p., 
$5.60 155 

p., 	$4.40 
Bus Use of Highways—Planning and Design Guide- 

129 Guardrail Crash Test Evaluation—New Concepts lines (Proj. 8-10), 	161 p., 	$7.60 

and 	End 	Designs 	(Proj. 	15-1(2)), 	89 	p., 156 Transportation Decision-Making—A Guide to Social 

$4.80 and Environmental Considerations 	(Proj. 8-8(3)), 

130 Roadway Delineation Systems (Proj. 5-7), 	349 p., 135 p., 	$7.20 

$14.00 157 Crash Cushions of Waste Materials (Proj. 20-7), 

131 Performance Budgeting System for Highway Main- 73 p., 	$4.80 
tenance Management 	(Proj. 	19-2(4)), 	213 p., 158 Selection of Safe Roadside Cross Sections 	(Proj. 

$8.40 20-7), 57 p., 	$4.40 
132 Relationships 	Between 	Physiographic 	Units 	and 159 Weaving Areas—Design and Analysis (Proj. 3-15), 

Highway Design Factors (Proj. 1-3(1)), 	161 p., 119 p., 	$6.40 
$7.20 



Rep. No. Title 
No. Title 9 Pavement Rehabilitation—Materials and Techniques 

160 Flexible Pavement Design and Management—Sys- 10 
(Proj. 20-5, Topic 8), 	41 p., 	$2.80 
Recruiting, Training, and Retaining Maintenance and 

tems 	Approach 	Implementation 	(Proj. 	1-1A), Equipment Personnel (Proj. 20-5, Topic 10), 	35 p., 54 p., 	$4.00 $2.80 
161 Techniques for Reducing Roadway Occupancy Dur- 11 Development of Management Capability (Proj. 20-5, 

ing Routine Maintenance Activities 	(Proj. 	14-2), Topic 12), 	50 p., 	$3.20 
55 p., 	$4.40 12 Telecommunications Systems for Highway Admin- 

162 Methods for Evaluating Highway Safety Improve- istration and Operations (Proj. 20-5, Topic 3-03), 
ments (Proj. 17-2A), 	150 p., 	$7.40 29 p., 	$2.80 

163 Design of Bent Caps for Concrete Box-Girder Bridges 13 Radio Spectrum Frequency Management (Proj. 20-5, 
(Proj. 12-10), 	124 p., 	$6.80 Topic 3-03), 	32 p., 	$2.80 

164 Fatigue Strength of High-Yield Reinforcing Bars 14 Skid Resistance 	(Proj. 20-5, 	Topic 	7), 	66 	p., 
(Proj. 4-7), 	90 p., 	$5.60 $4.00 

165 Waterproof Membranes for Protection of Concrete 15 Statewide Transportation Planning—Needs and Re- 
Bridge 	Decks—Laboratory 	Phase 	(Proj. 	12-11), quirements 	(Proj. 	20-5, 	Topic 	3-02), 	41 	p., 
70 p. 	$4.80 $3.60 

166 Waste Materials as Potential Replacements for High- 16 Continuously Reinforced Concrete Pavement (Proj. 
way Aggregates (Proj. 4-1A), 	94 p., 	$5.60 20-5, Topic 3-08), 	23 p., 	$2.80 

167 Transportation Planning for Small Urban Areas 17 Pavement Traffic Marking—Materials and Applica- 
(Proj. 8-7A), 	71 p., 	$4.80 tion 	Affecting Serviceability 	(Proj. 	20-5, Topic 	3- 

168 Rapid Measurement of Concrete Pavement Thickness 05), 	44 p., 	$3.60 
and Reinforcement Location—Field Evaluation of 18 Erosion Control on 	Highway Construction 	(Proj. 
Nondestructive 	Systems 	(Proj. 	10-8), 	63 	p., 20-5, Topic 4-01), 	52 p., 	$4.00 
$4.80 19 Design, 	Construction, 	and 	Maintenance 	of 	PCC 

169 Peak-Period Traffic Congestion—Options for Cur- Pavement Joints (Proj. 20-5, Topic 3-04), 	40 p., 
rent Programs (Proj. 7-10), 	65 p., 	$4.80 $3.60 

