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v CHAPTER 1 INTRODUqION 

1, PURPOSE 

This report presents revisions to the two-volume user's manual prepared in 
1979. The two manuals are: 

"Soil Stabilization in Pavement Structures, A User's 
Manual," Volume I, Pavement Design and Construdtion 
Considerations, FHWA-IP-80-2. 

a 'Soil Stabilization in Pavement Structures, A Usefs 
Manual," Volume 11, Mixture Design Considerations, 
FWW A-IP-80-2, 

There have been significant changes in the pavement industry since these 
reports were first published. Such changes include the development of new 
materials, new equipment, and improved construction and design procedures. The 
1986 AASHTO pavement design procedure presents a significant departure from the 
Interim Guide for pavement structural design. Drainage considerations have received 
increased attention as it is increasingly obvious that greater material strengths alone 
cannot alleviate the apparent problems with pavements. 

This two-volume user's manual provides guidance to pavement design, 
construction, and matetiale engineers responsible for soil stabilization operations , 

related to the transportation field. Volume I relates primarily to the design and 
conetruction of stabilized pavements. It serves as a guide for selecting an appropriate 
stabilizer on a project and provides important infmation with regard to drainage, 
thickness design, and construction procedures, and thickness design. 

Volume 11, presented here, contains information necessary in determining the 
type and amount of chemical stabilizer to be used on a project. An in-depth 
discussion of the tests used to characterize stabilized materials is presented, as well 
as how testing is utilized in pavement design processes. 

Revisions to the original user's manuals were made in several ways. An 
extensive review of literature published since 1979 was conducted which provided 
the up-to-date information discussed previously. In addition, the authors' knowledge 
and experience, coupled with correspondence and project sites visits, have provided a 
background of pertinent information into which pavement design and construction 
engineers can tap. Additional input was provided by an array of experts in the soil 
stabilization field. 
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Every attempt has been made to present information that is technically correct 
and that can be applied with reasonable confidence. Both conventional and state-of- 
the-art mtruction and testing technologies are presented and appropriately 
referend. However, it will be necessary for the engineer to take into consideration 
local economic factors, climatic conditions, and other local aspects of a project in 
order to make prudent decisions with regard to the designs and applications of the 
technology contained herein. 

2. SCOPE 

Stabilization of subgrade soils and aggregates by chemical or mechanical 
means is quite common. In chemical stabilization, chemical additives are 
incorporated into a soil and serve as a modifying or cementing agent. Mechanical 
stabilization is achieved by mixing or blending soils of two or more gradations to 
obtain a material meeting a specific requirement.'') 

The.decision as to the appropriate method of stabilization (mechanical or 
chemical) is one of economy and requires an appreciation of the engineering 
advantages and disadvantages of each stabilization type. Although chemical 
stabilization is the primary focus of this manual, certain comparisons can be made 
between mechanical and chemical stabilization using this manual. 

Volume I1 concentrates on the selection and usage of the various chemical 
stabilizers and provides the engineer with information to perform the following: 

Select the type or the types of stabilizer suitable for a specific soil. 
Determine individual stabilizer (i.e., lime, cement) or combination 
stabilizer (i.e., limecement, lime-asphalt) contents for particular soils 
based on results from laboratory tests, typical property values, and an 
understanding of the physicalchemical reactions of each additive. 
Identify stabilized material requirements needed to ensure adequate 
performance in a pavement system. 
Develop pavement design alternatives which contain both unstabilized 
and stabilized layers. 
Compare life cycle costs and energy requirements of alternate pavement 
designs using stabilized materials and drainage installations. 

The chemical stabilizers to be discussed in detail pertain to soil and base 
stabilization and include: 

Lime 
Lime-fly ash 
Portland cement 
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Asphalt 
Combinations and other additives 

The use of other chemical stabilizers, such as calcium chloride and sodium 
chloride, are included in the sections on Combinations and Others. 

3. BACKGROUND 

The problem of improving unsuitable soils has continually forced engineers to 
evaluate new procedures and techniques to accomplish this improvement. The 
concept of soil modification through stabilization with additives has been around for 
at least 5000 years, when soil was stabilized with lime or pozzolans for the same 
economic reasons soils are stabilized today. This unique contribution to roadway 
construction is as beneficial today as it was then. Soil stabilization is a tool for 
economic road-building, consewation of materials, investment protection, and 
roadway upgrading.@ In many instances, soils that are unsatisfactory in their natural 
state can be made suitable for subsequent construction by treatment with admixtures, 
by the addition of aggregate, or by proper compaction. 

A major concern in recent years has been localized shortages of conventional 
high quality aggregates. The highwa construction industry consumes over half of Y the annual production of aggregates.' ) However, this traditional use of aggregates in 
pavement construction has resulted in acute shortages in those areas that normally 
have adequate supplies. Other areas of the country have never had good quality 
aggregates available locally. Metropolitan areas have experienced shortages as land 
use planning has not recognized the need for material availability to support 
continued growth. As in all engineering problems, the economics must be considered 
in light of the benefits derived from the stabilization process to determine if 
stabilization is warranted. 

The cost-effectiveness of each stabilizer additive is generally the final criteria in 
selecting one or more of the additives for use. However, this criteria may be 
overruled by the availability of a particular stabilizer. No matter how beneficial or 
cost-effective a stabilizer is, if it is not available, it will not be used. 

The combinations of regulations which prohibit mining and production of 
aggregates, and land use patterns that make aggregate deposit inaccessible, combine 
to produce an escalation of aggregate costs. The result is an increase in highway 
construction and maintenance costs. Consequently, there is a p a t  need to find more 
economical replacements for conventional aggregates. Stabilization techniques for 
substitute materials and for improving marginal materials is a natural focus resulting 
from this problem. 
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Tho energy crisis brought on by the temporary shortage of petroleum 
experienced in the early and late 1970's is another concern. Although energy costs 
have decreued today, the need to consider the impact of energy usage has not 
diminished. A coneiderable percentage of the energy needed to construct pavements 
goes into producing highway conatntdion materials. Since relatively small quantities 
of binders (i.e., lime, cement, fly ash, and asphalt) can be used effectively in 
upgrading pavement layers, total energy demands may be reduced as well as costs. 

Figure 1. Commercial lime plants in the United States, 1990.(~) 

Analysis of stabilizer production is somewhat difficult since figures are not 
generally available in detail. Although a given highway agency will normally be 
aware of nearby sources, several maps showing general distribution are somewhat 
illustrative of the wide availability. Figure 1 shows the location of commercial lime 
plants in 1990.(') Fly ash, as produced from the burning of coal, is not produced in 
quantities shown in figure 2, but the actual locations are noted.(4) Figures from 1984 
indicated that approximately 51.3 million tons of ash were produced, of which 10.4 
million tons were reclaimed." With more recent changes to coal as a fuel, these 
figures are likely to change over the next few years. 
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Figure 2. Approximate ash production (in 1,000's of tons) by 
major electric utilities.(*) 

Portland cement plant sites, as of 1989, are shown in figure 3.(6) Asphalt 
production by location is not as important as the location of terminal distribution 
points, which are distributed uniformly nationwide, and no map is provided. During 
recent years, as sources of crude oil have changed, refineries have changed their 
product and production accordingly. A given agency will be able to readily 
determine the availability of desired products by contacting local suppliers. 

Existing literature suggests that soil stabilization is a desired design alternative. 
It is necessary for the user to keep in mind the purpose of the stabilization process. 
The intended use of stabilizer, coupled with the mechanics of the stabilization 
process, form the basis for selecting the type and quantity of stabilizer to be used. 
Listed here are several reasons and advantages for using stabilization: 

Provide a temporary or permanent wearing surface for low 
volume roads. 
Provide a stable working platform for construction activities. 
Improve poor subgrade conditions. 
Upgrade marginal base materials. 
Provide dust control. 
Water-proof the soil. 
Salvage old roads with marginal materials. 
Const?uct superior bases. - 
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Improve strength, reducing thickness requirements 
Improve durability. 
Control volume change of soils. 
Dry back wet sails. 
Improve workability. 
Conserve aggregate materials. 
Reduce overall costs. 
Consewe energy. 

Figure 3. Portland cement plant sites, 1990.'~' 

4. DEFINITIONS 

Discussion of soil and aggregate stabilization requires the use of terminology 
which may not be familiar or needs to be defined for clarification. Brief definitions 
are provided for the following terms which will appear intermittently throughout the 
user manuals. Arch
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General Definition, 

w 
Sediments or other unconsolidated accumulations of solid particles 

produced by the physical and chemical disintegration of rocks, and which may 
or may not contain organic matter (ASTM D-l8).(') 

Soil Stabilization 
Chemical or mechanical treatment designed to increase or maintain the 

stability of a mass of soil or otherwise to improve its engineering properties 
(ASTM D-18). 

Chemical Stabilization 
The altering of soil properties by use of certain chemical additives which 

when mixed into a soil often change the surface molecular properties of the 
soil grains and, in some cases, cement the grains together resulting in strength 
increases. 

Mechanical S tabilizatioq 
The alteration of soil properties accomplished through one of two 

means: (1) changing the gradation of the soil by the addition or removal of 
particles, and (2) densification by compaction. 

Aeereeate 
A granular material of mineral composition used either in its natural 

state as a base course or railroad ballast or with a cementing medium to form 
mortars or cement. 

An abbreviation used to designate the American Association of State 
Highway Officials. The name of the group was recently changed to the 
American Association of State Highway and Transportation Officials, and the 
current abbreviation AASHTO is also used. 

An abbreviation used to designate the American Society for Testing and 
Materials. 

odulus 
A measure of the elastic property of a treated or untreated soil 

recognizing certain nonlinear stress-related characteristics in response to a 
dynamic 1oading.O Arch
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Test 
The test a adopted by AASHTO (AASHTO T274-82) which applies a 

repeated-load pulse of a fixed magnitude and fixed time duration toa  
cylindrical soil sample, similar to an unconfined compression sample, and 
&tar the deformation in the sample produced by these repeated loads. 

. * Mechmstx-Emvincal - Desim Procedures 
Pavement thickness design procedures based on an 

analytical /theoretical study of pavement responses (stress, strain, and 
deflections) through pavement modeling techniques. These theoretical 
pavement responses are empirically related to the performance of the 
pavement through laboratory studies and field distress surveys to produce 
design procedures that are termed mechanistic-empirical approaches. 

Reliability 
The probability that a pavement section designed using the pavement 

design-pedormance process d l1  perform satisfactorily over the traffic and 
environmental conditions for the design periodem 

h v e r  Coefficient l a d  
The empirical relationship between strudural number (SN) and layer 

thickness which expresses the relative ability of a material to function as a 
structural component of the pavement.0 

Drainage Coefficient . . 

A factor used to modify layer coefficients in flexible pavements or 
strengths in rigid pavements. It is a function of how well the pavement 
structure can handle the adverse effect of water as indicated by the time to 
drain water out of the pavement, and the percent of time durin a year the 

75 pavement is exposed to moisture levels approaching saturation. 

Pavement Serviceabilitv 
An evaluation of how well the pavement is fulfilling the design hc t i on  

established for that pavement. 

Pavement Performance 
The trend of pavement serviceability over a period of time. 

O~en-Graded Base 
The portion of the pavement structure beneath the surface course 

designed to provide free movement of water under all conditions. A 
minimum coefficient of permeability of 1000 feet per day should always be 
provided if positive drainage is to be achieved. 
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Definitions Associated with Lime Stabilization 

WmP 
All clas8es of quicklime and hydrated lime, both calcitic (high ea1cium) 

and dolomitic (ASTM C593). 

Definitions Associated with Lime-Fly Ash Stabilization 

LFA - 
An abbreviation used to designate a mixture of lime and fly ash with 

aggregate. 

LCFA - 
An abbreviation used to designate a mixture of lime, cement, and fly 

ash with aggregate. 

LES 
An abbreviation used to designate a mixture of lime and fly ash with 

soil. 

Definitions Associated with Cement Stabilization 

ortland Cement 
A hydraulic cement produced by pulverizing clinker consisting 

essentially of hydraulic calcium silicates, and usually containing one or more 
of the forms of calcium sulfate as an interground addition (ASTM C-1). 

ement Stab~lized Soil . . 
A mixture of soil and measured amounts of portland cement and water 

which is thoroughly mixed, compacted to a high density and protected against 
moisture loss during a specific curing period. 

Soil-Cement 
A hardened material formed by curing a mechanically compacted 

intimate mixture of pulverized soil, portland cement, and water. Soil-cement 
contains sufficient cement to pass specified durability tests. 

Cement-Modified Soil 
An unhardened or semi-hardened intimate mixture of pulverize soil, 

portland cement, and water. Significantly smaller cement contents are used in 
cement-modified soil than in soil-cement. Arch
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Plastic Soil-Cemen t 
A hardened material formed by curing an intimate mixture of 

pulverized soil, portland cement, and enough water to produce a mortar-like 
consistency at the time of mixing and placing. Plastic soilcement is primarily 
used in highway ditch linings. Plastic soil-cement is not in common use today. 

Definitions Associated with Asphalt Stabilization 

Bitumen 
A class of black or dark-colored (solid, semisolid, or viscous) 

cementitious substances, natural or manufactured, composed principally of 
high molecular weight hydrocarbons. Asphalts, tars, pitches, and asphaltites 
are all types of bitumen. 

- 
A dark brown to black cementitious material in which the 

predominating constituents are bitumens which occur in nature or are obtained 
in petroleum processing.(8) 

As~hal  t cement 
A fluxed or unfluxed asphalt specially prepared as to quality and 

consistency for direct use in such construction industries as highways and 
structures. 

Cutback asvhalt 
~ s ~ h a l t  cement that has been made liquid with the addition of 

petroleum diluents such as naptha and kerosene. 

Emulsified as~hal t  
Asphalt cement that has been mechanically liquified with the addition 

of emulsifying agents and water. 
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CHAPTER 2 SELECTION OF STABILIZER 

1. INTRODUCTION 

This chapter presents criteria that can be used as a guide in selecting the 
proper type of stabilizer for a given soil. Since no one stabilizer works best with all 
soils, the stabilization objectives must be defined and all of the factors which might 
influence the stabilization process should be carefully considered. 

There are several reasons to consider the stabilization of soils and base 
materials. Subgrade soils, for instance, are typically stabilized for one or more of the 
following reasons: 

To provide adequate strength to support construction equipment. 
To improve workability. 
To reduce frost heave and volume change characteristics. 
To improve performance and increase long term structural strength. 

Any of these factors will increase a road's durability and improve performance under 
traffic. The result is that the life-cycle costs of a pavement can be substantially 
reduced through effective stabilization. 

While there are many benefits of stabilization, it must be emphasized that 
stabilization is not a panacea for the problems that may exist in a particular 
pavement. Great care must be exercised in evaluating the pavement system and its 
components for factors such as drainage, durability, and strength. 

Identifying a proper application for stabilization as well as selecting the 
appropriate stabilizer are often done without the benefit of adequate field and 
laboratory testing. The exact characteristics of the materials being used must be 
known before any determination of their suitability for stabilization can be made. 
Laboratory tests to determine the engineering properties of stabilized soils and 
borrow materials must be conducted to show the suitability of the particular 
stabilization technique and to determine the amount of stabilizer required. 

Individual stabilizer additives do not react equally well with different soil 
types. Because of the nature of the additives, there is a considerable overlap in the 
ability of each stabilizer to react with specific soils. A few soils can be stabilized with 
any of the agents, while other soils are best suited to one or two specific additives. 
When more than one option exists, equipment availability and material and 
construction costs must be considered in determining which method is most feasible 
and cost-effective, assuming the engineering properties of the stabilized materials are 
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similar. To make this judgement, the objectives of a stabilization project must be 
clearly understood before an additive can be selected. 

STABILIZAnON OBJECTIVES 

When considering stabilizer additives, it is necessary for the user to keep in 
mind the purpose of the stabilization process. The intended use of the stabilizer 
must be directed toward a solution to one or more problems in the pavement under 
consideration. The mechanics of the stabilization process can indicate whether one 
technique is more advantageous to the pavement than another. Hence, it may be 
necessary to employ one additive over another even though the latter may provide 
better engineering properties. 

Some of the primary objectives of stabilization include: 

Improve poor subgrade conditions. 
Provide dust control. 
Provide moisture control. 
Upgrade marginal base materials. 
Improve workability. 
Improve strength and durability. 

Each of these objectives is a valid reason for considering the use of a particular 
additive. While a number of these objectives are often achieved with the use of an 
additive, it is not always necessary to satisfy more than one objective. For example, a 
contractor's sole desire may be to expedite construction by using lime on a project to 
dry and stabilize wet, soft clays. If this objective is satisfied, then the contractor has 
been successful. Any additional improvements incurred in the process, such as 
increased strength and durability, are certainly beneficial. 

3. TYPES OF STABILIZATION ACTIVITY 

There are three primary modes of stabilization associated with the chemicals 
considered in this manual: cementing, modifying, and waterproofing. All four 
principal stabilizers (portland cement, lime, lime-fly ash, and asphalt) exhibit some 
form of cementing action, given adequate stabilizer contents. Portland cement, lime, 
and lime-fly ash generally react to form cement-like materials. This reaction is 
referred to as a pozzolanic reaction. Once the mixture has set up, a hardened matrix 
of cement and soil particles results. 

The cementing action experienced by asphalt is considerably different. No 
chemical reactions take place; the asphalt material coats the soil particles and binds 
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them together. The result, once the asphalt cures, is a semi-hardened . .  mixture of 
binder and soil particles. 

Occasionally, the use of considerable amounts 'of stabilizer to provide 
cementing action i$ restricted due to costs. In this case, smaller quantities d 
stabilizer can be added to a soil in order to modify it. Although cement, lime, and 
asphalt can all serve in this capacity, lime is particular effective at reducing the 
plasticity and changing the texture of clay soils. 

Asphalt stabilization provides waterproofing by doating the soil or aggregate 
particles with asphalt, a barrier is created which retards the absorption of moisture 
by the particles. Lime, cement, and lime fly-ash provide a degree of moisture 
resistance by reducing capillary action which reduces the amount of water that can 
move upward through the stabilized soil into the pavement structure. 

The process by which an additive accomplishes the stabilization activity 
depends on the nature of the additive and how it interacts with the soil being 
stabilized. Soil-Stabilizer interactions are classified as follows: 

Active - Stabilizer produces a chemical reaction with the soil or 
aggregate (lime). 
Passive (Inert) - Stabilizer produces no chemical reaction; only 
physical actions are effected (asphalt). 
Intermediate - Stabilizer produces chemical reaction within itself 
and forms a physical bond with the soil or aggregate (cement, - 
lime fly-ash). 

4. STABILIZER SELECTION 

This section presents the selection process to be followed in determining the 
most economical additive for a pavement stabilization project. While each additive 
has an ability to stabilize, it is necessary to examine the soil that is to be stabilized to 
determine if its properties are compatible with one or more of the additives available 
for the project. General soil properties to be considered include: 

• Gradation. 
.. Maximum particle size. 
- Fines content (passing No. 200 sieve). 
Plasticity. 
.. Liquid Limit. 
- Plasticity Index. Arch
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Knowledge of the eoil to be stabilized in terms of these properties can provide a good 
indication to the engineer which stabilizer will be most cost-effective. 

Several guides have been developed to assist the engineer in the stabilization 
selection process. A majority of these guides are based on a knowledge of the 
fundamental properties of the soil. The Soil Stabilization Index System (SSIS) 
selection method, for instance, provides a step-by-step procedure for determining the 
type of stabilizer to use.(9) This process is illustrated in figure 4. 

Figure 4. The Soil Stabilization Index System (SSIS) selection procedure? 

I 

More detailed guides published by individual agencies such as the Air Force, 
illustrated in table 1, suggest stabilization methods for particular soil types based on 
their location in the pavement structure and the purpose or function of their use (i.e., 

1 
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PERCENT BY WEIGHT, SAND 
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1B SWSM, SP-SM, 
sw-sc, SP-SC 

1C SM, SC, SM-SC 

GW. GP 

GWGM, GP-GM, 
GWGC, GP-GC 

GM, GC, GM-CC Y 
CH, CL, MH, ML, 
OH, OL, MLCL t 

Table 1. Gu 

(1) Bituminous - 
(2) Portland cement 
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(1) Bihminous 
(2) PorUond Cement 
(3) Lime 
(4) he-Cement* Asb 

(1) Bituminous 
(2) Portland Cement 
(3) Lime 
(4) LimeCement-FIy Ash 

(1) Bituminous 
(2) Portland Cement 

(3) Lime-CementFly Ash 

(1) Bituminous 
(2) Porthnd Cement 

(3) Lime 
(4) LimeCement-Fly Ash 

(1) Bituminous 
(2) Podand Cement 

(3) Lime 
(4) LimeOment-Fly Ash 

(1) Portland Cement 

(2) Lime 

e for selecting a stabilizing additivem 
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Rncentage of existing sail parsing No. 200 sicw 

Figure 6. Suggested stabilizing admixtures suitable 
for use with soils.(*') 

Figure 6 illustrates the stabilizer selection method presented in the early 1960's 
by Oglesby and he we^.('^' This method is a modification of the original work 
conducted by the Division of Physical Research, Bureau of Public Roads. It utilizes 
the Plasticity Index and percent passing the No. 200 sieve, together with the AASHO 
Soil Classification System, to determine the appropriate stabilizer. While superseded 
by more modem systems, it indicates the important physical properties known to 
affect stabilization performance. 

Additional criteria for stabilizer selection are available in literature pertaining 
to particular types of stabilizers. The following sections provide brief overviews 
concerning the types of soils suitable for stabilization by the particular additive. Arch
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Criteria for Lime Stabilization 

A general guideline for lime stabilization is that ,it should be considered as the 
primary stabilizer, or at least as a pre-stabilizer, for soils with PI'S greater than 10 
andlor more than 25 percent parsing the No. 200 sieve. 

Experience has shown that lime will react with medium, moderately fine, and 
fine-grained soils to decrease plasticity, increase workability, reduce swell, and 
increased strength.('2) Soils classified according to the Unified System as CH, CL, 
MH, ML, SC, SM, GC, GM, SW-SC, SP-SC, SM-SC, GW-GC, GP-GC, or GM-GC 
should be considered as capable of being stabilized with lime. Soils classified by 
AASWO as A-4, A-5, A-6, A-7, and some of the A-2-7 and A-2-6 soils are candidates 
for lime stabilization. 

Air Force criteria indicate that the PI should be greater than 12 with at least 12 
percent of the material passing the No. 200 sieve.(9) Experience has indicated that 
lime may be an effective stabilizer of soils with clay contents as low as 7 percent and 
PI'S as low as 8.(12t13) 

Among the various stabilizers, lime is most capable of producing the largest 
changes in soil properties. The precise effects produced by lime when mixed with 
appropriate soils is discussed in chapter 4. 

Criteria for Cement Stabilization 

Portland cement is suitable for stabilizing a wide range of soils with low to 
moderately high plasticity.(14) It can be used to modify or improve the quality of the 
soil (cement modification) or to transform the soil into a cemented mass with 
significantly increased strength and durability (soil-cement). 

The Portland Cement Association (PCA) indicates that all types of soils can be 
stabilized with cement.(15t16) However, well-graded granular materials that possess 
sufficient fines to produce a floating aggregate matrix have given the best results. 
Suggested soil gradings to meet this floating aggregate matrix concept should fall 
within the band specified in table 2.''') Normally the maximum size aggregate is 
limited to 2 in (5.1 cm). 

The Air Force has established limits on the PI for different types of soils 
suitable for cement stabilization as shown in figure 5.(9) The PI should be less than 30 
for the sandy materials while the PI should be less than 20 and the liquid limit less 
than 40 for the fine-grained soils. This limitation is necessary to ensure proper 
mixing of the stabilizer. For granular materials, a minimum of 45 percent by weight 
passing the No. 4 sieve is desirable. In addition, the PI of the soil, for soil cement, 
should not exceed the number indicated from the following equation: 
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PI 20 + [(SO - Fines Content)/4] 

The amount of cement additive required for a particular soil depends upon 
whether the soil is just being modified or if full strength stabilization is desired. For 
example, if the intent is merely to reduce the PI of the soil, then small pepntages (3 
percent or less) of cement can be incorporated. Larger percentages can be added if 
the objective is to produce a solid material capable of achieving high strengths. 
Proper testing must be done to avoid extensive problems with uncontrolled cracking 
at higher additive amounts. The effect various cement contents will be discussed in 
detail in Chapter 5. 

Table 2. Grading limits for cement stabilization 
of well-gnded granular materials.(ln 

Criteria for Asphalt Stabilization 

Asphalt stabilization is a passive form of stabilization that is accomplished by 
using any of three asphalt products: 

Asphalt cement. 
Asphaltcutback. 
Asphalt emulsion. . 

Each of these materials are discussed in depth in chapter 6. 

As mentioned previously, the concepts of waterproofing and cementation 
characterize the use of asphalt in soil and base stabilization. With thorough mixing 
and sufficient compaction, fine-grained soil particles can be successfully waterproofed 
using 2 to 3 percent asphalt binder. By doing so, the stabilized soil retains a 
somewhat uniform and low moisture content, thereby negating many of the adverse 
effects brought about by water. 

If stability achieved through cementation is the main criteria, then greater 
percentages of asphalt binder (5 to 7 percent) can be incorporated. In this case, 
granular materials are coated and bound together by the asphalt. Stability is 
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achieved by the frictional red8tanee of the aggregate particles and the cohesion 
euppliad by the binder. 

Alphalt rrtabilization work best on granular soils with low PI fines. This 
includes many well-graded gravels classified as GW, GM, and GC, and sands in the 
SW, SP, SM, and SC groupings. In these soils, the asphalt provides cohesion to the 
mass and waterproofs any clay constituents that may be present. All three types of 
asphalt can be used for stabilizing granular soils; however, restrictions on the use of 
asphalt cutbacks do exist in places due to environmental problems. 

Depending on the plasticity characteristics and the amount of material passing 
the No. 200 sieve, fine-grained soils may be stabilized with asphalt. In most 
instances, however, the extremely large surface areas of the fine particles results in 
inadequate coating of the particles with asphalt. The result of this is strength loss 
due to water infiltration. 

Some of the earliest criteria for asphalt stabilization were developed by the 
Highway Research Board Committee on Soil-Bituminous Roads.''" These criteria 
were revised and published by Winterkom and are illustrated in table 3.(19) The latest 
recommendations for gradation and plasticity characteristics given by the American 
Road and Transportation Builders Association (ARTBA) are provided in table 4. 
The Asphalt Institute (TAI) recommends that soils to be treated with asphalt possess 
the following properties: 

Less than 25 percent passing the No. 200 sieve. 
Sand equivalent less than 25. 
Plasticity Index less than 6. 

The sand equivalent, as seen in the ARTBA and TAI recommendations, is an 
indication of the presence of clay-type fines. Typically, soils having a sand 
equivalent value greater than 35 can be successfully stabilized with asphalt. Soils 
with sand equivalents of 20 to 30 may be suitable for asphalt stabilization, provided 
that the soil particles are effectively waterproofed. Stabilization of materials such as 
clay-gravels with sand equivalents less than 20 is generally not successful. 

Several other investigators have proposed suitable materials for asphalt 
stabilization. Table 5 presents the suitability of various soils having various 
percentages of minus No. 200 material and different liquid limit and PI ranges.@") 
The requirements given in table 6 for emulsion stabilization by The Asphalt 
Institute's Pacific Coast Division suggest that the percent minus No. 200 should be in 
a range of 3 to 15, the PI should be less than 6, and the product of the PI and percent 
minus No. 200 should not exceed 60.(~') Table 7 illustrates guidelines set forth by 
Dunning and Turner for emulsion stabilization.(22) 
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Air Force recommendations are shown in table 8jU) Although the manual 
specifically recommends gradations 6, 7, 8, and 9 for soil stabilization, it is believed 
that all gradations are practical, provided they are economically feasible. 

Table 3. Types of soil-bitumen and characteris tics of soils 'empirically 
found suitable for their ~nanufacture!'~~ 

I Sieve Soil Sand 
Analysis Bitumen,' Bitumen, Waterpmofed Granular Stabilization, 

% % % 

Passing: A B C 

1.5 in 100 

- 1 so-loo I 100 I 

I No. 4 1 > 5 0  1 100 1 40-65 1 50-75 1 80-100 

NO. 10 25 - 50 40 - 60 60 - 80 

NO. 40 35 - 100 15 - 30 20 - 35 30-50 
I 

' Pmper or general. 
Maximum size not larger than 1 /3 of layer thickness; if compacted in several layers, 
not larger than thickness of one layer. 
b w e r  values for wide and higher values for narrow gradation band of sand. If 
more than 12 perrent passes, mtrictions are placed as indicated on field moistulo 
equivalent and linear shrinkage. 
A certain percentage of No. 200 or filler material is indimtly qu i red  to pass 
supplementary stability test. 
Values between 10 and 15 permitted in certain cases. 
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Table 4. Grading and plasticity requirements for soil bitumen mixtures.(16' 

No. 4 25 to 85 

No. 200 0 to 25 3 to 15 

Table 5. Engineering properties of materials suitable 
for bituminous stabili~ation!~) 

Sieve Size Sand-Bitumen Soil-Bitumen I Sand-Gravel-Bit- 

No. 4 

No. 10 

No. 40 

No, 100 

No, 200 @ : 3 - 2 0  
fair: 0 - 3 and 20 - 30 
poor: > 30 

good: < 20 
fair: 20 - 30 
poor: 30 - 40 
unusable: > 40 

Liquid 
Limit 

Plasticity 
Index 

good: < 5 < 10 
fair: 5 - 9 
poor: 9 - 15 
unusable: > 12 - 15 

Includes slight modifications later made by Hemn. 
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Table 6. Gnding, plasticity, and abrasion requirements for soils 
suitable for emulsified asphalt-treated base 

Other Requirrments 

Plasticity Index 6 maximum 
Resistance Value 75 minimum 
Loss in LA Abrasion 
Machine 50 percent maximum 

Product of Plasticity Index and the percent passing No. 200 sieve shall not exceed 60. 

Table 7. Guidelines for emulsified 
asphalt stabilizati~n.(~~~ 

Percent Passing No. 3 - 20 0 - 3,20 - 30 
200 I I 1 11 

1 Plasticity Index 1 < 5 1 5 - 7 1 > 7 11 
Sand Equivalent 

I 

>25 15 - 25 < 15 
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Table 8. Aggmgate gradation specification limits for Mtwnincms pavemmk* 

Sieve 
Designation _ - _ .  Percentage by Ueight (Passing) (Square --. - 
~ p n i n g s )  d ~ l / c i n .  &xi- 1-in. Haxi- 3/4-in. Maximum 112-in. Maximin 3/8 jn. #ximm 

1-1/2-in. 
1-in. 
3/4-in. 
1/2-in. 
3/8-in. 
No. 4 
No. 10 
No. 40 
No. 80 
No. 200 

Gradation 1 
a b c 

100 100 100 
79-95 83-96 86-98 --- --- --- 
61-75 66-79 71-84 --- --- --- 
45-!i4 48-60 54-66 
31-43 37-49 43-55 
16-25 20-29 25-34 
10-17 12-19 15-22 
3-6 3.5-6.5 4-7 

Surface Course - 

Gradation 2 Gradation 3 
a b c a b c 

--- --- --- 
100 100 100 --- --- --- 

80-95 m-96 90-98 100 loo loo 
68-86 74-89 79-93 80-95 84-96 87-98 --- --- --- --- --- -0- 

45-60 52-68 60-75 55-70 61-74 67-80 
32-41 39-54 47-62 40-54 46-60 54-66 
16-26 21-32 26-37 22-31 26-35 31-40 
10-18 13-21 15-24 12-20 15-23 19-26 
3-7 3.5-7.5 4-8 3-7 3.5-7.5 4-8 

Gradation 4 
a b c 

1-1/2-in. 
1-in. 
3/4-in. 
1/2-in. 
3/8- i n. 
No. 4 
No. 10 
No. 40 
No. 80 
No. 200 

Gradation 6 
a b c 

Binder Course 

Gradation 7 Gradation 8 
a b c a b c 

Gradation 9 
a b c 

--- 
loo 

72-95 
61 -82 - - - 
38-54 
25-41 
12-23 
7-16 
3-7 

--- 
loo 

70-95 
60-80 
47-60 
28-46 
14-26 
8-18 
3-7 

--- 
loo 
77-95 
68-88 
52-70 
36-54 
18-30 
10-20 
3-7 

--- 
loo 

71-95 
50- 7 1 
32-53 
16-29 
10-20 
4-9 

A1 1 High-pressure T i  re and Tar-rubber Surface Courses 
Gradation 10 Gradatton 11 

a b c a b c 

1-in. 100 --- --- --- --- -0-  

3/4-in. 84-97 --- --- 100 --- --- 
1/2-in. 74-88 --- --- 82-96 --- - -- 
3/8-in. 68-82 --- --- 75-90 --- -..- 
NO. 4 54-67 --- --- 60-73 --- .. - - 
NO. 10 38-51 --- --- 43-57 --- . --- 
NO. 20 26-39 --- --- 29-43 --- --- 
b. rn 17-39 --- --- 19-33 --- -*I 
No. BO 9-19 --- -0-  10-20 --- --I 

NO. 200 3-6 --- --- 3-6 --- - - - Arch
ive

d



According to a University of Illinois study, materials that are suitable for 
aaphal t treatment incl~de:'~) 

AASWTO 
A-24, A-26, A-3, A 4  and low plasticity A-6 soils. 

Unified 
SW, SP, SW-SM, SP-SM, SW-SC, SP-SC, SM, SC, SM-SC, GW, GP, 
GW-GM, GP-GM, GW-GC, GM, GC, and GM-GC with additional 
requirements. 

Recent projects have used paving grade asphalt cements for foamed asphalt 
road mixing. Most state agencies do not specifically identify requirements for 
subbases and bases but rather specify requirements for surface courses and indicate 
that these materials are suitable for other pavement layers .(I8) 

Criteria for Fly-Ash Stabilization 

Fly ash is normally used in stabilization operations to a d  as a pozzolan and/or 
filler. A pozzolan is siliceous and aluminous in nature, fly ash, a Pozzolan, reacts 
with calcium to produce cementitious products, resulting in a substantial strength 
increase. While calcium may be present in the material to be stabilized, lime or 
cement is often introduced to provide additional amounts of calcium for reaction 
purposes. The glassy phase of a fly ash is the component that reacts with the 
calcium in the hydrated lime or portland cement in aqueous systems. 

Because the particle size of the fly ash is normally larger than the voids in fine- 
grained soils, its role as a filler is not appropriate for use with fine-grained soils. The 
major role for fly ash in stabilization of fine-grained soils is that of a pozzolan in the 
silt soils. Most clays are already pozzolanic in nature and thus do not require 
additional pozzolans. Silts are generally the most suitable fine-grained soil type for 
treatment with lime-fly ash or cement-fly ash mixtures. 

Aggregates which have been successfully utilized in lime-fly ash mixtures 
include sands, gravels, crushed stones, and several types of slag. Lime-fly ash is 
often more economical for use with aggregates than with fine-grained soils. Lime- 
cement-fly ash stabilization is typically used on coarse-grained soils having no more 
than 12 percent material passing the No. 200 sieve. In addition, it is recommended 
that the PI of the minus No. 40 sieve fraction not exceed 25. Arch
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Criteria for the we of Combination Stabilizers 

CombirurHan stabilizers diecuesed in this eection primarily include lime- 
cement, Urncarphalt, lime-emuldfied asphalt, and cement-emulsified asphalt. The 
main purpcwe for using combination lime stabilizers is to reduce plasticity and 
increase workability so the soil can be intimately mixed and effectively stabilized. In 
most applicatiom, lime is the pretreatment stabilizer followed by cement or asphalt. 

The advantage of using lime in certain asphalt stabilization operations is to 
reduce the potential of stripping in the presence of water. In addition, lime and 
cement can be used to promote curing of the emulsified asphalt-treated materials. 

5. SUMMARY 

The criteria presented in this chapter for selecting an additive represent a wide 
range of expertise. The general grouping of soils by the soil classification schemes do 
not truly provide a distinctive method of selecting the appropriate additive. The use 
of a sieve analysis and the Atterberg Limits provide for a more unique separation of 
soil properties, and hence, their behavior. 

Once a stabilizer is selected, detailed laboratory tests should be performed to 
determine desirable additive quantities. These tests are outlined in chapter 3 of this 
volume and further discussion is found in each of the chapters associated with the 
individual stabilizers. Major considerations which are also brought out in these 
chapters include environmental and safety aspects. General climatic and construction 
safety precautions are given in table 9. 
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CHAPTER 3 LABORATORY TESTING PROCEDURES 

1. INTRODUCTION 

Laboratory testing of stabilized materials in an integral part of soil and base 
stabilization procedures. Larger projects cannot be economically completed without 
an extensive testing program to define the operational conditions of the project and 
smaller projects can often benefit from the added reliability provided in the testing 
process. Testing will first be required to show if stabilization is appropriate, and if 
deemed so, testing must be done to assess the economics and effectiveness associated 
with varying amounts of available stabilizers. Only if this data is available can 
knowledgeable decisions be made with regard to the type and amount of stabilizer(s) 
to be used on a particular project. Testing is advantageous even on the smaller 
projects, where the completion of several rapid tests might indicate a reliable 
stabilizer content, 

Material test properties are often used in designing the pavement structure. 
Most pavement design methods, theoretical or empirical, take into consideration the 
strength and durability properties of the materials being used in the pavement 
system. Thus, improved material quality can be accounted for in the design, if 
required. It is often necessary to use correlations between material tests normally 
performed for stabilized materials and the more common tests performed on 
untreated materials. These conversions are readily available. 

The most common use for laboratory testing is for mixture design in addition 
to the thickness selection process described above. Both objectives need not be 
accomplished to achieve a level of economic benefit from laboratory testing. The cost 
of this testing is generally quite small, particularly for the larger projects, in 
comparison with the total cost of the project.(m 

This chapter presents the procedures and applications of the more pertinent 
laboratory tests used today. The general classes of testing that provide data useful in 
selection of stabilizer type, and amount include: 

Moisture limit determinations. 
Density determinations. 
Strength tests. 
Durability tests. 

Relevant ASTM or AASHTO testing methods should be followed for all procedures 
discussed here.(B12913031132) Arch
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2. MOISTURE LIMIT DETERMINATIONS 

Moisture limit tests are used to describe the relative influence moisture has on 
the ability of a material to perform in a structure. These are commonly referred to as 
the liquid limit (LL), the plastic limit (PL), and the plasticity index (PI). These soil 
descriptors are highly accurate indicators of the effect a stabilizer additive produces 
in altering the behavior of the soil. These determinations are made on soils before 
and after the addition of a stabilizer to judge the improvement provided to the soil. 

Improved moisture limits translate into a soil with improved workability, less 
plasticity problems, less volume change susceptibility, and even a limited strength 
increase. These tests also indicate when a particular stabilizer does not impart any 
significant improvement to the properties for which they are being tested. The limit 
determinations are normally not sufficient for designing pavement thicknesses. The 
relevant standards include: 

ASTM D 4318 - Liquid Limit, Plastic Limit, and Plasticity Index of Soils 
(formerly ASTM D 424). 
AASHTO T 89 - Determining the Liquid Limit of Soils. 
AASHTO T 90 - Determining the Plastic Limit and Plasticity Index of 
Soils. 

3. DENSITY AND COMPACTION DETERMINATIONS 

The ability to obtain density in a material is a direct indication of the load 
carrying capacity of the material. If the density of a haterial can be improved, the 
engineering characteristics of that soil can also be improved. The proper completion 
of density determinations is required for proper sample preparation to evaluate the 
effect of a stabilizer additive on the long term strength improvements provided to the 
soil. If density testing is not performed-correctly, an appropriate judgement of the 
effectiveness of the stabilizer cannot be established. 

The appropriate determination of density in the laboratory and the ability to 
judge compaction in the field are necessary in determining if the proper level of 
compaction is being achieved. The mechanics of stabilization and strength gain 
provided by the stabilization are all highly tied to the development of a high level of 
compaction in the treated soil. Regardless of the laboratory indications of adequate 
stabilization, inadequate field compaction will guarantee that strength and durability 
will not be achieved in the field. This will further guarantee a poor performance of 
the pavement when exposed to environmental or load stresses. 

There are separate and distinct compaction and evaluation procedures for 
untreated soils and soils treated with different stabilizer additives. The most notable 
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difference ie for bituminous stabilized materials. The appropriate application of the 
relevant compaction criteria provides the following: 

Eotablish optimum moisture content and maximum density of the 
untreated soil which serve as target values for construction of stabilized 
soils, most importantly the optimum moisture content. 

Establish laboratory controls for stabilized samples providing for 
standard conditions used to judge the effectiveness of the additive on 
strength under similar conditions. 

Establish field controls used to verify adequacy of field construction in 
obtaining samples with appropriate conditiohs to allow stabilization to 
proceed as planned in the design phase. 

General compaction procedures can be found in AASHTO T 99 (Moisture- 
Density Relations of Soils Using a 5.5-Ib Rammer and a 12in Drop) or AASHTO T 180 
(Moisture-Density Relations of Soils Using a 10-lb Rammer and an 18-in Drop). There are 
specific recommendations for moisture density in cement treated soils in ASTM D 558 
and A ASHTO T 134 (Moisture Density Relations of Soil-Cement Mixtures). 

Requirements for density in bituminous stabilized materials will normally be 
taken from the design procedure selected for the material being used and the ' 

procedure, Hveem or Marshall. There are special requirements for measuring the 
density of compacted bituminous mixtures and these should be consulted to establish 
appropriate measurement techniques. These requirements are ASTM D 2726 (BUN( 
Specific Gravity and Density of Cont yacted Bituminous Mixtures Using Su turated Su jace 
Dry Specimens) and ASTM D 1188 (Bulk Specific Gravity and Dmsity of Compacted 
Bituminous Mixtures Using Paraffin-Cwted Specimens). 