20 Rest 	Areas 	(Proj. 	20-5, 	Topic 	4-04), 	38 	p., 
$3.60 

21 Highway Location Reference Methods (Proj. 20-5, 
Topic 4-06), 	30 p., 	$3.20 

22 Maintenance Management of Traffic Signal Equip- 
ment and Systems (Proj. 20-5, Topic 4-03) 	41 p., 
$4.00 

23 Getting Research Findings into Practice (Proj. 20-5, 
Topic 11) 	24.p., 	$3.20 

24 Minimizing 	Deicing 	Chemical 	Use 	(Proj. 	20-5, 
Topic 4-02), 	58 p., 	$4.00 

25 Reconditioning High-Volume Freeways in Urban 
Areas (Proj. 20-5, Topic 5-01), 	56 p., 	$4.00 

26 Roadway Design in Seasonal Frost Areas (Proj. 20-5, 
Topic 3-07), 	104 p., 	$6.00 

27 PCC Pavements for Low-Volume Roads and City 
Streets (Proj. 20-5, Topic 5-06), 	31 p., 	$3.60 

28 Partial-Lane Pavement Widening (Proj. 20-5, Topic 
5-05), 	30 p., 	$3.20 

29 Treatment of Soft Foundations for Highway Em- 
bankments 	(Proj. 	20-5, 	Topic 	4-09), 	25 	p., 

Synthesis of Highway Practice $3.20 
30 Bituminous Emulsions for Highway Pavements (Proj. 

No. Title 20-5, Topic 6-10), 	76 p., 	$4.80 
1 Traffic Control for Freeway Maintenance (Proj. 20-5, 31 Highway Tunnel Operations (Proj. 20-5, Topic 5-08), 

Topic 1), 	47 p., 	$2.20 29 p., 	$3.20 
2 Bridge Approach Design and Construction Practices 32 Effects of Studded Tires (Proj. 20-5, Topic 5-13), 

(Proj. 20-5, Topic 2), 	30 p., 	$2.00 46 p., 	$4.00 
3 Traffic-Safe 	and 	Hydraulically 	Efficient 	Drainage 33 Acquisition and Use of Geotechnical Information 

Practice (Proj. 20-5, Topic 4), 	38 p., 	$2.20 (Proj. 20-5, Topic 5-03), 	40 p., 	$4.00 
4 Concrete Bridge Deck Durability (Proj. 20-5, Topic 34 Policies for Accommodation of Utilities on Highway 

3), 	28 p., 	$2.20 Rights-of-Way (Proj. 20-5, Topic 6-03), 	22 p., 
5 Scour at Bridge Waterways (Proj. 20L5, Topic 5), $3.20 

37 p., 	$2.40 35 Design and Control of Freeway Off-Ramp Terminals 
6 Principles 	of 	Project Scheduling 	and 	Monitoring (Proj. 20-5, Topic 5-02), 	61 	p., 	$4.40 

(Proj. 20-5, Topic 6), 	43 p., 	$2.40 36 Instrumentation and Equipment for Testing Highway 
7 Motorist Aid Systems 	(Proj. 	20-5, 	Topic 	3-01), Materials, Products, and Performance (Proj. 20-5, 

28 p., 	$2.40 Topic6-01), 	'lOp., 	$4.80 
8 Construction of Embankments (Proj. 20-5, Topic 9), 37 Lime-Fly Ash-Stabilized Bases and Subbases (Proj. 

38 p., 	$2.40 20-5, Topic 6-06), 	66 p., 	$4.80 



THE TRANSPORTATION RESEARCH BOARD is an agency of the National 
Research Council, which serves the National Academy of Sciences and the National 
Academy of Engineering. The Board's purpose is to stimulate research concerning the 
nature and performance of transportation systems, to disseminate information that the 
research produces, and to encourage the application of appropriate research findings. 
The Board's program is carried out by more than 150 committees and task forces 
composed of more than 1,800 administrators, engineers, social scientists, and educators 
who serve without compensation. The program is supported by state transportation and 
highway departments, the U.S. Department of Transportation, and other organizations 
interested in the development of transportation. 

The Transportation Research Board operates within the Commission on Sociotech-
nical Systems of the National Research Council. The Council was organized in 1916 
at the request of President Woodrow Wilson as an agency of the National Academy of 
Sciences to enable the broad community of scientists and engineers to associate their 
efforts with those of the Academy membership. Members of the Council are appointed 
by the president of the Academy and are drawn from academic, industrial, and govern-
mental organizations throughout the United States. 

The National Academy of Sciences was established by a congressional act of incorpo-
ration signed by President Abraham Lincoln on March 3, 1863, to further science and 
its use for the general welfare by bringing together the most qualified individuals to deal 
with scientific and technological problems of broad significance. It is a private, honorary 
organization of more than 1,000 scientists elected on the basis of outstanding contribu-
tions to knowledge and is supported by private and public funds. Under the terms of its 
congressional charter, the Academy is called upon to act as an official—yet indepen-
dent—advisor to the federal government in any matter of science and technology, 
although it is not a government agency and its activities are not limited to those on 
behalf of the government. 

To share in the tasks of furthering science and engineering and of advising the federal 
government, the National Academy of Engineering was established on December 5, 
1964, under the authority of the act of incorporation of the National Academy of 
Sciences. Its advisory activities are closely coordinated with those of the National 
Academy of Sciences, but it is independent and autonomous in its organization and 
election of members. 
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