4. STRENGTH TESTS 

There have been a number of tests proposed to characterize the strength 
properties of stabilized soils. Some of these tests are empirical in nature in that their 
usefulness lies in a correlation of the test result with field perf~rmance.'~~) Other tests 
have been developed in recent years which characterize the response of the material 
to deformation or load and are applicable to the mechanistic design approach. These 
tests cover the range of static and dynamic loading conditions. 

The contents of this section are divided into six categories of strength related 
testing procedures as follows: Arch
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Compression teeting. 
Tenelon teating. 
Stability teeting. 
Elasticity teliting. 
Fatigue testing. 
Bearing capacity testing. 

The category used by any State agency will normally depend on the agency's 
experience with a material's performance and its typical failure pattern in service. 

Compression Tests 

Compression testing represents the class of testing that is readily available to 
State testing agencies and provides for a great deal of information for all stabilizer 
additives. The procedures discussed here include: 

Unconfined Compression. 
Triaxial - Rapid Shear. 

Triaxial - Rapid Shear 

The triawial rapid shear test is used to determine the shear strength of a soil. 
In the test, a soil specimen is encased in a rubber membrane and subjected to an 
equal, all-around confining pressure (normally air). A vertical axial load is then 
applied at a constant deformation rate until the specimen fails. By repeating the test 
using various lateral pressures, a Mohr-Coulomb failure envelop can be generated 
from which the cohesion (c) and internal friction ($) parameters of the soil can be 
determined. The shear strength of a soil can then be computed from the- general 
Coulomb equation: 

where: 
s = shear strength, psi 
c = cohesion, psi 
Oh = applied vertical stress, psi 
$ = internal friction angle 

The test is commonly run as a closed system to refled the drainage 
characteristics of the soil. It may be conducted in accordance with ASTM D 2850 
(Unconsolidated, Undrained Compressive Strength of Cohesive Soils in Triaxial 
Compression). Arch
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Figure 7 b a achematic of the 
triaxial terting cell apparatus. Several 
types of triaxial cells and loading 
mechanisms exist for which teeting 
procedures vary. Although redHent 
modulus is generally the strength 
parameter utilized in mechanietic 
design equations, shear strength 
limitations are acknowledged in 
mechanistic design programs. 
Correlations have been developed 
between shear strength and commonly 
used strength parameters, such as CBR 
and k-value, for use in empirical-based 
pavement design equations. The 
rapidity of the rapid shear test makes it 
more desirable than the time- 
consuming CBR and k-value tests. 
Stabilization typically produces a 
substantial increase in cohesion with 
only a minor increase in friction angle. 

Unconfined Compressior\ Figure 7. Schematic of triaxial cell. 

The unconfined compression test 
is similar to the triaxial compression test with the exception that no confining 
pressure is employed. Test specimens (field-extracted cores or laboratory-molded 
cylinders) are typically 4 in diameter and 8 in height; however, smaller dimensions 
are occasi~ally used particularly for laboratory compacted samples of fine grained 
cohesive soils, 

The test basically consists of applying a vertical axial force at a constant rate 
until the specimen fails along a shear plane or by bulging. Vertical deformations are 
measured along with the applied load increments. The unconfined compressive 
strength is found by dividing the maximum applied load by the cross-sectional area 
of the applied load. 

Unconfined compressive tests are typically performed at a specified time 
following sample preparation, depending on the curing time specified in the relevant 
specifications: 

ASTM D 1074 - Compressive Strength of Bituminous Mixtures. 
AASHTO T 167 - Compressive Strength of Bituminous Mixtures. 
ASTM D 1633 - Compressive Strength of Molded Soil-Cement Cylinders. 
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ASTM D 2166 - Unconfined Compressive Strength of Cohesive Soil. 
AASHTO T 208 - Unconfined Compressive Strength of Cohesive Soil. 

Stability Testing 

The strengths of asphalt-treated materials are often evaluated in the context of 
stability. Stability is defined as the resistance of a material to displacement under 
applied loads. Such resistance comes primarily in the form of the frictional resistance 
furnished by the aggregate and the cohesion introduced by the bituminous binder. 

Cohesion increases with asphalt content to the point where the aggregate 
particles are well covered with a film of binder. Little, if any, additional cohesion is 
afforded beyond that point. The cohesion provided by asphalt gives great resistance 
to dynamic loads but normally yields in the presence of static loads. 

The most important element in the overall stability of an asphalt-aggregate 
mixture is the frictional resistance provided by the aggregate. Clearly, aggregate 
possessing rough surfaces and irregular shapes will provide greater frictional 
resistance, thereby yielding greater~tabilit~.~ The level of fridion developed in a 
mixture is also influenced by the degree and method of compaction. 

Two tests that have been developed to measure the resistance to deformation 
of asphalt-aggregate mixtures are the Marshall stability test and the Hveem 
stabilometer/cohesiometer test. Brief descriptions of these tests are provided below. 

Although the concept of stability is very important, the principles behind it 
have not yet been implemented into theories relating to performance. Rather, an 
array of supplemental tests have been combined with both the Marshall and Hveem 
stability tests, resulting in the Marshall and Hveem methods of mix design. In these 
two mix design methods, specifications have been established that require minimum 
levels of stability based upon the observed field performance and measured stability 
of past mixes. Hence, the Marshall and Hveem stability tests are empirical in nature. 

Many agencies have adopted one of these mix design methods and have 
modified the stability requirements to reflect their own experiences with observed 
field performance. Marshall and Hveem mixture design methods exist for all three 
types of asphalt-a egate mixtures (i.e., asphalt concrete, emulsified asphalt, and 
cutback asphalt).'gg Although the procedures for preparing and testing the various 
asphalt-aggregate specimens differ somewhat, the concepts are essentially the same. 

J-Iveem Stabilometer and Cohesiometer 

The Hveem stabilometer and cohesiometer testing devices were developed by 
the California Division of Highways to measure a material's frictional resistance and 
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cohesive strength. Test specimens (laboratory-molded or field-cored) are typically 4 
in (101.6 mm) in diameter and 2.5 in (63.5 mm) thick Figures 8 and 9 show the 
stabilometer and cohesiometer testing apparatuses, respectively. 

In the stabilometer 
test, specimens are placed 
between the cylindrical 
loading heads and are 
subjected to a vertical load 
applied at a rate of 0.05 
in / min. Fully-cured 
specimens are loaded to a 
vertical pressure of 400 psi. 
The lateral pressure 
developed in the fluid 
confining the sides of the 
specimen is then recorded 
and the stability is then 
determined from the 
following equation: 

Figure 8. Schematic of the Hveem 
stabilometer. 

where: 
S = Hveem 

stability value 
= vertical 
pressure, psi 
= horizontal 
pressure at the 
instant P, is 
recorded, psi 
= number of 
turns of the 
displacement 
pump to change 
horizontal 
pressure from 5 
to 100 psi 

u 
Shdncrhrw 

Figure 9. Schematic of the 
Hveem cohesiometer. 

In theory, a liquid would exhibit an Hveem stability value of 0 while a perfect 
solid would display a value of 100. Stability values for asphalt-aggregate mixtures 
typically range between 30 and 40. 
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The Hveem stabilometer primarily measures the frictional resistance of an 
aephal t-aggregate mixture. The extent to which cohesion is included in the 
measurement of a material's Hveem stability is not known. The measurement of 
cohesion is achieved through the use of the Hveem cohesiometer. 

Relevant test epecifications include: 

AASHTO T 246 - Resistance to Deformation and Cohesion of 
Bituminous Mixtures by Means of Hveem Apparatus. 
ASTM D 1560 - Resistance to Deformation and Cohesion of Bituminous 
Mixtures by Means of Hveem Apparatus. 

Marshall 

The commonly-used Marshall test measures frictional resistance and cohesion 
in combination. In the test, cylindrical test specimens (laboratory-molded or field- 
cored), 4 in (101.6 mm) in diameter and 2.5 in (63.5 mm) thick, are placed in semi- 
circular testing heads which resemble an open-ended adjustable collar. The device is 
then loaded at a rate of 2 in/min (51 mm/min), causing the specimen to deform. 

Stability is measured as the maximum load applied, which occurs at the 
moment the specimen begins to yield. The deformation at this point is also measured 
and referred to as "flow." While frictional resistance comprises much of the stability 
measured and cohesion plays a large role in flow, neither account solely for each 
property. 

The Marshall test, like the Hveem test, is empirical in nature. Very little 
theory is associated with the test as it merely gives indication of the relative stability 
of various asphalt-aggregate mixtures. The Marshall test, in conjunction with the 
bulk specific gravity test, density and voids analyses, and moisture absorption test, 
comprise the Marshall method of mix design. Several agencies use the Marshall 
method of mix design, specifying minimum values of stability and certain ranges of 
flow .'"' 

The relevant test specifications for Marshall testing include: 

ASTM D 1559 - Resistance to Plastic Flow of Bituminous Mixtures Using 
Marshall Apparatus. 
AASHTO T 245 - Resistance to Plastic Flow of Bituminous Mixtures 
Using Marshall Apparatus. Arch
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Tensile Teeting 

pirect Tensile 

Direct Tensile testing is not normally conducted on stabilized materials 
because of the difficulty with sample preparation, For this test, a cylindrical sample 
with a length to diameter ratio of 2 must be bonded to the endcaps, typically with 
epoxy. The end caps are separated by a constant rate, and the sample fails in 
tension, 

The split-tensile or indirect tensile test is the most common method of 
determining the tensile strength of stabilized materials. The test consists of applying 
a compressive load at a constant rate along the diametral plane of the specimen until 
it splits. The applied load creates a relatively uniform tensile stress perpendicular to 
and along the diametral plane. The split generally occurs along this diametral plane 
and the tensile strength is determined from the following equation: 

where: 
at = tensile strength, psi 
P = maximum applied load, lb 
t = specimen thickness, in 
d = specimen diameter, in 

The split-tensile test is 
shown in figure 10 and has been 
used with all types of stabilized 
soils. For asphalt stabilized 
soils, it is most applicable to 
dense-graded mixtures since a 
greater degree of testing 
difficulty is experienced with 
open-graded mixtures. The test 
is occasionally used on lime, 
cement, and fly ash stabilized 
soils; however, the flexural test 
is more common with these 
types of stabilized soils. I 

Figure 10. Indirect tensile test stress 
distribution from diametral loading. 
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A relevant procedure for conducting this test is given in ASTM C 496 (Splitting 
Tensile Strength of Cylindrical Concrete Specimens). 

Flexural Strenath 

The flexural strength test is a common test for determining the flexural tensile 
strength of stabilized soils. This test can be performed using either third-point 
loading (ASTM C 78 - Flexural Strength of Concrete) or center-point loading (ASTM C 
293 - Flexural Strength of Conmete) procedures. Figures 11 and 12 are schematics of 
the two loading devices which may be used. 

Normally, several 6 x 6 x 20 in (152 x 152 x 508 mm) beams are prepared from 
a design batch mix and then tested in flexure at a specified curing period. Both 
methods involve placement of a test specimen in the loading apparatus and applying 
a load at a constant rate until the beam ruptures. The flexural strength, or modulus 
of rupture (R), for third-point and center-point loading methods are determined from 
the following equations: 

R = (P*I)/(b xi2) (Third-Point Loading) 
R = (3.P .1)/(2*b d2) (Center-Point Loading) 

where: 
R = modulus of rupture, psi 
P = maximum applied load, lb 
1 = beam length, in 
b = beam width at point of fracture, in 
d = beam depth at point of fracture, in 

The preferred loading technique for flexure is third-point loading. With third- 
point loading, a pure moment with zero shear is created in the middle third of the 
beam. Failure generally occurs at the weakest point near or within this middle 
section. In center-point loading, substantial shear forces and unknown stress 
concentrations at the point of load application occur along the line of rupture. Beams 
are forced to break in the proximity of the load application point. This usually 
results in higher strengths since the weakest element is most likely displaced from 
the concentration of load. Less variability in flexural strength is associated with 
third-point loading since a greater portion of the specimen is being subjected to the 
stresses induced. 

A version of the flexural strength test outlined in ASTM D 1635, Flexural 
Strength of Soil-Cement Using Simple Beam with Third-Point Loading, is specifically 
for soil-cement mixtures and uses 3 x 3 x 11.25 in (76 x 76 x 290 mm) beam 
specimens in third-point loading. 
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Figure 11. Third-point loading apparatus. 

Usage: 

Lime: Goad; increase in flexural strength with extended curing. 
Lime-Fly Ash: Flexural test used, but flexural strength often estimated as 0+UC 
Cement: Routinely used for cement treated materials: f = 0.2 to 0.33 x (UC) 
Lime-Fly Ash: E = 0.5 x 106 to 2.5 x id 

Repeated-Load Elasticity and Fatigue Life Testing . 

Repeated -load tests are useful in characterizing the elastic and fatigue 
properties of stabilized soils. Elasticity is typically determined by measuring a 
material's resiliency in a repeated load-deformation sequence. Most commonly used 
tests include the triaxial compression, diametral, dynamic compression, and flexural 
beam. 

Fatigue is the phenomenon of cracking or fracture under a repeated stress 
having a maximum value less than the tensile strength of the material. While 
repeated compression tests have been used in the past for fatigue modeling, the 
flexural beam test is by far most appropriate for examining fatigue trends. 
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Figure 12. Center-point loading apparatus. 

Triaxial Comvression (Resilient Modulus) 

The triaxial cell apparatus shown previously in figure 7 is used in resilient 
modulus testing. In this test, a rubber-encapsulated material specimen 4 in (102 mm) 
in diameter and 8 in (204 mm) thick is subjected to a constant confining pressure (as 
in the rapid shear test) and a repeated vertical deviator stress. The triaxial cell is 
configured in the same manner as the dynamic modulus test which will be presented 
here also. The resulting elastic strains are measured, from which the resilient 
modulus is calculated as shown below: 

I 

where: 
ER = resilient modulus, psi 
a d  = applied vertical stress, psi 
E, = resilient axial strain, in/in 

The test is conducted over a range of temperatures for asphalt mixtures and 
many variations in load, loading frequency, load duration, and confining pressure 
can be impoeed. Relatively low stiffness materials, such as cement and lime modified 
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sails, can be terted using thie test method. However, medium stiffness materials, 
such acl asphalt and lime stabilized soils, are moat suitable for this type of test. 

ASTM D 3496 - Preparation of Bituminous Mixture Specimens for Dynarnic Modulus 
Testing. (Preparation Only) 

AASHTO T 274 - Resilient Modulus of Subgrade Soils contains the basis, but is 
currently undergoing revisions and will be resubmitted for approval in the future. 

Diarnetral mesilient Modulus) 

The resilient modulus of 
medium and high stiffness 
stabilized materials can be 
determined by using the 
diametral loading device shown 
in figure 1 3 . ~ )  A repetitive and 
controlled load is applied 
diametrically to a specimen, 
which causes dynamic 
deformations across the 
horizontal diametral plane. 
Transducers are used to measure 
these deforrnations. Knowledge 
of the dynamic load and the 
recoverable horizontal 
deformation allows the resilient Figure 13. Diametral resilient modulus device.(35) 

modulus to be calculated using 
the follwing equation: 

where: 
ER 
P 
3 
t 

= resilient modulus, psi 
= repeated load, lb 
= Poisson's ratio 
= specimen thickness, in 
= recoverable horizontal deformation, in 

Poisson's ratio is defined as the ratio of lateral strain (e,) to axial strain (e,), 
caused by a load parallel to the axis in which e, is measured.@') The value of 
Poisson's ratio is dependent upon the material and is either estimated or is 
determined during the test. Typical ranges for Poisson's ratio of various stabilized 
materials are: 
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cement treated 
lime-fly ash treated 
asphalt treated 

The tort, ASTM D 4123 - Indirect Tension Test for Resilient Modulus of 
Bituminous Mixtures, generally covers a range of temperatures, loads, loading 
frequencies, and load durations. Typically, specimens 4 in (102 mrn) in diameter and 
2 in (51 mm) thick are tested at three different temperatures: 41,77, and 104 O F  (5,25, 
40 "C). In addition, at each temperature, one or more loading frequencies (typically 
0.33, 0.5, and 1.0 Hz) are imposed. 

The diametral resilient modulus test is among the more popular tests for 
determining elastic modulus. The test is rapid, easy to perform, and provides values 
of resilient moduli similar to those-obtained in the flexural modulus test It is 
particularly suitable for testing asphalt-aggregate mixtures because it can be used to 
test laboratory-compacted Marshall and Hveem specimens as well field-cored 
specimens.(JS) 

Usage: 

Asphalt: Dense- and Open-Graded EAMs, Modified Hveem 
LFA: Resilient Modulus; 100,000 to 250,000 for low quality, 250,000 to 500,000 for 
medium quality, and > 500,000 for high quality.(4) 

om~ressive - Rvnamic Modulus 

In this sinusoidal axial compression test, material specimens 4 in (102 mm) in 
diameter and 8 in (204 mm) thick are subjected to a repeated compressive load. The 
resulting recoverable axial strain may be measured by wire strain gages or LVDTs 
mounted on the loading ram. A device is shown in figure 14. The data is used in 
calculating the dynamic modulus as follows: 

I E* I = adgo 

where: 
IE*l = resilient modulus, psi 
a0 = applied axial stress, psi 
E ,, = recoverable axial strain, in/in 

As with the resilient modulus tests, the dynamic modulus test is conducted at 
multiple temperatures (41, 77, and 104 O F  [5,25, and 40 OC]) and loading frequencies 
(1, 4, and 16 Hz). It should be noted that, besides the testing device, the significantly 
higher loading frequencies used in this test distinguish it from the resilient modulus 
tests discussed above. In general, the dynamic modulus of a material specimen is 

I 1  
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somewhat greater than the 
resilient modulus of that 
m e  specimen. The relevant 
test pmdure for thir test 
are: 

ASTM D 34% - Preparation 
of Bituminous Mixture 
Specimens for Dynamic 
Modulus Testing. 
ASTM D 3497 - Dynamic 
Modulus of Asphalt 
Mixtures. 

Usage: 

Cement: Lean concrete - 5 to 
6 x 106 psi, course-grained 
treated materials - 2 to 3 x 
106 psi, fine-grained treated 
materials - 0.5 to 1.5 x 106 
psi. 

Figure 14. Dynamic compression ,device. 

Flexural Beam (Resilient Modulus & Fatime) 

Typically, a 3.5 x 3.5 x 15 in (89 x 89 x 381 mm) beam specimen is prepared 
and placed in either a center-point or third-point repetitive loading. As mentioned . 

earlier, the third-point loading is preferred. Repeated flexural loads of haversine 
wave form are applied to the beam with a 0.1 second duration and 0.4 second rest 
period. An approximate load of 10 percent of that used to deflect the specimen is 
applied to force the beam back to its original position. Because progressive damage 
to the beam is incurred, its stiffness decreases with load applications, and flexural 
stiffness is based upon initial loading conditions and is computed from the following 
equation: 

where: 
E, = flexural stifhess, psi 
P = dynamic load applied to deflect beam, lb 
a = 0.5*(L - 4), in 
L = reaction span length, in 
I = specimen moment of inertia about centerline, in4 
6 = dynamic beam deflection at center point, in 
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The beam sample is 
fonned using ASTM D 3202, 
Preparation of Bituminous 
Mixture Beam Specimens by 
Means d California Kneading 
Compactor. Figure 15 is a 
schematic of the repeated third- 
point flexural device. The 
dynamic deflection of the beam 
at the center, as in most 
deflection testing, is measured 
by a linear differential 
transformer (LVDT). The test is 
normally performed at 70 O F  
(21 .I "C) using stress levels 
ranging from 30 to 300 psi. mY 

8.nmrotlon Clamp 7. bu 
1. bd Clunp  a. cI.top rob 
8.  Roatr.lau 0. Thompmoo buahily 
4. 8p.olnun 10. LVDT 
6. Loran# Rod 11. LVDT 
1 lltnp n i ~ b  

Figure 15. Schematic of repeated flexure 
apparatus. 

Bearing Tests 

C a l i f o r n i a i o  (CBR) 

The California Bearing Ratio test is a loaddeformation test that provides 
relative strength values useful in determining pavement layer thicknesses for some of 
the empirical design procedures. Originating with the California Department of 
Transportation, the test has enabled engineers to develop empirically-based equations 
where the CBR indicates the quality of a material in relation of that of an excellent 
base course (i.e., crushed stone). 

The test which is performed in accordance with ASTM D 3668, Bearing Ratio 
of Laboratory Compacted Soil-Lime Mixtures, is essentially consists of driving a 
piston (3 in2 in end area) at a uniform rate [0.05 in/min (1.3 mm/min)] into a 
compacted specimen (prepared in accordance with AASHTO T-99) previously soaked 
in water for 96 hours. The specimen is enclosed in a steel mold and surcharged at 
the top with a series of metal rings. Loaddeformation data are gathered as the 
specimen is penetrated and the CBR is usually determined by utilizing the loads 
associated with 0.1 in (2.54 mm) or 0.2 in (5.08 mm) penetration. Arch
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The CBR is computed as fallows: 

CBR = (PjP,)*100 

where: 
CBR = California bearing ratio, 96 
ps = load carried by sample specimen at penetration of X in. 
P, = load carried by crushed stone specimen at penetration of X in. 

Figure 16 shows CBR load 
deformation curves for a variety 
of soils. As can be seen, the 
load-deformation curve for 
crushed stone is used as the 
standard by which other 
materials are compared. It is 
also apparent that curve profiles 
vary with soil type. This is 
important because different 
highway agencies use 
penetration levels that are 
unique to their situations. Thus, 
it is not possible to directly 
compare the CBR designs of 
agencies with differing 
standards. 

The CBR test is often 
criticized because it does not 
simulate the shearing forces that 
develop in the underlying 
structure. It is maintained that 
the mold provides excessive 
confinement, allowing certain 
soils to better resist the 
~enetration of the uiston. The 
&R test is also liiited in Figure 16. CBR load deformation curves 
applicability. Only untreated for typical soils. 
soils or treated soils that have 
not obtained considerable 
strength are suitable for CBR analysis. There are no practical applications for CBR 
values greater than 100, as exhibited by high strength cemented materials. Arch
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Usages: 

Lime: Not appropriate, CBR > 100 typically 
Cement: Not appropriate for coarse-grained treated soils; Applicable for fine-grained 
treated soils up to CBR = 100. 

5. DURABILITY TESTS 

The durability of cement, and occasionally lime and lime-fly ash, are 
frequently assessed by ASTM D 559-82 and AASHTO T 135, Wetting-and-Drying 
Tests of Compacted Soil-Cement Mixtures, and ASTM D 560 and AASHTO T 136, 
Freezing-and-Thawing Tests of Compacted Soil-Cement Mixtures. These tests were 
designed to determine whether the soilcement would stay hard or whether 
expansion and contraction on alternate freezing-thawing and moisture changes would 
cause the soil-cement to soften.(m 

Weight Loss 

Typically, specimens 4 in (102 mm) in diameter and 4.5 in (114.3 mm) thick are 
compacted in a mold at optimum moisture content. Specimen weights are obtained 
after extrusion from the mold and the specimens are then cured 7 days in a moist 
room. Following the curing period, the specimens are subjected to a series of 12 wet- 
dry or freeze-thaw cycles. The wet-dry cycle consists of 5 hours of water immersion 
and 42 hours in a 160 OF (71 OC) oven. The freeze-thaw cycle consists of 24 hours in a 
-10 "F (-23 'C) freezer cabinet and 23 hours in a chamber with a temperature of 70 OF 
(21 "C) and a relative humidity of 100 percent. In both tests, specimens are lightly 
brushed with a wire brush at the end of each cycle. Final specimen weights are 
obtained and the percent soil-cement loss is determined by the following equation: 

Percent Loss = (A/B);100 

where: 
A = original specimen weight minus final specimen weight. 
B = original specimen weight. 

Experience has shown that the freeze-thaw test is generally the critical test 
except for mixtures containing relatively large amounts of silt and clay.cn, 

Residual Strength 

In recent years, it has become desirable to assess the effects of freeze-thaw on 
lime, fly ash, and cement treated materials in terms of residual strength. While the 
compressive strength is the residual strength parameter of choice today, it is believed 
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by some that the reeidual tensile strength and for resilient modulus should be the 
criteria for ausesring freeze-thaw damage. Regardless of which strength parameter la 
uaed, the te~tlng procedure adheres to ASTM D 560 for the m a t  part, with strength 
testing being ronductcd at the end of the 7-day curing period a at the end of the 
fnezdmv cycling. ASTM C 593, "Strength Loss upon Vacuum Saturationn is a 
vacuum saturation procedure that evaluates the freeze-thaw durabiiity in the 
laboratory. 

Stripping 

A problem with asphalt stabilized mixtures is the development of stripping, a 
separation of the asphalt from the aggregate in the presence of water. Most mix 
design procedures for these liquid asphalt/aggregate combinations include a means 
of establishing the effect of moisture on strength, and these procedures should be 
utilized?") If these procedures are not available, ASTM D 1664, Coating and 
Stripping of Bitumen-Aggregate Mixtures, may be used, or ASTM D 4867, Effect of 
Moisture on Asphalt Concrete Paving Mixtures may be used. 

6. SUMMARY 

Laboratory testing of stabilized materials must be done when stabilization is 
being used to provide an improved material with properties that will be used in the 
pavement design process. Material variability and its effect on the strength 
properties is such that performance improvements cannot be assumed, and the 
amount of the stabilizer required for specific performance improvements must be 
established and verified. 

Each stabilizer additive has its own mix design procedure and specific set of 
tests which determine the individual properties each different material and stabilizer 
combination can achieve. The tests establish durability limits, strength levels, and 
can indicate when problems would be encountered in the field. This provides the 
engineer with more information to ensure the final product. The testing procedures 
should be adhered to provide the certainty required for in the pavement design. 
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CHAPTER 4 LIME STABILIZATION 

1, lNTRODUCTION 

Lime is among the oldest soil stabilizing agents known. The early'~omans 
used lime in the construction of the Appian Way and many other roads. Similar 
applications have been recorded in the ancient civilizations of Greece, India, and 
China. 

Since World War 11, the use of lime as a stabilizer has increased substantially. 
In the U.S. alone, it has been incorporated into construction projects in every state 
and has an annual average usage of about 100 million yd2 of 6-in equivalent 
thickness. Lime stabilization has been used in a broad spectrum of projects, 
including freeways and highways, county and municipal roads, military and 
commercial airfield pavements, earth dams, drainage canals, and public and private 
parking areas. 

2. TYPES OF LIME 

The term lime refers specifically to calcium oxide (quicklime) and calcium 
hydroxide (hydrated lime), both burned forms of limestone (calcium carbonate). 
Quicklime, available in granular or pulverized form, is often treated with water to 
produce hydrated lime in coarse or finely ground form. Lime for stabilization should 
not be confused with inert carbonates such as limestone, agstone, or aglime which are 
used in agricultural applications. 

Several types of lime are commercially available. Calcitic quicklime (CaO) and 
dolomitic quicklime (CaO + MgO) are produced by calcining (burning) calcitic and 
dolomitic limestone, respectively. By the controlled addition of water to quicklime, 
three types of hydrated lime can be produced : highcalcium [Ca(OH)J, mono- 
hydrated dolomi tic [Ca(OH), + Me], and dihydrated dolomitic [Ca(OH), + 
Mg(OH),. Typical properties of commercial varieties of quicklime and hydrated lime 
are summarized in table 10. 

Several forms of lime, including products with varying degrees of purity, have 
been successfully utilized for many years as soil stabilizing agents. The most 
commonly used products are commercial hydrated high-calcium lime, monohydrated 
dolomitic lime, calcitic quicklime, and dolomitic quicklime. A steady rise in the use 
of quicklime has been experienced in the U.S. in the last 20 years. Estimated at 10 
percent in 1979, quicklime now accounts for approximately 35 percent of all lime 
used in stabilization.@') 
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Table 10. Propertfee of commercial limee.'30' 

A. Quicklime 

High Caldum Kans, %* 

8. Hydrates 

* Percentage by weight. 

By-product lime, available from various manufacturing processes, also 
provides a source of lime that may be suitable for use in stabilization. Common 
types of by-product lime are: Arch
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Lime kiln dust - collected from the draft of the calcining process in 
lime production operations. 
By-product (carbide) lime - resulting from production of acetylene gas. 

Fresh bygrpduct lime can be just as effective in stabilization a9 hydrated lime 
and quicklime, at a cost saving. However, by-product limee can vary in quality to 
the extent that consistent results are difficult to obtain. For instance, commercial 
hydrates usually are more finely divided and have higher specific surfaces than 
carbide (by-product) limes. These irregularities are generally attributed to the 
operation of the kiln, the inherent variability of the coal used, and lagoon storage 
methods, 

Another by-product lime is polyhydrate lime. This type, developed in 
Chicago, is produced by hydrating a mixture of lime kiln dust and normal quicklime. 
The quicklime is essentially used to upgrade the lime kiln dust, initiating the 
hydra tion reaction. A1 though the by-product hydrate is not chemically equivalent to ' 
normal commercial hydrated lime, it has been successfully used in soil 
stabilization.(39) From a cost standpoint, polyhydrate lime is considerably more 
expensive than lime kiln dust, yet is cheaper than commercial hydrated limes and 
quicklimes. 

In the past, there has been concern as to whether calcitic lime [Ca(OH)J or 
monohydrated dolomitic lime [Ca(OH), + MgO] is the more effective lime stabilizer. 
Studies by Thompson and the Portland Cement Association have shown that high 
calcium limes are generally more effective for modifying soil Dolomitic 
limes produced higher cured strength in Thompson's study, but the PCA 
investigation indicated that, "most soils do not respond preferentially to dolomitic 
monohydrate or hydrated calcitic lime stabilizations for strength improvement."(41) 
Therefore, both types are, in general, satisfactory for use in soil stabilization. 

Most types of lime [exclusive of dihydrated dolomitic, c~(oH), + Mg(0H)J 
are appropriate if a quality soil-lime mixture meeting strength, durability, and 
economic criteria can be obtained. Laboratory testing may be used to indicate the 
effectiveness of any of the lime types. Properties of the soil being stabilized may 
have a much greater influence on the soil-lime reaction than lime type or source. 

In most instances, considerations of local availability and cost are more 
significant than lime type in selecting a lime source. Figure 1 in Chapter I indicates 
the location of commercial lime plants in the U.S. It is apparent that significant 
hauling distances may be involved if lime stabilization is to be used in certain areas. 

Lime specifications have been prepared by many groups and agencies. 
Chemical and physical properties (primarily particle size) are normally the major 
factors considered in a lime specification. 
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AASHTO M216 ie an example of a epecification for the use of lin~e for soil 
stabilization. ASTM C 977-89 is a specification for quicklime and hydrated lime for 
soil stabilization that L being wed by many agenciea today. 

Appropriate quality control testing should be conducted during the course of a 
project to emure the quality and uniformity of the lime being incorporated into the 
conshuction. Producer certification of the lime is used in some cases in lieu of "on 
the job" lime testing. 

3. SOIL-LIME REACTIONS 

Lime is used extensively to modify the engineering properties of fine-grained 
soils and the fine-grained fractions of more granular soils. It is most effective in 
stabilizing plastic clays capable of holding large amounts of water. The particles of 
such days have highly negatively-charged surfaces that attract free cations (positive- 
charged ions) and water dipoles. As a result, a highly diffused water layer shown in 

Figure 17. Formation of a diffused water layer around 
clay particle.(m 

figure 14 forms around the clay particles, thereby separating the particles and causing 
the clay to become weak and unstable. The extent to which this occurs depends on 
the amount of water present and the morphology and mineralogy of the clay." 

The addition of lime to a fine-grained soil in the presence of water initiates 
several reactions. The primary reactions, cation exchange and flocculation- 
agglomeration, take place rapidly and produce immediate improvements in soil 
plasticity, workability, uncured strength, and loaddeformation properties. 
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Depending on the characteristics of the soil being stabilized, a soil-lime 
pozzolanic reaction may also occur, resulting in the formation of various cementing 
agentr which further increase mixture strength and durability. Pozzolanic reactions 
an time and temperature dependent. Therefore, given appropriate temperatures, 
strength development 1s gradual but continuous for long periods of time. 
Temperatures less than-55 to 60 OF (12.8 to 15.6 OC) retard the reaction while higher 
temperatures accelerate the reaction.(42) 

A fourth reaction which may occur in the lime is carbonation. This chemical 
reaction, in which lime reacts with atmospheric carbon dioxide to form a relatively 
insoluble carbonate, is detrimental to the stabilization process. It can be avoided by 
properly expedited and sequenced construction procedures which avoid prolonged 
exposure to the air and /or rainfall. 

Cation Exchange and Flocculation-Agglomeration 

Practically all fine-grained soils display cation exchange and flocculation- 
agglomeration reactions when treated with lime in the presence of water. The 
reactions occur quite rapidly when soil and lime are intimately mixed. 

Assuming equal concentrations, the general order of replaceability of the 
common cations is given by the Lyotropic series, Na' < K+ < Ca++ < M ~ + + . ( ~ )  In 
general, higher valence cations replace those of lower valence, and larger cations 
replace smaller cations of the same valence. The addition of lime to a soil in a 
sufficient quantity supplies an excess of Ca++ which replaces the weaker metallic 
cations from the exchange complex of the soil. This exchange of cations causes a 
reduction in the size of the diffused water layer, thereby allowing clay pwcles  to 
approach each other more closely, or flocculate. in some cases, however, the 
exchange complex is practically Ca++ saturated before the addition of lime. As a 
result, cation exchange is minimized or does not occur. 

Flocculation and agglomeration produce an apparent change in texture, with 
the clay particles "clumping" together into larger-sized "aggregates". According to 
Herzog and Mitchell, the flocculation and agglomeration are caused by the increased 
electrolyte content of the pore water and as a result of ion exchange by the clay to 
the calcium form.(4) Diamond and Kinter suggested that the rapid formation of 
calcium-aluminate-hydrate cementing materials is significant in the development of 
flocculationagglomeration tendencies in soil-lime mixtures.(15) 

The net result of cation exchange and flocculation-agglomeration of particles is 
as 

Substantial reduction and stabilization of the adsorbed water layer. 
Arch

ive
d



Increased internal friction among the agglomerates and greater 
aggregate shear strength. 
Much greater workability due to the textural change from a plastic clay 
to a friable, sand-like material. 

MI-Lime Pozzolanic Reaction 

The reactions between lime, water, soil silica, and alumina to form various 
cementing-type materials are referred to as soil-lime pozzolanic reactions. The 
cementing products are primarily calcium-silicate-hydrates and calcium-aluminate- 
hydrates, the same hydrates formed during the hydration of portland cement. 
Although a wide variety of hydrate forms can be obtained, the basic pozzolanic 
reaction is illustrated in the following equations: 

Ca(OH), -, Ca++ t 2(OH)' 
Ca++ + OH' + SiO, (soluble clay silica) -r calciumailicate-hydrate (CSH) 

Ca" + OH' + N1o3 (soluble clay alumina) 4 calcium-aluminate-hydrate (CAH) 

Possible sources of silica and alumina in typical fine-grained soils include clay 
minerals, quartz, feldspars, micas, and other similar silicate or alumino-silicate 
minerals, either crystalline or amorphous in nature. The clay minerals and 
amorphous materials are the only important sources in most soils. 

When a significant quantity of lime is added to a soil, the pH of the soil-lime 
mixture is elevated to approximately 12.4, the pH of saturated lime water. This is a 
substantial pH increase for natural soils. The solubilities of silica and alumina are 
greatly increased at these elevated pH levels.(w Thus, as long as enough residual 
calcium from the lime remains in the system and the pH remains high enough to 
maintain solubility, the pozzolanic reaction will continue.(3') 

The extent to which the soil-lime pozzolanic reaction proceeds is influenced 
primarily by natural soil properties. With some soils, the pozzolanic reaction is 
inhibited, and cementing agents are not extensively formed. Thompson has termed 
"reactive" those soils that react with lime to produce substantial strength increase.(%) 
A strength increase of greater than 50 psi (345 kPaz) after a 2Way curing period at 
73 O F  is considered reactive. Soils displaying less than a 50 psi (345 k P 4  strength 
increase are deemed non-reactive. In such cases, extensive pozzolanic strength 
development will not be achieved, regardless of lime type, lime percentage, or curing 
conditions of time and temperature. 

Several soil properties and characteristics influence the lime-reactivity (i.e., the 
ability of the soil to react with lime to produce cementitious materials) of a soil. 
These include: 
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Soil pH. 
Organic carbon content. 
Natural drainage. 
Ewcat~ive quantities of exchangeable sodium. 
Qay mineralogy. 
Degree of weathering. 
Presence of carbonates. 
Extractable iron. 
Silica-sesquioxide ratio. 
Silica-alumina ratio. 

Detailed summaries concerning the effects of soil properties on lime reactivity are 
contained in references %,47, and 48. 

Carbonation 

Lime carbonation is an undesirable reaction which may also occur in soil-lime ' 

mixtures. In this reaction, lime reacts with carbon dioxide to form calcium carbonate, 
as shown below. 

f 

CaO + CO, -. CaCO, 

Prudent construction practices are necessary to minimize lime carbonation. 
Actions to be avoided are long exposure of the lime to air prior to mixing with the 
soil, and long, intensive mixing and processing times. It is recommended that prior 
to mellowing, the mixture be compacted using a pneumatic roller. Design 
considerations for location of subdrains should be carefully considered, as with other 
cementitious materials, migration of the stabilizer into the drain system can develop 
carbonation which may clog drainage systems and compound soil moisture problems. 

4. SOILS SUITABLE FOR LIME STABILIZATION 

Since the beneficial effects of lime stabilization are the result of various 
reactions between the fines portion of the soil and lime, fine-grained soils, such as 
clay and silty-clay, respond most favorably. A minimum clay content of 
approximately 10 percent and a plasticity index greater than 10 are desirable, 
although benefits have been noted for lower PI silty soils containing less clay. 

For low PI sands and non-plastic soils, a pozzolan additive is needed to 
produce the necessary lime-silica reaction. Fly ash, volcanic ash, and expanded shale 
fines are examples of pozzolans that have been successfully incorporated. Suitable 
stabilization of organic soils may be difficult with normal lime contents. 
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S. TYPICAL PROPERTIES OF LIME STABILIZED SOILS 

In general, all fine-grained soil8 exhibit decreased plasticity, improved 
workability, and reduced volume change characteristics when mixed with lime; 
hawever, not all soils exhibit improved strength, stress-strain, and fatigue 
characteristics. It should be emphasized that the properties of soil-lime mixtures are 
dependent on many variables, the most important of which are soil type, lime type, 
lime percentage, compacted density, and curing conditions (time, temperature, and 
moisture). The properties of a lime-treated soil are, therefore, not "static values" but 
will vary in response to changes in the variables listed above. 

The effects of lime treatment on pertinent soil properties can be classified as 
immediate and long-term, Immediate effects are achieved without curing and are of 
interest primarily during the construction stage. They are attributed to cation 
exchange and flocculation-agglomeration. Long-term effects take place during and 
after curing and are important fiom a strength and durability standpoint. While 
these effects are generated to an extent by cation exchange and flocculation- 
agglomeration, they are primarily a result of pozzolanic strength gain. Consideration 
for the properties affected by lime treatment are provided herein. 

Uncured Mixtures 

Plasticity and .Workabili tv 

The addition of lime to a soil decreases the liquid limit and increases the 
plastic limit, resulting in a substantial reduction of the PI. In some cases, the soil 
may become nonplastic. Generally, high initial PI and clay content soils require 
greater quantities of lime to achieve the nonplastic condition, if it can be achieved at 
all. 

The first increments of lime are usually most effective in reducing the plasticity 
of the soil. The silty and friable texture of the treated soil causes a marked increase 
in workability, expediting subsequent manipulation and placement of the treated soil. 
Figure 18 illustrates the manner in which lime influences plasticity. 

Mois ture-Densi tv Relations 

For a given compactive effort, soil-lime mixtures have a lower maximum dry 
density and a higher optimum moisture content than the untreated soil. This 
phenomenon normally persists with the incorporation of additional lime. Maximum 
dry density reductions of 3 to 5 lb/ft? (48.1 to 80.1 kg/m3) and optimum water 
content increases of 2 to 4 percent are common. Further reductions in maximum dry 
density and increases in optimum moisture content can be expected if the mixture is 
allowed to cure so that substantial cementing occurs. 
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Figure 18. Effects of lime on liquid limit, plastic limit, and 

plasticity index for clay soil.(49) 

Since moisture-densi ty relationships are constantly changing, it is important 
that the appropriate moisture-density curve is utilized for field control purposes. If 
curing has occurred, it may be impossible to achieve density; however, it is important 
to realize that it is not necessary to achieve that density because the reduction is not 
due to poor compaction but to the fact that the material is different.($@ Figure 19 
illustrates the effects of compaction effort, lime content, and aging on the dry density 
of a clay soil. 

Swell Potential 

Swelling potential and swelling pressures are reduced markedly by lime 
treatment. These reduced swelling characteristics are primarily attributed to the 
decreased water affinity of the calcium-saturated day and the formation of a 
cementitious matrix which can resist volumetric expansion. CBR swell values of 
lime-treated soils vary, but it is not uncommon to decrease swell to less than 0.1 
percent.(") Mitchell and Raad, in considering additive treatments for swell control, 
concluded that lime continues to be the most effective additive for stabilization of 
expansive soils.(52) 

57 
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Figure 19. Effects of compaction effort, lime content, and aging 

on dry density of clay soil.('e) 

e a t h  and Defarmation Proverties 

Immediate increases in the strength and deformation properties of soils are 
apparent with the incorporation of lime. These improvements are a result of the 
textural changes produced by cation exchange and flocculation-agglomeration. They 
can be characterized in terms of shear strength, CBR, cone index, static-compression ' 
modulus of elasticity, and resilient modulus. Figure 20 illustrates the increase in CBR 
of a low plasticity clay heated with varying amounts of lime. The immediate effects 
of lime treatment on the resilient behavior of fine-grained soils can be seen in figure ' 
21. Chapter 3 should be consulted for laboratory test procedures to evaluate the 
effect of -the additive. 

It is apparent that the immediate strengthening effects of lime treatment are 
substantial. These immediate effects often prove beneficial as they help to provide a 
stable working platform for pavement construction operations. As curing progresses 
and the soil-lime pozzolanic reaction proceeds, the soil-lime mixture will develop 
much higher levels of strength and stiffness characteristics. 
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Cured Mixtures 

Unconfined Compression 
24 

The unconfined 
compression test is a simple and 

20 
effective means of evaluating the 
strength properties of treated 
soils. Although the strength 
increase of a lime-treated soil 
depends considerably on the 
type and percentage of lime 
used and the curing period, the 
primary factor influencing lime- 
soil reactions is the soil type. If 
a soil is nonreactive, substantial 
strength cannot be developed. 

Soil-lime mixture strength 
increases for 39 Illinois soils 
cured 28 days. at 73 )OF (23 "C) o 1 12 16 20 24 a 
varied c~nsiderably.(~) 
Nonreactive soils showed little M&un c~ntsnt, JC 

or no compressive strength gain Figure 20. CBR-moisture content 
while some soils displayed relations for natural and lime-treated 
strength increases in excess of (3%,5%) CL soil (AASHTO T-99 
265 psi (1 724 kPa). A majority compaction).@) 
of the soils experienced strength 
increases greater than 100 psi 
(690 kPa) and extended curing of the same mixtures (56 days at 73 O F  [23 OC]) 
produced strength increases for soil-lime combinations that exceeded 625 psi (4310 
kPa). 

Extensive California test data indicate a wide range of strength increases for 5 
percent lime treatment and bmonth curing (ambient lab temperature, sealed curing 
to preserve moisture content)!55) The maximum strength increase achieved was 770 
psi (5300 kPa), and 30 of the 41 soils evaluated developed compressive strength 
increases in excess of 100 psi (690 kPa). Field data indicate that with some soil-lime 
mixtures, strength continues to increase for up to ten years or more. Arch
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The difference 32 

between the compressive 
strength of the natural 

0) and lime-treated soils is 
an indication of the 3 
degree to which the soil- r 

W 
lime-pouolan reaction ,- 
has A => 

substantial strength => #) 
CI 

increase indicates that the 
+ soil is reactive with lime 18 

and can be stabilized to 5 - 
m produce a quality paving 
PC 12 

material. 

Shar Strength 8 

The major effect of 
lime on the shear strength 

4 

of a reactive fine-grained 
soil, as determined by 
triaxial testing, is to 
produce a substantial REPEATED DMATOR S I R E S ,  CD, pd 
increase in cohesion with Figure 21. Effect of lime treatment and 
some minor increase in variable compaction moisture on 
friction angle (+). This resilient response of Flanagan B soil.("" 
increase in cohesion 
largely reflects the 
amount of cementing which occurs in lime-reactive soils. In addition, the increase is 
of greatest significance at the low confining pressures normally considered to exist in I 

a flexible pavement structure. 

For typical lime-reactive Illinois soils, the friction angle for cured soil-lime 
mixtures ranged from 25" to 350.~'~ The cohesion of the mixtures was substantially 
increased compared to the natural soils, and cohesion continued to increase with 
increased compressive strength. A linear regression equation was developed from 
these observations: 

where: 
C = cohesion, psi \ 

4" = unconfined compressive strength, psi 
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It is apparent that large shear strengths can easily be developed in cured soil- 
lime mixtures. It has been demonstrated that if highquality mixtures are used in 
typical flexible pavement structures, the strengths woqld be adequate to prevent 
shear failure.(m Shear-type failures generally have not been observed and reported 
for field service conditions. 

L 

Tensile Strength \ I I 

Tensile strength properties of soil-lime mixtures' are of concern in pavement 
design because of the slab action that is afforded by a material possessing substantial 
tensile strength. A1 though both the split-tensile test aqd the flexural test are used to 
evaluate the tensile strengths of soil-lime mixtures, the flexural test is most commonly 
used. 

As with unconfined compressive strength, split-tensile strength depends upon 
the soil-lime mixture and curing conditions. The similarity between the two 
parameters has been documented in at least two studies. Thompson estimated a ratio 
of 0.13 between split-tensile strength and unconfined compressive strength.@@ 
Tulloch et. al. found the ratio to be considerably lower, as illustrated below.(w 

4 = 6.89 + 0.506.q, 

where: 
at = split tensile strength, psi 
q, = unconfined compression strength, psi 

Typical flexural strengths and corresponding split-tensile stren hs of soil-lime P mixtures subjeded to various curing conditions are given in table 11.' ') As can be 
seen, for a particular mixture, the ratio of flexciral strength to split-tensile strength 
decreases as strength increases. This ratio is different for each soil-lime mixture. 

A realistic estimate of 25 percent for flexural strength can be achieved with the 
assumption that the ratio of flexural strength to s~lit~tensile strength is 2.0 and, that 
the ratio of spli t-tensile strength to unconfined compressive strength, as given by 
Thompson, is 0.13. 

California Bearing Ratio (CBR) 

CBR testing procedures have been used extensively to evaluate the strength of 
lime stabilized soils. Many agencies have arbitrarily adopted this technique due to 
their familiarity with the test. In reality, however, the CBR is inappropriate for 

- -  - 

characterizing the strength of cured soil-lime mixtures. Arch
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Thorn son conducted extensive CBR tests on various reactive and nonreactive 
Illinois ~ o i l s ~ ~ ~  CBR tests were run on three types of specimens: untreated soil, lime- 
treated wile cured, for 48 hours at 120 O F  (48.9 "C), and uncured lime-treated soils 
placed in a 96-hour soaking cycle immediately after compaction. Test results are 
prwided in table 12. 

Table 11. Tensile strength properties of soil-lime mixtures." 

Note: 1 psi = 6.9 kPa; t°F = (t,%?055) + 32. ' At 120 OF. Test not conducted for idimct t d e  stzength a,. 
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Table 12. CBR values for selected soils and soil-lime 

Reactive Soils 11 
Acaetlon Gley 2 2.6 2.1 5 15.1 , 0.1 351 .O 0.0 

Accretion Gley 3 3.1 1.4 5 88.1 0.0 370.0 0.1 
I 

Bryce B 1.4 5.6 3 20.3 0 2  197.0 0.0 

Champaign Co. 6.8 0.2 3 10.4 0.5 85.0 0.1 
till 

Cisne B 2.1 0.1 5 14.5 0.1 150.0 0.1 

Cowden B 72 1.4 3 - - 98.5 0.0 

Cowden B 4.0 2.9 5 13.9 0.1 116.0 0.1 

Cowden C 4.5 0.8 3 27.4 0.0 243.0 0.0 

a Specimens were placed in %-hr soak immediately after compaction. Arch
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1 Strength improvements are apparent with both uncured and cured soil-lime 
I 

I specimens. The improvements in engineering properties of the uncured mixtures are 
primarily a result of cation exchange and flocculation-agglomeration. While strength 

I gains are moderate, it is evident that benefits can be realized without pmkanguci 
I curing. 
! 
I 
i The tremendous increase in CBR values for cured specimens reflects the 
! 
I 1 

extensive development of pozzolanic cementing agents. For those mixtures that 
display CBR values of 100 or more, it is quite apparent that CBR test results have 
little practical significance. Thus, the CBR value is only useful as a strength indicator 

I when extensive pozzolanic cementing action has not developed, either due to a lack 
1 of curing time or nonreactivity of the treated soil. 
1 
I 
1 Fatigue Strength 
1 
I 

I Flexural fatigue strength is related to the number of loads that can be carried 
I 
i at a given stress level, and it is an important consideration in the evaluation of soil- 
I 
i lime mixtures. Swanson and Thompson illustrated how, for typical highway 
i pavement loading conditions, the flexural strength rather than the shear strength is 
I generally the limiting factor in the application of soil-lime mixtures in base and 
1 subbase courses.(*) 
1 

Figure 22 shows flexural fatigue response curves for various Illinois soils. The 
response curves of cured soil-lime mixtures are analogous to those curves normally 
obtained for materials having similar cementitious products, such as lime-fly ash- 
aggregate mixtures and portland cement concrete. The allowable stress in the 
pavement layer under loading to produce a fatigue life of 5 million stress repetitions 
of the limesoil mixtures varied from 41 to 66 percent of the ultimate flexural 
strength, with an average of 54 percent. 

Soil-lime mixtures continue to gain strength with time, and the ultimate 
strength of the mixture is a function of curing period and temperature. The 
magnitudes of the flexural stress repetitions applied to the mixture, however, are 
relatively constant throughout its design life. Therefore, as the ultimate strength of 
the material increases due to curing, the stress level, as a percent of ultimate strength, 
will decrease and the fatigue life of the mixture will increase. 

Deformation Properties 

Stress-strain properties are essential for properly analyzing the behavioral 
characteristics of a pavement structure containing a soil-lime mixture structural layer. 
The marked effect of lime on the compressive stress-strain properties of fine-grained 
soils is shown in figure 23.@') The failure stress is increased, and the ultimate strain 
is decreased for soil-lime mixtures relative to the natural soil. 
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Cycles To Failure 
Figure 22. Flexural fatigue response curves!"0) 

An extensive study involving the triaxial compression testing of various lime- 
stabilized Illinois soils provided two significant findings.('') First, it was found that 
lime-soil mixtures are strain sensitive, having ultimate strains of approximately 1 
percent at maximum compressive stress. Secondly, it was found that the compressive 
modulus of elasticity at a confining pressure of 15 psi (103.4 kPa) can be estimated 
from the unconfined compressive strength of the soil-lime mixture according to the 
following equation: 

E = 9.98 + 0.124% 
where: 

E = compressive modulus of elasticity, ksi 
4 u  = unconfined compressive strength, psi 

Repeated or dynamic compressive loading data for soil-lime mixtures are being 
developed with the resilient modulus procedures now being implemented, but not a 
great deal of information is currently available. Suddath and Thompson evaluated 
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the resilient moduli for a 
4 percent lime-treated 
Cornre Lake Clay mixture, 
a highly lime reactive soil, 
following curing periods 
of 2, 7, 14, and 28  day^.^^'^ 
The cured static 
compressive strengths 
ranged from about 125 to 
250 psi (862 to 1724 kPa). 
However, the resilient 
moduli for repeated 
compressive stresses 
equal to approximately 50 
percent of the mixture's 
compressive strength 
varied only from 
approximately 70,000 to 
125,000 psi (483,000 to 
862,000 @a). In contrast, 
static modulus of 
deformation data for the 
same mixtures were 
substantially lower and 
varied from 
approximately 16,000 to 
45,000 psi (110,000 to 
310,000 kPa). The actual 
amount of strength 
increase provided will 
depend entirely on the 
reactive nautre of the soil. 

STR41N, % 
Figure 23. Compressive stress-strain 

relations for cured soil-lime 
mixtures (goose lake clay + 4% 

Flexural Moduli 

For soil-lime pavement layers possessing high shear strength, the flexural 
stresses in the mixture may be the controlling design factor. In view of this fact, 
flexural moduli of elasticity have been evaluated for typical cured soil-lime 
mixtures.(51) Various fine-grained soils stabilized with lime were made into 2 x 2 x 9 
in (5.08 x 5.08 x 22.86 mm) beams and cured for 2 and 4 days at 120 O F  (48.9 OC). 
With the use of strain gauges, the beams were then tested under third-point loading 
conditions. The flexural modulus of elasticity was calculated from the moment- 
curvature relationships for the beams. Figure 24 shows the relationship generated 
between the flexural strength and the flexural modulus of elasticity. Obviously, as 
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the flexural etrength increases 
with curing time, so does the r E,(klqa4.6o,~.139.0 

modulus d elasticity. 

t Y t R .83 

1pl.o.mm .- 
(I) 1kd.m.sm 

Poisson's Ratio 6 • 
- 

.Y 
C, 
(I) 

Only limited data are 2 30° 
- 

available for Poisson's ratio of = 
cn 

lime-soil mixtures. Reported 
values at stress levels below 25 2 percent of ultimate compressive 5 
strength ranged from 0.08 to 
0.12, with an average of ~.ll.(~') Y 

At stress levels between 50 and 
75 percent of ultimate 
compressive strength, the ratio 
ranged from 0.27 to 0.37, with o - I I I I 1 

an average of 0.31. A value of 40 Bb 80 100 120 140 

0.15 to 0.20 is quite reasonable 
for analysis purposes. Figure 25 Fwd-, pcd 

illustrates the influence of stress F~P 24- Relationship between f l e m '  strength 
level on Poisson's ratio for soil- and flexural modulus for soil-lime rmxtures.(") 
lime mixtures. 

Shrinkage 

Shrinkage associated with the loss of moisture from the stabilized soil is of 
importance relative to the problem of "shrinkage cracking" of the materials and 
reflective cracking through overlying paving layers. A study conducted by Dempsey 
and Thompson on four Illinois soils indicated that lime treatment decreased 
shrinkage potential.(61' Field moisture content data for lime-treated soils suggest that 
the moisture content changes in the stabilized material are not large and the in-situ 
water content stabilizes at approximately optimum. 

Theoretical calculations based on laboratory shrinkage data as well as field 
service data from many areas indicate that for typical field service conditions 
shrinkage of cured soil-lime mixture will not be extensive. A comprehensive 
California study of the field performance of lime-treated roadways showed that only 
20 percent of the pavements with soil-lime bases displayed evidence of shrinkage 
cracking, ultimately reflecting through the surface course.(" 
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specimens in the study seldom 
achieved 100 percent saturation 
and, in most cases, the degree of saturation was in the range of 90 to 95 percent. 
Similar response to soaking has been noted in extensive studies conducted by the 
Road Research Laboratory, United Kingdom.'") 

Durability characterietics roo 

are an Impottant coneideration 
in the evaluation of a paving 1 
material. This is particularly g 
true with low-volume roads U) 

0 

where the effects of environment = 
(temperature and moisture) may 
be more pronounced due to the t 
reduced thickness of base and f 4 - 
subbase layers and the use of :: 

0, either thin surface courses or -. 
* 

surface treatments. * 2 20 
Y 

V) 

Prolonged exposure to 

Pavement .systems may experience two general types of freeze-thaw action. 
Cyclic freeze-thaw takes place in the material when freezing occurs as the advancing 
frost line moves through the layer and then thawing subsequently occurs. Heaving 
conditions develop when a quasi-equilibrium frost line condition is established in the 
stabilized material layer. The static frost line situation provides favorable conditions 
for moisture migration and subsequent ice lens formation and heaving, if the materid 
is frost susceptible. 

"- 

p 
- 

6% L h  
4 howc wrlq 
r 1 ~ , 0 t  (1203 
~ ' F S  (1%4,56)+32 

- 

- 

- 

Depending on the nature of the prevailing climate in an area, either cyclic 
freeze-thaw or heaving adion or both may occur. Extensive field pavement 
temperature data or heat flow model studies are required to accurately characterize 
the field temperature environment. Thompson and Dempsey demonstrated that the 
most expeditious way of characterizing the field temperature environment is through 
the use of a theoretical heat flow model.(6s) Their data indicated that for Illinois the 
dominate frost action form was cyclic freeze-thaw and not heaving. 

water produces only slight 
I I 

O 0 
I 

0.10 0.20 0.30 
detrimental effects. An Illinois 
study found that the ratio of ~oissonb MD, p 
soaked to unsoaked compressive 
strength of soil-lime mixtures is 
quite hi h, at approximately 0.7 8 Figure 25. Influence of stress level on 
to 0.85.' ' The soaked soil-lime Poisson's rati0.m) 
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Number of Freeze-Thaw Cycles 
Figure 26. Influence of freeze-thaw cycles on unit length 

change (48-hour curing).") 

Cyclic F ~ w - T h a  w 
In zones where freezing temperatures occur, freeze-thaw damage may result. 

This damage is generally characterized by volume increase and strength reduction, as 
shown in figures 26 and 27.(M) 

The initial unconfined compressive strength (0 freeze-thaw cycles) is a good 
indicator of freeze-thaw resistance. Dempsey and Thompson observed average 
strength loss rates of 9.4 psi/cycle for 48-hour cured specimens and 18.5 psi/cycle for 
96-hour cured specimens.(66) While cyclic freeze-thaw reduces the strength of highly- 
cured soil-lime mixtures at a greater rate, it is much more desirable to have obtained 
a high strength, stabilized mixture prior to the first freeze-thaw cycle. 

It has been shown that some soil-lime mixtures display autogenous healing 
proper tie^.'^') If the stabilized soil has the ability to regain strength or "healt' with 
time, the distress produced during winter freeze-thaw cycles will not be cumulative, Arch
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1 Cured 48 hours 4&9'C (120eF) 

Number of Freete-Thw Cydes, C 
Figure 27. Influence of freeze-thaw cycles on unconfined compressive 

strength (&hour curing).("l) 

100 

A 

since autogenous healing during favorable curing conditions would serve to restore 
the stability of the material. This phenomenon has been investigated and confirmed 
by ~cDonald. '~)  

- Champaign County TI1 
qs52-4c 
R = 0.82P 

I I I 

Frost Heaving Action 

Little consideration has been given in the past to the heaving resistance of soil- 
lime mixtures. The general philosophy regarding heaving potential of cemented 
systems has been based on the assumption that if a certain critical strength level is 
achieved, the tensile strength of the stabilized materials is sufficient to withstand the 
heaving pressures generated, thereby limiting the heave potential to tolerable levels. 

British experience with the Road Research Laboratory Heave Test, has 
indicated that cement stabilized materials with a minimum cured compressive 
strength of 400 si (2758 kPa) do not heave excessively and are "non-frost- 
susceptible"."*bgP Many agencies require 7-day cured compressive strengths of 250 to 
400 psi (1723 to 2758 kPa) for lime-treated materials, which would supposedly result 
in "durable" materials with good resistance to heaving. 
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Suetained freezing of a soil-lime mixture does not cause a strength decrease.@) 
It ehould be noted, though that the test conditions provided tor the whole speamen 
to be frozen, thus limiting the access of moisture since the frat line completely 
penetrated the specimen. 

In an effort to dwelop preliminary data regarding the heaving resistance of 
soil-lime mixtures, several typical Illinois soils were considered in a pilot labokatory 
testing program.(''') The data indicated that the high strength materials show little or 
limited heave while the lower strength mixtures may heave excessively. Based on the 
limited data, a minimum cured strength requirement of approximately 200 psi (1379 
kPa) would restrict the potential heave to less than about 2 percent. It should be 
noted that the British criterion for non-frost-susceptible materials is a heave of less 
than about 8 percentom) 

The strength required to prevent excessive heaving of cured soil-lime mixtures, 
approximately 200 psi (1379 ,kPa), compares favorably with the strength required to 
restrict the heave of cement stabilized materials. British Road Research Laboratory 
studies conclusively demonstrated that if sufficient strength is developed in the 
cement-stabilized material, the material will not heave excessively (e 8%).m) 

6. SELECTION OF LIME CONTENT 

In establishing an appropriate lime content for construction, the primary 
variable that can be altered is lime percentage, since the inherent properties and 
characteristics of the soil are fixed. Due to the many varied applications of lime 
treatment, several mixture design methods have been developed. The majority of 
these methods follow the general principle that the mixture provide satisfactory 
performance given a particular position in the pavement structure. It is appakent that 
a wide range of soil-lime mixtures can be successfully used to accomplish differing 
lime treatment objectives. Normally, design lime contents are based on an analysis of 
the effect of various lime percentages on selected engineering properties of the soil- 
lime mixture. For structural layer applications, cured strength is the most 
appropriate property to consider. 

Mixture design criteria are needed to establish the quantity of lime required to 
produce an acceptable quality mixture. For some soils and stabilization applications, 
acceptable soil-lime mixtures may not be produced regardless of the lime percentage 
used. 

Approximate Quantities 

Most fine-grained soils can be effectively stabilized (relative to a 
predetermined stabilization objective) with 3 percent lime (dry weight of soil basis). 
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Under normal field construction conditions, 2 to 3 percent lime is the minimum 
quantity that can be effectively distributed and mixed with a fine-grained soil. 

A quick test for determining lime content has been developed by Eades and 
Grim and is suggested for use when detailed testing cannot be performed.@" In this 
procedure, the pH of soil-lime mixturea containing various lime percentages are 
measured with a pH meter. The idea is to add sufficient lime to ensure a pH of 12.4 
for sustaining the strength-producing, soil-lime pozzolanic reaction. The technique 
does not evaluate mixture quality in terms of strength anti no indications are given as 
to the lime-reactivity of a soil. 

Mixture Design Methods and Criteria 

Mixture design criteria are needed to evaluate the adequacy of a given soil- 
lime mixture. Criteria will vary depending on the stabilization objectives and 
anticipated field service conditions (i.e., environmental factors, wheel loading 
considerations, design life, etc.). It is therefore apparent that mixture design criteria 
may range over a broad scale and should be based on a careful consideration of the 
specific conditions associated with the stabilization project. 

Mixture design criteria can be broken down into two categories according to 
stabilization objectives. The first category relates to situations where the major 
objective is soil modification (e.g., PI reduction, improved workability, reduced swell 
potential, and immediate strength increase). These improvements are essentially 
brought about by cation exchange and flocculation-agglomeration. 

The second set of criteria centers on strength improvement generated by the 
pozzolanic reaction between the soil and lime. Soil-lime mixtures are often evaluated 
on their ability to perform well as base or subbase courses; thus, strength and 
durability are key parameters. 

Most current design criteria specify a minimum cured compressive strength 
and the design lime content is the percentage that produces maximum strength for 
given curing conditions. Because stress and durability exposure differ for various 
depths in the pavement structure, strength requirements for base materials are 
generally higher than for subbase materials. Table 13 lists typical strength 
requirements specified by a few highway agencies. 

A summary of various soil-lime mixture design procedures is provided in 
Chapter 3. While these procedures do not require a durability test, soil-lime 
durability should not be overlooked. As discussed previously, durability can be 
addressed by subjecting soil-lime specimens to moisture and freeze-thaw actions and 
then conducting laboratory strength tests to determine strength losses. 
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Table 13. Typkal ~pecimen curing md etrength requiremente. 

Specimen Cudng 
Minimum Strewh 
R~q-ls pl 

Base C a m  Subbase 

I Mixture is "loose curedN 24 hour I I I prior to ampaction. I I 
m 

1 11linois DOT 

Louisiana DOT 

Texas State Dept, of 
Highways and Public 
Transportation 

48 hour @ 120 O F  (48.9 "C) 150 100 

7 day moist room, 8 hour air 100 50 
drying @ 140 O F  (60 T), 8 hour 
cooling, and 10 day capillary 
soaking at a confining pressure 
of 1 psi (AASHTO T 212) 

AASHTO T 220 100 50 

Viqinia Dept. of 
Highways and 
Transyorta tion 

72 hour @ 120 "F (48.9 "C) 

Mixture design criteria can be validated only on the basis of actual field 
performance. Numerous studies (references 62, 68, and 74 through 86) have been 
conducted which serve as examples of validation activities in widely separated 
geographic areas. 

Mixture design criteria developed for use with a particular mixture design 
procedure and geographic location must not be applied indiscriminately to other 

' 

areas. Careful consideration should be given to all aspects of a stabilization problem 
before adopting any criteria. As a starting point, it is suggested that the test methods 
and criteria presented in Chapter 3 be utilized. 

7. SUMMARY 

The fundamental principles of soil-lime reactions, namely cation exchange, 
flocculation /agglomeration, pozzolani c reaction, and carbonation have been presented 
to illustrate the nature of the lime reaction with the soil. These reactions are 
important to the understanding of the function of lime stabilization. Although soil- 
lime reactions are complex, a basic understanding of them coupled with field 
experience, should provide adequate technology for successful lime treatment of a 
large number of soils under a wide variety of conditions. More extensive and detailed 
background information on these reactions can be found in work by Diamond and 
Kinter and by Stocker.(87M) 
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The principal soils which can be stabilized and improved with lime include the 
fine grained soils with appreciable clay content to render them lime-reactive as 
determined in the laboratory. Caution must be observed to ensure that organics are 
not ptesent which can interfere with the lime reactions. 

Since the strength properties, to be used in the pavement design procedure, of 
a reactive soil-lime mixture change with curing due to the development of additional 
cementing products, it may not be justified to conduct elaborate tests to precisely 
evaluate mixture properties that will soon change during field curing. It may be 
more desirable to use simple tests, such as the unconfined compressive strength or 
split-tensile strength tests, to evaluate the quality of the mixtures. Other pertinent 
properties can be estimated utilizing previously developed correlations. 

Durable soil-lime mixtures can be obtained when reactive soils are stabilized 
with quality lime. Although some strength reduction and volume change may occur 
due to cyclic freeze-thaw during the initial winter following construction, the residual 
strength of the stabilized materials should be adequate to meet field service 
requirements, if proper curing and construction are performed. Durability 
considerations must be taken into account in establishing the mix composition and 
selecting engineering properties for use in pavement design. 

Arch
ive

d



CHAPTER 5 CEMENT STABILIZATION 

1, INTRODUCTION 

In 1915, a street in Sarasota, Florida, was constructed using a .mixture of shells, 
sand, and portland cement mixed with a plow and compacted. Since then, bment 
treatment has become one of the most widely used forms of soil stabilization for 
highways. A 1.5- mi (2.4 km) section of soil-cement base constructed near 
Johnsonville, South Carolina, is considered the first engineered soil-cement road and 
it remains in service today. 

Large usage of soilcement for airfield construction during World War I1 was 
followed in the 1950's by extensive highway construction, with an annual usage of 
soil-cement of 50 million yd2 (41.8 million m2). Roads were built to high standards, 
and central plant mixing was introduced. Cement-treated bases have been used in 
many miles of the Interstate highway system, as well as for streets, low volume' 
roads, and parking areas. Most recently, cement treatment has been used for the 
recycling and reconstruction of old pavements and for pavements to support heavy 
industrial vehicles. 

Many in-service, cement stabilized soil pavements are 6 in (152 mm) thick 
This thickness is generally adequate for secondary roads and residential streets. Soil- 
cement thicknesses of 7 to 8 in (178 to 203 mm) are widely used for primary roads 
and high traffic volume secondary roads. Although soil-cement pavements with 
thicknesses of 9 in (229 mm) or greater have not been common in the past, 
considerably greater thicknesses are now being used for pavements to support heavy 
industrial vehicles, 

2. TYPES OF CEMENT-AND-SOIL MIXTURES 

Cement stabilized soil is soil to which cement and water have been added to 
improve its natural qualities and make it more stable.'" Although there are several 
types of cement stabilized soils, there are primarily two categories associated with 
highway construction: 

Soil-cement. 
Cement-modified soil. 

Soil-cement is a precise mixture of pulverized soil, portland cement, and water 
which, upon hydration, becomes a hard, durable paving material. It contains 
sufficient cement (usually greater than 3 percent by weight of soil) to pass standard 
durability tests and enough moisture for maximum compaction, resulting in a 
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significant strength increase. Soil-cement is occasionally referred to as cement-treated 
baee or cement stabilized aggregate. 

Cement-modified soil is an unhardened or semi-hardened n~ixtum at' mil and 
water to which relatively small quantities of cement have been addd to imprave the 
chemical and physical properties of the soil and to produce a better paving material. 
In particular, the addition of cement decreases the liquid limit and increases the 
plastic limit of the soil such that the plasticity index (PI), volume-change capacity, 
and water-holding capacity are subs tantially reduced. Furthermore, bearing values 
and shear strengths may be somewhat increased, providing a more stable soil. 

Cement-modified soil contains less cement than is required to produce soil- 
cement. As a result, the mixture undergoes limited or no hardening.- Typically, 
cement-modified soil is used as an improved subgrade material while soil-cement is 
used as a pavement base or subbase material. Although soil-cement is the primary 
focus here, cement-modified soils will be discussed briefly toward the end of this 
chapter. 

3. TYPES OF PORTLAND CEMENT 

Portland cement is an energy-rich anhydrous tricalcium silicate (C3S)* with 
excess lime. Approximately 50 percent (by weight) of the cement consists of C3S 
while another 25 percent consists of dicalcium silicate (C2S)*. The remaining 25 
percent is primarily composed of calcium aluminates (C3A and C,AF)* and calcium 
sulfate dihydrate (CSHJ*. 

Unhydrated cements contain a range of particle sizes, with an average particle 
diameter of the order of 10 m (10 x 10 'm). Although the surface area of portland 
cement powder is only about 0.3 m2/gm, the cement gel after hydration has a surface 
area of about 300 m2/gm. This large surface area is responsible for the cementing 
action of cement pastes by adhesion forces to adjacent surfaces. Cement stabilization 
resembles lime stabilization in many ways, except that with cement, pozzolanic 
material is present in the cement initially and need not be derived from the soil itself. 

Several different cement types have been used successfully for cement 
stabilization of soils. Normal portland cement (Type I) and air-entraining cement 
(Type IA) were used extensively in the past and gave about the same results. At the 
present time, Type I1 cement has largely replaced the Type I cements, as greater 
sulfate resistance is obtained for nearly the same cost and rate of strength gain, which 
may not be important in stabilization. This greater sulfate resistance is achieved by 
limiting the tricalcium aluminate (C,A)* content to 8 percent. 

* C = CaO, S = SiO, H = H20, A = A120, F = Fe203 
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In some eolls, higher strength can be obtained by using high early strength 
(Type Ill) cement Type 111 cement contains finer particles and a greater CjS content 
which makes for faster hydration and a more rapid strength development. Over the 
first 24 hours of curing, Type 111 cement attains nearly twice as much strength as 
Type l cement. I 

I 

The presence of alkalis (Na,O and K20) may, from time to time, cause 
problems with certain aggregates. In such cases where an alkali-aggregate reaction 
occurs, maximum contents of Na,O and K 2 0  may be specified to limit the reactivity. 
Chemical and physical property specifications for poflaqd cement can be found in 
ASTM C150. This is not an important conSideration in stabilization. 

4. SOIL-CEMENT REACTIONS 

Cement acts as both a cementing agent and modifier.(w) Hydration of the 
calcium silicates produces cernentitious paste in the form of calcium silicate hydrate 
(CSH) and free lime in the form of calcium hydroxide (CH). 

Calcium silicate hydrate, termed tobermorite, is the predominant cementing 
compound in hydrated portland cement. In primarily coarse-grained soils, the 
cement paste bonds soil particles together by surface adhesion forces between the 
cement gel and particle surfaces. 

In fine-grained soils, the clay phase may also contribute to the stabilization 
through solution in the high pH environment and reaction with the free lime from 
the cement to form additional calcium silicate hydrate. It is believed that this 
reaction contributes to the strength of silty clay material constituents, thus accounting 
for reductions in plasticity and expansion properties. In this manner, the cement acts 
as a modifier. 

The crystalline structure formed by the set cement is mainly extraneous to the 
soil particles. This structure can be disrupted by subsequent swelling of soil particles 
or particle groups if an insufficient cement content is used. Disruption of the cement 
structure can also be caused by certain salt solutions (e.g., sulfates), although some of 
these salts if present initially may have a beneficial effect. 

5. SOILS SUITABLE FOR CEMENT STABILIZATION 

A wide range of soil types may be stabilized using portland cement. Yet, 
cement treatment of granular soils, such as sand and gravel, is generally more 
effective and economical due to ease in pulverization and mixing and the smaller 
quantities of required cement. Fine-grained soils of low to medium plasticity can be 
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stabilized as well, but not as effectively as the coarse-grained soils. 1f the PI exceeds 
about 30 percent, cement becomes difficult to mix with the soil. Generally, in this 
case, lime le added first to reduce the PI and improve workability prior to the 
addition of cement. 

A soil may be add, neutral, or alkaline and still respond well to cement 
treatment. Although certain types of organic matter, such as undecomposed 
vegetation, may not influence stabilization adversely, organic compounds, such as 
nucleic acid and dextrose, a d  as hydration retarders and reduce strength. When such 
organics are present they absorb calcium ions from the hydrating cement, resulting in 
a reduction of pH and precipitation of an alumina-silica gel, and inhibiting the 
normal hardening process. If the pH of a 10:l mixture (by weight) of soil and cement 
15 minutes after mixing is at least 12.1, it is probable that organics, if present, will not 
interfere with normal hardening.(91) 

Although sulfate attack is known to have an adverse effect on the quality of 
hardened portland cement concrete, less is known about the sulfate resistance of 
cement stabilized soils. From two ~ t u d i e s ( ~ ~ ~ ~ ) ,  it is known that the resistance to 
sulfate attack differs for cement-treated, coarse-grained and fine-grained soils and is a 
function of sulfate concentrations. 

Sulfate-clay reactions can cause deterioration of fine-grained soil-~ernent.(~~ On 
the other hand, granular soil-cements do not appear susceptible to sulfate attack In 
some cases the presence of small amounts of sulfate in the soil at the time of mixing 
may be beneficial. The use of sulfate-resistant cements may not improve the 
resistance of clay-bearing soils, but may be effective in granular soil-cements exposed 
to adjacent soils and /or groundwater containing hi@ sulfate concentrations. 

Accordingly, the sulfate content of a soil should be considered in the selection 
of cement as a stabilizer. Until more definitive criteria are available, the use of 
cement for fine-grained soils containing more than about 1 percent sulfate should be 
avoided. 

Potable water is normally used for cement stabilization, although sea water has 
been found to give good results in several cases. 

6. TYPICAL PROPERTIES OF SOIL-CEMENT MIXTURES 

Soil-cements are easily divided into two groups: granular and fine-grained. 
Granular soil-cements are made using the coarser-grained cohesionless soil types (i.e., 
AASHTO A-1, A-2, and A-3 soils, and Unified Soil Classification System (G-) and (S-) 
soils). Fine-grained soil-cements are made using cohesive soils (i.e., AASHTO A-4, A- 
5, A-6, and A-7 soils, and Unified Soil Classification System (C-) and (M-) soils). 
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The properties of soil-cement mixtures are strongly dependent on density, 
water content, and confining pressure. The development of generalized property 
relationships ici further complicated by the fact that cement content, curing time and 
conditions, and the deleterious effects of past loadings and weathering are also 
important. Thus, measurement of properties under one set of conditions may yield 
data of limited value for other conditions. On the other hand, an easily measured 
property that can be used to indicate other properties needed for design can be 
useful. Such a property is the unconfined compressive strength. 

In general, for a given cement content, the higher the density, the higher the 
strength of soil and cement mixtures. Both water content at compaction and 
compaction method may be important in cohesive soil and cement mixtures.(%) 

Compaction Characteristics 

The addition of cement to a soil generally causes some change in both the 
optimum water content and maximum dry density for a given cornpadive effort. 
The direction of this change is not usually predictable. The flocculating action of the 
cement tends to give an increase in optimum water content and a decrease in 
maximum density; whereas the high specific gravity of the unhydrated cement (3.1) 
relative to the soil tends to produce a higher density. The gradation of the 
unhydrated portland cement relative to that of the soil can be important, as it 
influences the packing of soil particles. 

A delay between mixing and compaction leads to a decrease in both density 
and strength for a Axed compactive effort.(%) If, however, the compactive effort is 
increased so that the original density is obtained, and provided no significant amount 
of cement hydration occurs during the delay period, then no strength loss is 
observed. 

Strength 

The strengths of soil and cement mixtures may range from less than 10 psi to 
more than 2000 psi (from 1 to 15,000 kPa), depending on such factors as type of 
loading, cement content, and curing conditions. In general, the highest strengths are 
associated with mixtures prepared from cohesionless soils, and the less plastic the 
soil, the smaller the deformation required to cause failure. 

Compressive Strength 

The unconfined compressive strength is probably the most widely used 
measure of the effectiveness of cement treatment. It may be as low as 200 psi (1,400 
kPa) for fine-grained soil cements (cement requirement as low as 3 percent). Figure 
28 shows that a linear relationship can be used to approximate the relationship 
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between compressive strength 

CEMENT CONTENT (% BY WEIGHT) strength, psi at an 
age of do days 

K = 70 OC for 
Figure 28. Relation between cement content and granular soils and 

unconfined compressive strengfh for soil 10 OC for fine- 
and cement mixtures, 

(Equations give strength in psi) 

and cement content, for cement 
contents up to 15 percent and a 

" curing period of 28 days. 

16 The increase of 
unconfined compressive strength 

4  with curing time for several soil 
and cement mixtures is shown 

12 ,in figure 29. The relationship 
between strength and curing 

10 5 time for a given soil and cement 
Zmixture can be given by: 

8 
ucd = ucd. + KblOg (d /do) 

6 
where: 

4  UC, = unconfined 
compressive 

2 strength, psi, at an 
age of d days 

o UCde = unconfined 
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The 28-day strength was found to be 1.7 times the 7-day stren by Dunlap gh et. a~.,'~') and 1.4 times the 7-day strength is suggested by Williams.(% A value of 1.5 
times the 7day strength would seem a reasonable value for estimating purposes. 

Tensile Strength 

Flexural beam tests, direct tension tests, and the split tension (Brazilian) test 
have all been used to evaluate the tensile strength. The results of several studies 
have indicated that the flexural strength is about 20 to 33 percent of the unconfined 
compressive strength. Data for some soils are shown in figure 30. In low strength 
mixtures, the flexural strength is a greater proportion of the compressive strength (up 
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to 33 percent) than in high- g 
strength mixtures (downto = 
less than 20 percent). A c 

C3 

flexural strength is: 
good approximation for the 

a - (Ir#g* m (1W1l 
C 
cn 12 

where: 
f = flexural strength, psi 
UC = unconfined 

compressive strength, 
psi 

Values of tensile 
strength deduced from the 
results of flexure, direct 

1 10 la0 1000 

CURING TIME (days) 
tension, and split tension 
tests may differ due to the Figure 29. The effect of d n g  time on 
effects of stress the unconfined compressive strength 
concentrations and of some soil cement mixtures. 
differences between moduli 
in tension and compression. 
Raad et al." have shown 
that the split tensile test 
yields values that do not 
deviate by more than 13 
percent from the actual 
tensile strength. Because of 
the simplicity of the split 
tension test, it is suitable for 
use in practice. In this test, a 
vertical compressive load is 
applied to a cylinder of the 
cemented soil which lies with 
its longitudinal axis parallel 
to the surface of the testing 
machine platens. Failure 
develops by splitting along 
the vertical axial plane. The UNCONFINED COMPRESSlM STRENQTH @d) 

tensile strength i s  given by: Figure 30. The relation between unconfined 
compressive strength and flexural strength of soil 

and cement mixtures. 
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where: 
f, = tensile strength, psi 
P = load at failure, lb 
D = cylinder diameter, in 
L = cylinder length, in 

Griffith crack theory has 
been found useful for 
characterizing the strength of 
cement-treated soils under 
various combinations of major 
(a,) and minor (a,) principal 
s t r e s s e ~ . ( ~ ~ ~ ' ~ ~ )  Normalized 
strength data (failure stresses 
divided by the unconfined 
compressive strength) for several 
soils are summarized in figure 
31. 

With this figure and a 
knowledge of the unconfined 
compressive strength, principal 
stress combinations causing 
failure can be estimated directly. 

I M h r  Principal S t m  c 3  
i:- 

Uncotdned C o m p m h  Strength CTunc 

Figure 31. Failure envelope for cement-treated 
soils.@02) 

California Bearing Ratio (CBR) 

The relationship between unconfined compressive strength and CBR for some 
granular and fine-grained soil and cement mixtures is shown in figure 32. The 
difference be tween the relationships for fine-grained and granular-treated soils 
probably results from the uncertainty associated with the application of the CBR test 
to coarse-grained soils. The meaning of CBR values greater than 100 percent in 
relation to pavement design and performance is not clear. Accordingly, the high 
values of CBR in figure 32 can be interpreted as a strength index only. 

Deformation Characteristics and Moduli 

In general, the stress-deformation behavior of cement stabilized soils is non- 
linear and stress dependent. However, for many soils and treatment levels, and 
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within limited loading ranges, the material may be assumed to be linearly elastic 
under repeated loadings. 

Daformation moduli may range from about 10,000 psi (70,000 kPa) to several 
million psi (several GhI/m2), depending on soil type, treatment level, curing time, 
water content, and test conditions. Cement -treated fine-grained soils have modulus 
values near the lower end of the rage, whereas granular soil-cements exhibit the 
higher values. 

Different relationships 
between modulus and strength 
apply to different soil types, as 
may be seen from the data 
plotted in figure 33. The values 
shown were determined from 
the small strains developed in 
longitudinal vibration tests, and 
so the moduli are some 10 to 15 
percent higher than would be 
obtained by static loading 
tests.(%) 

Figure 34 illustrates the 
general form of stress-strain 
curves for cement-treated soils 
in static compression. The shape 
of such curves can be 
represented using the hyperbolic 
relationships proposed by tw) 
Duncan and Chang.('") ' 

Figure 32. The relation between CBR and - 

Although the modulus the unconfined compressive 
under repeated loading strength of soil and cement mixtures. 
conditions depends on soil type, 
cement content, compaction and curing conditions, and test type, the unconfined 
compressive strength, which depends on the same variables, is a useful correlating 
parameter. Beyond some number of load repetitions, in the range of a few hundred 
to 10,000, the resilient modulus in compression, Y, can be expressed by: 

where: 
M, = resilient modulus, psi 
UC = unconfined compressive strength, psi 

83 
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(a1 - 0 3 )  = deviator stress, psi 
0 3  = confining pressure, psi 
Kc = material constant 
k~ = 0.2 to 0.6 
kz = 0.25 to 0.7 
n = 1,O + 0.18C 
C = cement content in percent by weight 

Determination of k~, h, and & 
requires separate measurements 
of M, under at least two values 
of q and two values of (a, - u3), 
and a regression analysis. 

If it is assumed that 
confining pressure has no effect 
on resilient modulus in flexure, 
then, from the results of beam 
tests: 

where: 
M, = resilient modulus 

in flexure, psi 
K, = material constant, 

from regression of 
data FLEXURU S~R)#M @I) 

UC = unconfined 
compressive Figure 33. Relationship between flexural strength 
strength, psi and dynamic modulus of elasticity for different 

rn = 0.04*(10)"'~~~ cement treated materials. 
c = cement content in 

percent by weight 

Poisson's Ratio 

At working stress levels for pavement bases and treated subgrades, Poisson's 
ratio is in the range of 0.1 to 0.2 for treated granular soils. Treated fine-grained soils 
exhibit somewhat higher values, with a typical range of 0.15 to 0.35. Arch
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Fatigue Behavior 

Cement-treated soils are susceptible to fatigue failure after repeated 
applications of stresses. Fatigue in flexure is of greatest interest because of its 
relevance to pavement cracking. Some general observations concerning the fatigue 
behavior of cement-treated soils are: 

Fatigue life is shorter under repeated direct tensile stresses than in 
compression. 

Flexural fatigue is greatly reduced for repeated stress levels less than 50 
percent of the flexural strength. 

The flexural fati e of soil-cement can be related to radius of curvature tr according to:(103t' 

where: 
R c  = critical radius of curvature (i.e., the radius of curvature causing failure 

under static 
loading), in 1200 

= radius of 
curvature leading 

loo0 
to failure under N :: 

Gi& 

load applications, 
in 8 

# 800 

= (hlS)/(2.1.h-1) 5 
= slab thickness, in ,Y 
= 0.025 for granular Z w 

a soil-cements and u 
LY 

0.050 for fine- = - 
grained soil- 
cements 

Y 

= number of load 
- - 

applications 200 

0 1 2 3 4 5 

AXIAL STRAIN (96) 

Figure 34. Typical stress-stnin behavior for 
soil and cement mixtures. 

Arch
ive

d



A generalized relationship that permits analysis of fatigue under 
repeated changes in both the major (a,) and minor (o,) principal stresses 
has been verified by Raad et. al.''" A stress factor, F, is defined as: 

F = [(4 - ~#YPOI + %)I foru, + 3q> o 

F = -0; for a, + 3% < 0 

where compression stress is positive. 

f 

Figure 35. Suggested fatigue failure criteria for cement-treated soils.(102) 

Repeated tensile stresses cause a progressive decrease in tensile strength from 
its initial value Ti. When the strength drops to F, cracking failure is initiated. A 
relationship between F,/T, and the number of stress repetitions of N, to cause 
failure that fits available fatigue data well is shown in figure 35. The two curves 
shown pertain to different times after treatment. 

Shrinkage 

Cement-treated soils exhibit shrinkage on curing and drying in an amount that 
depends on cement content, soil type, water content, degree of compaction and 
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curing conditions. Some amount of shrinkage cracking should be considered 
inevitable in eollsement pavement d a b .  

Field observations indicate these cracks can be appreciable at spacings of 10 to 
20 ft (3 to 6 m). The emaller crack spacings are usually associated with the higher 
clay content sdh. Because of the likelihood of shrinkage cracks in soil-cement road 
bases, it is important to consider edge loading conditions in thickness design and to 
provide surface sealing so that water is prevented from entering the subgrade and 
leading to loss of support. 

summary 

The numerical values indicated in this section are typical for normal 
conditions. Final design values in any case should be based, whenever possible, on 
carefully conducted tests in which the anticipated field conditions are simulated as 
closely as possible. 

6. SELECTION OF CEMENT CONTENT 

Approximate Quantities 

Table 14 lists the usual cement requirements for soil-cement for various soil 
types classified according to the AASHTO and Unified systems. An approximate 
cement content may be selected from this table. It should be remembered that the 
cement content ranges indicated are for soilcement, a hardened material that will 
pass rather severe durability tests. For many applications (e.g., treated subgrades, 
subbases, low volume roads, etc.), satisfactory modification may be achieved using 
lower cement contents (see section 7). 

Detailed Testing 

For major projects, and when soil-cement meeting specified durability 
conditions is required, a more detailed testing program is needed. The flow diagram 
in figure 36 may be used as a basis for determination of the cement content The pH 
determination is used to establish whether sufficient deleterious organic matter is 
present to inhibit cement hydration. The sulfate determination will establish the 
possibility of adverse sulfate reactions. Reference 91 contains specific details of the 
test procedures. 

Table 14 indicates the usual cement contents for moisturdensity, strength, 
wet-dry, and freeze-thaw durability testing. Detailed test procedures are given in the 
Portland Cement Association Soil-Cement Laboraton, Handbook(106) and by the 
following ASTM Test Standards, which are approved also as American National 
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Figure 36. Subsystem for nonexpedient base course 
stabilization with cementjel) 

Standards by the American National Standards Institute: 

r i 

- 

ASTM D 558-82 (Reapproved 1990): Test for Moisture-Density Relations of 
Soil-Cement Mixtures. 

> 0 , 8 0 % ~ m d h  
g ~ r o w . D o n a u w  
Cmall, 

ASTM D 559-89: Wetting-and-Drying Tests of Compacted Soil-Cement 
Mixtures. 

ASTM D 560-89: Freezing-and-Thawing Tests of Compacted Soil-Cement 
Mixtures. 

I 

OmWE AMOUMT 
OF 8UlFAtEd PRESENT 
INMWL (Un 

m v-2) - 

ASTM D 1632-87: Making and Curing Soil-Cement Compression and Flexure 
Test Specimens in the Laboratory. 

- 

I F 8 0 1 L C O N T l i S S # I ~ ~  
60% SiLT @.- AN0 IIESS 
WAN 2oB CUY p.oaanrg, 
W#HITUM)CEMw~- 
m N ~ . C u T f E S t ~  
FmSANOYSOllSASQI\IENIN 
WL-CEMPCT WRATORY 
HANO8001C. 

- 

A l l  OTHER soils 
USE TABLE V-2 

aullde 

- 

- 
CEMENT 

0.m~ndaoulw 
g~rimdldl~b- 
~~ 

- ICONTENT 

- 

< 0.80% 

TOSELECTTRIAL 
CEMENT CONTENTS 

DETERMINE 

I 
PERFORM FREEZE- 
THAW ANDWR-MPI 
TESTS. USE 
CRITERIA LISTED 
IN TABLE V-3. 

DETERMINE pH 
of OILCEMUJT 
MIXTURE AFTER 
15 MINUTES. 
( U r  method 
deeerlbed in 
Append& Val .) 

' . - 
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ASTM D 1633-84: Test fw Compression Strength of Molded Soil-Cement 
Cylinders. 

ASTM D -2901-82 (Reapproved 1986): Test for Cement Content of Freshly 
Mixed Soil-Cement. 

Criteria for satisfactory performance of soil-cement in the durability tests are 
listed in table 15. Cement contents sufficient to prevent weight losses greater than 
the values indicated after 12 cycles of wet tingdrying-brushing or freezing-thawing- 
brushing are adequate to produce durable soil-cement. 

Soil-cement mixes designed in this way can generally be expected to perform 
satisfactorily as roadway base courses. An exception to this is the case of cement- 
treated uniform sands. -Recent experience shows that with low-cost, low-volume 
roads, excessive shrinkage cracks develop if the full cement requirement is used. An 
unsightly pavement develops as a result, and slippage of thin (1 to 1.5 in [25 to 40 
mm]) asphaltic concrete surfacings may occur. Although some shrinkage cracking is 
inevitable, as noted earlier, it can be minimized in uniform sands if the cement and 
water contents are held to a minimum while still obtaining a desired compressive 
strength, usually about 300 psi (2,000 kPa). 

Table 14. Cement requirements for various soils."j 

* B a d  on comhtion presented by Air Porce. Amounts should be imased when etabillzing an A horlzoa mil. Arch
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Table IS. Criteria for soil-cement as indicated by wet-dry 
and freeze-thaw durability tests. 

A-1-b I GM, CP, SM, SP I 14 

I 

1 A-4 I CL, ML I 10 

Unified Soil Gmup 

GW, GP, GM, SW, SP, SM 

MSHTO Soil Group 
1 

A-1-a 

A-2 

A-3 

* The maximum allowable weight loss for A-26 and A-2-7 soils is 10 percent. 

Additional Criteria 

Maximum Allowable 
Weight Lms, percent 

14 

1. Maximum volume changes during durability test should be less than 2 
percent of the initial volume. 

2. Maximum water content during the test should be less than the quantity 
required to saturate the sample at the time of molding. 

3. Compressive strength should increase with age of specimen. 

CM, GC, SM, SC 
, 

SP 

Criteria other than the durability tests for mix design are used by some 
agencies. Among the tests used are unconfined compression, triaxial compression, 
and flexural beam tests. The Portland Cement Association has short-cut test 
procedures that can be used for determining the cement content required to make 
soil-cement using sandy soils. 

14 

14* 

7. CEMENT-MODIFIED SOILS 

Cement-modified soils can be classified into two groups according to 
predominant grain size: 

Cement-modified granular soils (soils containing 35 percent or less of 
silt and clay) 
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Cement-modified silt and clay soils (soils containing more than 35 
percent of silt and day) 

Granular soils, not acceptable for use as pavement base n~ateriirll\s k a u w  Uf 
slightly excerrive plasticity index or poor gradation, can be modified with podand 

Elapsed time in days 

Figure 37. Plasticity index versus cement content(lW 

cement to reduce or eliminate plasticity and to increase bearing values to an 
acceptable level. This type of treatment, which is done extensively, provides a more 
stable base for bituminous wearing surfaces. Figure 37 illustrates the reduction in PI 
produced by the addition of cement to a substandard granular base material. It also 
shows the permanency of the PI reduction as measured over a 10-year period. 

Fine-grained subgrades and highway fills are often treated with cement to 
increase bearing strength and reduce volume changes and plasticity. The effect of 
cement on swell for the same soil is shown in figure 38. The effect of cement in , 
reducing plasticity of an A-7-6 clay soil is shown in figure 39. 

The altered soil properties provide greater subgrade support and a stable 
working platform on which to compact the base course. Cement-modified subgrades 
also provide an effective solution to the problem of fatigue failures caused by high 
deflections of the pavement.('05' 

91 
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Cement-modified silt and clay soils are not recommended for pavement bases. 
The emall quantities of cement do not improve silt and clay soils sufficiently to justify 
their use as base materials. 

8. SUMMARY 

Cement stabilization is most effective for granular materials, or fine grained 
soils with little plasticity. Gradations with fines which produce a floating matrix for 
the aggregate particles are most amenable to this form of stabilization. The amount 
of cement produces either a soil-cement mixture, or a cement-modified soil. The soil 
cement will have the highest strength increase, while the cement-modified soil is 
done principally to provide a material with improved construction properties. 
Cement stabilization produces the highest strength increase of all additives, but care 
must be taken when producing high strength stabilized bases as shrinkage cracking 
can occur, requiring increased maintenance expenditures. 

Figure 38. Expansion versus cement Figure 39. Plasticity Index versus cement 
content for an expansive clay.@(") content for a clay.('"'') 
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CHAPTER 6 ASPHALT STABILIZATION 

1. INTRODUCTION 

Through the ages, asphalt has played a significant role in the construction and 
maintenance of societies' infrastructures. As early as 3800 B.C., asphalt was being 
used as mortar for building stones and paving blocks. The first use of asphalt for 
streets in the United States was in 1870, when an asphalt pavement was laid in 
Newark, New Jersey. 

While asphalt is primarily used in pavement surfacing, surface treatment, 
patching, and sealing, it is also occasionally used in soil stabilization. Asphalt was 
first used as a stabilizer in the U.S. in 1930. At that time, the States of Florida, 
Oklahoma, and South Carolina all constructed road bases using asphalt stabilized 
soils or aggregates. Since then, thousands of miles of pavement have been built 
utilizing asphalt treated materials. 

While many of the early asphalt stabilization projects were done in-place, a 
large percentage of the stabilization projects in the last 30 to 40 years have used 
central plant mixed material. In fact, a survey of state practices published by the 
Highway Research Board in 1970 showed that at least 85 percent of the asphalt 
stabilization projects in the 20 years prior to the survey utilized hot or cold central 
plant mixing operations as shown in figure 40.''~) 

Despite the existence of more common stabilizers, such as lime and cement, 
asphalt possesses properties and characteristics that make its use quite desirable in 
certain situations. In general, it is used as a stabilizer for the following reasons: 

Waterproofing fine-grained subgrade soils. 
Construction expediency. 
Upgrading of marginal materials. 
Reduction of pavement layer thickness, thereby reducing costs 
and conserving materials and energy. 
Provide temporary and permanent wearing surfaces. 
Reduce dusting. 

2. TYPES OF ASPHALT 

Virtually all as halts used in the United States are products of the distillation B of crude petroleum." A variety of asphalt types and grades are available, of which 
asphalt cement is the basic component. Asphalt cement is the hard, high-molecular 
weight fraction of the crude oil, which at ambient temperatures takes the form of a 
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semi-solid. Because it is virtually impossible to apply asphalt cement in this state, it 
is made liquid in one of three ways: 

1 

I 
Heat, 
Addition of a solvent or diluent, 

a Emulsification with water, 

COARSE AGGR. HOT PLANT M I X  

O T H E R  T Y P E S  

F I N E  AGGR. HOT & COLD PLANT M I X  

COARSE AGGR, COLD PLANT MIX 

M I X E D  I N  PLACE 3 % 

PENETRATION MACADAM % 

C O M B I N E D  TOTAL A L L  T Y P E S  = 36,796,496 T O N S  

Figure 40. Bituminous bound base courses - practice in United Sfates, all States 
reporting (Alaska only State not using this type construction). 

Asphalt Cements 

Asphalt cements are graded on the basis of consistency at a standard 
temperature. Three primary specifications are utilized to grade asphalts on this basis: 

1. Penetration at 77 O F  (25 OC) of original asphalt. 
2. Viscosity at 140 OF (60 OC) of original asphalt. 
3. Viscosity at 140 O F  (60 OC) of laboratory-aged asphalt. 

Standard asphalt cement specifications have been developed by ASTM and AASHTO 
and are shown in table 16. Typical penetration grades are 40-50, 60-70, 85-100,120- 
150, and 200-300. Typical viscosity grades are AC-5, AC-10, AC-20, and AC-40. 

Because of their semi-solid consistency at ambient temperatures, asphalt 
cements must be heated to obtain a mixing and spraying viscosity. Asphalt cements 
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are normally used in central plants with heated aggregates; however, soft asphalt 
cemenb have been mixed in-place and some hard aephalb have been used in 

Table .16. Asphalt rpecification~. 

I I specification 
Material A A S m  I ASTM 

I 

Asphalt Cement Penetration basis M 20 D 946 
V i i t y  basis M 226 D 3381 

Cutback Rapid curing M 81 D 2028 
Medium curing M 82 D2027 
Slow curing M 141 D 2026 

Emulsion Anionic M 140 D 977 
Cationic I M208 1 D2397 

in-place foaming operations. The strengthening of mixtures utilizing asphalt cements 
occurs as the heat required for mixing, laydown, and compaction dissipates and the 
asphalt cement stiffens. 

Cutback Asphalts 

Cutbacks are combinations of asphalt cement and a petroleum diluent blended 
to provide viscosities suitable for mixing and spraying at relatively low temperatures. 
Cutbacks are graded based upon curing time and consistency. Curing time is varied 
by the solvent used in cutting back the asphalt cement, while the viscosity 
(consistency) is controlled by the amount of solvent. Rapid-cure cutbacks (RC) use a 
naphtha or ,gasoline type solvent, medium-cure cutbacks (MC) use kerosene-type 
solvents, and s loware cutbacks (SC) use low volatility oils or are made during the 
refining process. 

Grade designations for viscosity graded RC, MC, and SC materials are 
typically as shown below: 

1. RC-70, RC-250, RC-800, RC-3000. 
2. MC-30, MC-70, MC-250, MC-800, MC-3000. 
3. SC-70, SC-250, SC-800, SC-3000. 

The lower limit of the viscosity range for the grade of cutback is given in the material 
designation. The upper viscosity limit is twice that of the lower limit. For example, 
an RC-70 is a rapid curing cutback with a viscosity between 70 and 140 centistokes at 
140 O F  (60 "C). 
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While cutbacks are occasionally mixed in a central plant, most are used for in- 
place operations. Regardless of which operation is utilized, it is desirable but not 
always possible to heat cutbacks to aid distribution and mixing. Curing is usually 
necessary after mixing and prior to compaction to allow the solvent to evaporate, 
thereby producing a stiffer mix. Final strength is achieved when the solvent has 
evaporated, leaving the original asphalt cement. 

Emulsified Asphalts 

Emulsified asphalts are mixtures of asphalt cement, water, and an emulsifying 
agent. The emulsifying agent coats the minute droplets of asphalt cement, keeping 
them suspended in the water. The result is a liquid asphalt which can be readily 
applied to soils. 

Asphalt emulsions are divided into three categories, based upon the charge 
imparted to the asphalt particles by the emulsifying agent used: 

1. Anionic (negatively charged). 
2. Cationic (positively charged). 
3. Nonionic (uncharged). 

Today, only anionic and cationic emulsions are commercially available. Of 
these two, cationic emulsions work successfully with a wider range of materials. 

Emulsions are further classified on the basis of how quickly the asphalt will 
break, or set (i.e., revert to asphalt cement).t1w) The classifications for anionic 
emulsions are rapid-setting (RS), medium-setting (MS), and slow-setting (SS) with the 
corresponding classifications for cationic emulsions CRS, CMS, and CSS, respectively. 
The setting characteristics of an asphalt emulsion are determined primarily by the 
type and amount of emulsifying agent present. 

The characteristics of the asphalt cement used to manufacture an emulsion and 
the viscosity of that emulsion are utilized in defining the grade. For example, a 
major difference between the CRS-1 and CRS-2 (cationic rapidsetting emulsions) is 
the viscosity of the emulsion. CRS-2 is more viscous than CRS-1. Additionally, the 
major difference be tween CMS-2 and CMS-2h (cationic medium-setting emulsions) is 
the penetration of the base asphalt cement. The "h" in CMS-2h indicates that a harder 
asphalt cement was used in manufacturing the emulsion. 

Additional grades of emulsions include high float medium-set (HFMS) 
emulsions and quick-setting (QS) emulsions. HFMS emulsions we frequently used in 
stabilizing granular soils as they provide a thicker coating of the aggregate particles, 
which reduces the stripping action of water. Quick-setting and rapid-setting 
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emulsions, on the other hand, are rarely used in stabilization. Their fast setting times 
generally do not allow for sufficient mixing. 

Some medium-eetting emulsions may contain small amounts of petroleum 
solvents (up to 12 percent) to aid mixing and provide stockpiling capability b 
mixtures made with the emulsion. The strength gain in an emulsion stabilized soil 
develops first from the setting of the emulsion, and then from the evaporation of the 
water, leaving the original asphalt cement. 

A review of the above descriptions of asphalt products indicates that a large 
number of asphalts are available for soil stabilization purposes. ASTM specifies 49 
different asphalts. Selection of the type of asphalt for a given stabilization use is 
discussed later. In general, asphalt cements are used in hot central plant operations, 
while medium and slow curing cutbacks and medium and slow setting emulsions 
can be used for in-place stabilkation operations. 

3. MECHANISMS OF ASPHALT STABILIZATION 

The mechanisms involved in the stabilization of soil's and aggregates with 
asphalt differ greatly from those involved in cement and lime stabilization. The basic 
mechanism involved in asphalt stabilization of fine-grained soils is waterproofing, 
which improves strength and durability. Soil particles or soil agglomerates are 
coated with asphalt, resulting in a membrane that prevents or impedes the 
penetration of water which, under normal conditions, would result in a decrease of 
shear strength, compressive strength, tensile strength, flexural strength, and elastic 
modulus. From a durability standpoint, asp ha1 tcoated soil particles are much more 
resistant to the detrimental effects of water, such as volume change due to alternating 
we t d  ry and /or fre,eze-thaw cycles. 

In non-cohesive materials, such as sands and gravel, crushed gravel, and 
crushed stone, two basic mechanisms are active: waterproofing and adhesion. The 
asphalt coating on the cohesionless materials provides a membrane which prevents or 
hinders the penetration of water and thereby reduces the tendency of the material to 
lose strength and other desirable properties in the presence of water. 

In the second mechanism, adhesion, the asphalt acts as a binder, holding the 
aggregate particles together. This cementing effect increases shear strength by 
increasing cohesion while the effect of the aspMt on the angle of internal friction is 
minimal. Other property improvements resulting from the asphalt cement include an 
increase in tensile strength, compressive strength, flexural strength, and elastic 
modulus. Arch
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In addition to the benefits cited above for asphalt stabilization, the stabilized 
layer may prevent surface water from penetrating into the subgrade, preventing 
strength loss in the subgrade materials. In surface course applications, the asphalt 
binder has the capability of eliminating or reducing the occurrence of raveling, 
washbaardiw luss of fines, etc, under traffibc. 

I 

I 

I I 

I 4. SOILS SUITABLE FOR ASPHALT STABILIZATION 

Fine-Grained Soils 

Fine-grained soils may be stabilized with asphalt, depending upon the 
plasticity characteristics of the soil and the amount of material passing the No. 200 
sieve. Due to the extremely high surface area of the finer soil particles, a large 
percentage of asphalt would be required to coat all of the soil surfaces. Since this is 
virtually impossible, a.gglomerations of particles are coated with economical 
percentages of asphalt. The gradation of fine-grained soils suitable for asphalt 
stabilization is shown in table 17 as soil-bitumen. As noted in this table, the amount 
of material passing the No. 200 sieve should be less than 25 percent. In addition, the 
PI should be less than 10 to ensure that adequate mixing is possible. If proper 
mixing is not obtained, the plastic fines may swell upon contact with water, resulting 
in a substantial loss of strength.("*) 

Coarse-Grained Soils 

Cohesionless soils (PI less than six) suitable for asphalt stabilization are shown 
in table 17 under sand-bitumen and sand-gravel-bitumen. Cohesionless soils 
identified as suitable for hot mix asphalt concrete by AASHTO, ASTM, and states, 
counties, and cities are, in general, acceptable. Asphalt-stabilized materials made 
with well- or dense-graded aggregates have higher strength than the more one-sized 
sand-asphalt mixtures. 

5. TYPICAL PROPERTIES OF ASPHALT-STABILIZED SOILS 

In order to provide a bituminous mixture to satisfy the needs of a particular 
engineering application, the following mixture properties should be defined: 

Stability. 
Durability. 
Fatigue behavior. 
Tensile behavior. 
Stiffness. 
Flexibility. 
Workability. 
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Table 17. Engineering properties of materials suitable for 
bituminous stabilization,("0) 

I 
1 in = 25.4 mm. 

Few tests have been developed to indicate the workability and flexibility of 
bituminous stabilized materials. Gradation limits and compaction tests have been 
used to control workability in the uncompacted mixes while elongation and certain 
tensile tests on the compacted mixes have been used to measure flexibility. 

Stability, stiffness, tensile properties, fatigue behavior, and durability of asphalt 
mixtures have been defined by a number of investigators, and typical properties are 
available. However, prior to a delineation of these properties, it must be realized that 
unlike most other stabilized materials, these properties are highly dependent upon 
the temperatures at which the test is conducted and the rate of loading or rate of 
elongation utilized by the test method. Other important variables which control 
asphalt-stabilized mixture properties include: Arch
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Type of asphalt. 
Type and gradation of the aggregate. 
Density of the compacted mixture. 
Curing and /or aging conditions. 

Currently, several methods are being used by highway agencies in the design 
of bituminous stabilized soils and aggregates. Specifications and criteria are almost 
exclusively based on stability, durability, and gradation requirements. Some agencies 
do not have durability requirements and thus stability becomes the only laboratory 
test parameter utilized for mixture design. 

Strength 

The most widely accepted strength tests today are the Hveem and Marshall 
stability tests; several states use unconfined compression testing. Other tests used for 
strength determinations include the Hubbard-Field, the triaxial compression, repeated 
load triaxial, and various penetration type tests; including the California Bearing 
Ratio, the Iowa Bearing Value, and the Florida Bearing Value. Some of these tests are 
discussed in volume 11, chapter 3, while others are outdated and are therefore not 
discussed, 

Typical criteria and hence typical values for Hveem, Marshall, and unconfined 
compressive strength are shown in table 18. Methods of sample preparation, test 
temperatures, and curing conditions prior to testing vary widely frorri state to state. 
Attempts have been made to establish one standard method but success has been 
limited.'"') Most of the criteria presently utilized were originally developed for 
surface courses and adapted to base course design and may or may not be suitable 
for emulsion mixes. 

Durability 

Durability tests which have been utilized for control of bituminous stabilized 
mixtures include the California Moisture Vapor Susceptibility Test, the Immersion 
Compression Test, the Swell Test, and Vacuum Saturation Tests. These water- 
susceptibility tests are usually performed on Hveem or Marshall stability samples or 
unconfined compression test samples, and acceptance criteria are based on a percent 
of retained strength (70 percent) or a minimum stability after soaking. 

Freeze-thaw and wet-dry durability-type tests for bituminous stabilized 
mixtures are nearly non-existent. The water saturation test coupled with freezing and 
thawing developed by Lottman('12) and the Root-Tunnicliff modification have been 
developed for asphalt concrete mixtures, but may have some limited applicability to 
stabilized materials. 
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Table 18. Design methods and criteria for asphalt 
stabilized base couneeP" 

A. Hveem Method 

Pettent Volde Filled 

I 800-3000 I 
" 

Kentucky 1100 - 1500 12 - 15 4-6 

Mbk@l'J 1600 16 mex 5-7 50-70 

NW J ~ Y  1100 - 1500 6 - 18 3 - 7 
North Csnolina 800 7 -  14 3-8 

North Dlkola 100 mln 8 - 18 3-5 

Pennaybank RlO arb 6 - 16 60 - 85 

Rhode lsbnd 750 min 3 - 8 
r 

South G m h a  1200-3000 6- 12 

South Dakota 8 - 18 3 - 5 
1 Wyoming 1 ' 1000 min I I I 

1 in = 25.4 mm; 1 Ib, a 4.448 N; 1 pi = 6.89 x ld Pa 
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Fatigue Behavior 

7he fatigue behavior of bituminous stabilized materials has been reviewed by 
Witaak, Epps and Monismith, Pell, and Santucci, and Kalla~. '"~~\~"*\ \?  All of these 
reviews indicate the relative importance of asphalt type, -gate gradation, 
aggregate type, air void content, and other mixture variables. Santucci has offered 
some typical fatigue curves for asphalt concrete and emulsion mixtures shown in 
figure 4i, and for cement treated emulsion mixtures in figure 42. Kallas investigated 
the effect of different emulsion types, moisture contents and curing times. Resulting 
fatigue curves are shown in figures 40 (a&b). These emphasize the effect that can be 
produced in these performance tests when different N ing  conditions develop. 

4 - Number of RepetDtionrr b Fahm 1kr.-2mxt@mm 

Figure 41. Fatigue criteria for asphalt and emulsion mixes.(6) 
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Figure 42. Fatigue criteria for cement-modified asphalt emulsion mixes.'6) 

6% erphalt a u n t  (65 p.rutr8tioa) 

Figure 43a. Strain-f1ach.m life relationships for crushed gravel 
emulsified asphalt mixes containing less than 1% 

moisture and for crushed gravel asphalt cement mix. 
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Load Applications to Fracture, Nf 

Figure 43b. Strain-fracture life relationships for crushed 
gravel emulsified asphalt mixes with moisture 

contents of 0.2 and 2.1 percent. 

Tensile Properties 

A wide variety of tensile tests, including direct tension, indirect tension, 
dumbbell, and ttdornprobe", have been performed on bituminous stabilized mixtures. 
The most popular test at present appears to be the indirect tension or split-tensile 
test. This test has been utilized by many universities, research institutes, and others 
to define tensile properties both prior to and after water susceptibility tests. Tensile 
strength is largely dependent upon voids, curing, rate of loading, temperature, and 
age. Typical values obtained under conditions simulating highway loadings are on 
the order of 70 to 800 psi (480 to 5,500 kPa). 

Stiffness 

Stiffness of an asphalt stabilized mixture is generally defined as the ratio of the 
applied stress to the observed strain for a test performed at a particular temperature 
and rate of loading. It is basically an "elastic" modulus at rapid rates of loading. The 
resilient modulus (Md, defined as the ratio of the applied repeated stress to the 
recoverable strain, closely approximates stiffness. Arch
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Valuee of M, can be obtained from tests such as the diametral, flexural beam, 
direct tension, and triaxial compression. A cornpariaon of modulus values of asphalt 
concrete specimene measured by all four teets was conducted by Schmidt.'"" Results 
showed agreement to within about 25 percent. 

The most popular test for measuring resilient modulus is the diametral. It can 
be used to test laboratory compacted Marshall or Hveem specimens and extracted 
pavement cores. In addition, the test is rapid and convenient and simulates field 
stress states well. 

Figure 44 
indicates the wide range 
of stiffness as a function 
of temperature and rate 
of loading for an asphalt 
cement treated material, 
Figure 45 illustrates 
ranges in resilient 
modulus for a wide 
range of asphalt cement 
treated materials at 73OF 
(23°C with a 0.1-sec load 
rate. Curing and 
moisture condition are 
not a factor in asphalt 
cement treated mixtures, 
but for cutbacks and 
emulsions these 
conditions must be 
carefully controlled, as 
they can alter the 

Nomograph and the  tleukelam 
and Alomp equation uiling the  
following asphalt propertier: 
Penetration @ 7 7 ' ~ :  50 
R L B Softening Point : 130.1 (54 * c )  \=* Penetration Index: 0 .0  X 

stiffness significantly. TIME (SECONDS) 
The study by Kallas 
clearly indicated the Figure 44. Variation of asphalt concrete modulus. 
impact of different 
emulsion types and 
curing Figure 46 illustrates the general effect of inadequate curing not 
allowing the water to evaporate, producing a lower stiffness and more sensitivity. 

Summary 

Current mixture design procedures are based primarily on stability and 
durability tests. While stability is frequently considered an indicator of material 
quality, durability cannot be overlooked. High stability is often obtained at the 

Arch
ive

d



expense of lowered durability. Thus, a favorable balance between stability, 
durability, and other properties (density, voids, and moisture absorption) must be 
determined, given the conditions in which the mixture will be used. 

Fatigue behavior, tensile properties, and stiffness parameters alp being utilkzd 
more often for pavement structural design purposes and mix designs are being 
develaped which provide design values. In a study conducted by Darter and Devos, 
procedures were developed to correlate the resilient modulus and the AASHTO 
structural layer coefficient of asphalt emulsion cold mixes used in base course 
constr~ction.(~'~~ Development of this procedure, accomplished with finite element 
techniques and the AASHTO performance equations produced the relation between 
marshal1 stability [72OF (22 "C)] and layer coefficient, a, as shown in figure 47. 
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Figure 45. Typical modulus values from field and lab measurements. 

6. ASPHALT SELECTION 

Selection of Asphalt Type and Grade 

There are four considerations which influence selection of the type and grade 
of asphalt for a particular use: 
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Method of 
construction. 
Available equipment. 
Soil characteristics. 
Loading and climatic 
conditions. 

Method of construction 
and available equipment will 
primarily determine the type of 
asphalt (asphalt cement, cutback, 
or emulsion) to be used. The 
corresponding grade, including 
viscosity and setting 
characteristics, will be influenced 
by the gradation and the amount 
of fine particles in the aggregate 
soil characteristics, the 
environmental conditions during 
and after construction, the type 
of mixing equipment, and the 
magnitude of loads expected on 
the pavement. 

Figure 46. Effect of curing on modulus of an 
emulsion mixture. 

Method of Construction 

The basic types of construction include central plant and mixed-in-place or on- 
grade construction. Asphalt cements are in general limited to hot central plant 
mixing operations; however, soft asphalt cements have been used for mixed-in-place 
operations. Central plants are occasionally used for mixing liquid asphalts (cutbacks 
and emulsions) with aggregates. In these cases, the liquid asphalt may be mixed hot 
or cold with unheated or heated aggregate, recognizing the potential danger of 
mixing cutbacks with heated aggregates. 

While some emulsions and cutbacks have been employed in warm central 
plant operations, the majority of these asphalts are mixed in-place. This construction 
method is both economical and effective. High produdion rates are achievable 
without the large investment in equipment (i.e., central plant mixer). And, although 
higher quality mixes are produced using central plants, successful stabilization using 
mixed-in-place procedures can be accomplished with proper attention. Arch
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Construction Eauivment 

Central plants are 

Soil Characteristics 

typically batch b r  continuous in 
operation. The drum-mixer 
continuous plants are the most ab 

popular plants presently used. 
The continuous plants utilizing f i  

Q4 

pugmills for mixing are often 5 
used for cold mixing ope+ations. 

(L u 
W 

In-place equipment can 8 
be selected to provide a variety 
of mixing capability. The 
desired setting characteristic of 
the emulsion to be selected may o, 

The selection of asphalt grade is based largely on the ability of the asphalt to 
adequately coat the job aggregate. Thus, aggregate characteris tics such as type, 
gradation, fines, absorption capacity, and moisture content must be thoroughly 
examined. For instance, the presence of a considerable amount of fines in a soil 
(characteristic of fine-grained soils and dense-graded aggregates) usually necessitates 
the use of emulsions or cutbacks having lower viscosities and longer setting times. 
The long workability times associated with these asphalt types help to ensure 
sufficient mixing with the fine-grained particles. 

* 

- 

ai;d=/ 

badi rg  and Climatic Conditions 

The type of loading (static or dynamic), magnitude of loading (including gross 
loads and wheel loads), and climatic conditions (including temperature and moisture 
both before and after construction) affect the selection of the type and grade of 
asphalt. In the case of heavy static loading, the use of a stiffer, higher quality mix is 
generally warranted. Such a mix can be produced at a central plant using a higher 
viscosity grade of asphalt cement. 

often be controlled by the type 0 100 m 1200 lsao rn mw, asao 
O€SlQN MOC)IFIED MARGHALL STABlUN AT WF, Lbs. 

of equipment selected for the 
job. Travel plants, rotary 
mixers, and motor graders are 
typical in-place mixing 
equipment. Further details on FiguJX 47. St.rUctUra1 layer coefficient for emuhion 
these pieces of equipment can be aggregate mixtures."'* 
found in volume 1, chapter 4. 
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Climatic conditions (i.e., moisture and temperature) can influence both the 
type and grade of asphalt to be used. Although moisture-laden soils can be 
stabilized with cutbacks or dried for use with asphalt cement, they are nmt suitable 
for 8taMlzation with emulsions. The presence of moisture afl:gt:ts the cozltability, 
workability, and compaction of mixes, and thus is a factor in selecting the grade and 
the amount of emulsion. Ideally, there should be enough moisture in the soil ta 
assist in coating and workability; however, the moisture content of the finished 
mixture should be reduced sufficiently to permit the emulsion to break prior to 
compaction. 

Temperature also influences the grade of asphalt to be used. Low viscosity 
asphalts are suitable for use in cold climates, while high viscosity asphalts are 
conducive for use in warm climates. As a general rule, the most satisfactory results 
are obtained when the most viscous liquid asphalt that can be readily mixed into the 
soil is used.(20) 

t Selection Process - 

Asphalt-stabilized materials used as surface courses, base courses, or subbases 
generally require different types of asphalts. Asphalt cements are normally used 
with hot central plant operations and are popular binders for surface and base 
courses. Their use is generally warranted on projects demanding quality over 
construction expediency, particularly high volume roads or roads which are in severe 
climates. 

Emulsions and cutbacks, on the other hand, are typically used with mixed-in- 
place operations and are utilized extensively for subbase and base course 
construction. While most emulsion applications have been on low- to medium- 
volume roads, they have recently gained acceptance for use as subbase and base 
course construction in high traffic volume roads. 

The use of cutbacks has declined in the last few years as a result of problems 
with air quality, safety, and the alternate use of cutter stocks for more important 
purposes. Concurrently, the use of emulsions has increased due to the concern for 
energy and the environment. Unlike the cutbacks, emulsions do not require as large 
an amount of petroleum solvent and, unlike the asphalt cements, they can be used 
without additional heat. Both of these factors contribute to energy savings. 
Furthermore, there are little or no hydrocarbon emissions from asphalt emulsions, 
limiting pollution of the environment. 

Once a particular type of asphalt has been selected, consideration must be 
made for an appropriate asphalt grade. Tables 19 (asphalt cement), 20 (asphalt 
cutback), and 21 (asphalt emulsion) are excellent guides for selecting the grade. 
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Figures 45 and 46 provide guidance for selecting the type of emulsion (i.e., anionic or 
cationic) to be used. 

Selection of Asphalt Content 

Avvroximate - hantities 

An indepth laboratory testing program is mandatory for determining the 
exact asphalt content to be incorporated into a particular mix.   ow ever, quick 
estimates of the amount of asphalt to be used in the field or as a starting point in 
comprehensive laboratory testing can be obtained by using established tables ahd 
charts. 

aUCA CONTENT, 96 

a& I l l  I 1  iGi I  I 
I I I I I  I  I  
I I I I I I I I I I  

M O 9 0 1 0 1 0 1 0 6 0 4 o r 3 0 4 0 ~ O Q  

ALKAUNE OR ALKALINE URTH OXIDE CONTENT, 96 

Figure 48. Aggregate composition. - 

100% ALKALINE OR ALKALINE 
EARTH OXIDE COMWT 

Figure 49. Applicability of emulsions with 
aggregate composition. 
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Table 19. Recommendations for selection of paving 

'Normal minimum daily temperature* of 10 OF (-12 OC) or less; for extremely low 
temperatures, special studies are mom mended. 

'Normal maximum daily temperahm* of 90 OF (32 "C) or less. 
' ~onna l  maximum daily temperature* greater than 90 OF (32 OC). 
'Uniform Pacific Coast Specifications for AR-graded Paving Asphalts.. 
qotal thickness of asphalt concrete; surface plus base. 
After NCHRP Report 9-4, "Minimizing Premature Cracking in Asphalt C o n a t e  

Pavements," 
'As per U.S. Weather Bureau clhatololJical toports. 

4 - 6  

> 7 

Table 20. Selection of type of cutback for stabilization.('~ 

Cold 
Moderate 

Hot 

Cold 
Moderate 

Hot 

120 - 150' 
85- 100 
60 - 70 

120 - 150 
60 - 70 
40 - 50 

AC-5 * 

AC-10 
AC-20 

AC-15 
AC-10 
AC-20 

AR-2000 
AR-4000 
AR-8000 

AR-2000 
AR-8000 

AR-16,000 
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Table 21. Selection of emulsified asphalt type.Ow 

Grade 
Designdon 

ASTM 

Damp to wet densegraded Dependent on 
aggregates, high sand dehydration and 
content gravels, poorly or abso'ption. 

Central Mix 
or 

Travel Plant 
well-graded sands. 

CMS2 Dry or damp low sand Resistant to early rainfall. Travel Plant 
(CMS-2h) content gravels, well-graded or 

or silty sands. In-Place Mixing 

Resistant to early rainfall. Central Mix 
or 

MS-2h Travel Plant 

Note: Figum 46 and 47 can be used as a basis far selecting anionic or cationic emulsions. The geologic type of 
aggregate is located on figurr 46 and the appmximate silica a alkaline earth oxide content determined. 
These contents are utilized to enter figure 47 to select the type of emulsion. 

Table 22 provides means of approximating the asphalt cement content for hot, 
central plant mixes. As can be seen, aggregate shape and texture are the sole factors 
in this table for determining asphalt content. The equation in table 23, developed by 
the Asphalt Institute, can be used to determine the amount of cutback to be used 
with a granular soil, given the aggregate characteristics listed. The U.S. Navy 
assembled a chart for determining the emulsion requirements, given certain 
percentages of fine- and coarse-grained materials, displayed in table 24. 

Detailed Testing 

A detailed laboratory testing program is essential to the successful design of 
bituminous stabilized mixes. The most commonly used techniques to determine 
asphalt content are the Hveem and Marshall mix design methods. ASTM, AASHTO, 
the Asphalt Institute, Chevron Asphalt, and the U.S. Air Force have standardized 
these procedures and established mixture-design acceptance criteria for them.(M#lalu) 
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Hveem and Marshall mixturedesign criteria exist for asphalt cement, cutback, 
and emulsion stabilized mixtures. The principal features of the Hveem method of 
mix design are a centrifuge kerosene equivalent (C.K.E.) test on aggregate (for 
estimation of asp halt requirement) stabilometer, and cohesiometer, swelh and 
moisture vapor susceptibility tests conducted on compacted mix specimens. The 
Marshall method features a detailed density-voids analysis and a stability-flow test 
conducted on compacted mix specimens with a moisture susceptibility requirement. 

Asvhalt Cement 

Material stabilized with asphalt cement may employ the standard ASTM and 
AASHTO criteria for the Hveem or Marshall test methods commonly used for asphalt 
concrete surface courses. m e  acceptance criteria will vary, depending on the agency. 
Common acceptance criteria for a number of states were shown in table 18. It should 
be noted that some agenaes suggest that a lower stability can be specified for base or 
subbase materials if the test is performed at the standard 140 OF (60 "C) temperature 
or a similar stability required for the base or subbase provided the test is conducted 
at a lower temperature, say 100 O F  or 77 O F  (38 "C or 25 "C). Suggested criteria are 
shown in tables 25 and 26 for Hveem and Marshall test procedures, respectively. A 
standard curing procedure is not required as part of this design method. 

Table 22. Selection of asphalt cement content. 

*Approximate quantities which may be adjusted in field based on observation of mix 
and engineering judgement. 
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Table 23. Determination of quantity of cutback asphalt.0") 

'Percent cutback can be obtained by referring to table 23 and utilizing the following equation: 
peremt cutback = [percent residual asphalt (p) /(I00 - percent solvent)] x 100 

Table 24. Emulsified asphalt  requirement^.('^) 
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Table 25. Hveem design criteria.(w 

Tat  Categcny Heavy Medium u@t 

II Swell I lese than 0.30 11 

The followir ~g notes must be made relative to the Hveem design procedm 

Although not a routine part of this design method, an effort is made to 
provide a minimum percent air voids of approximately 4 percent. 
All criteria, and not stability value alone, must be considered in 
designing an asphalt paving mik. ' 

Hot-mix asphalt bases which do not meet the above criteria when tested 
at 140 O F  (60 OC) should be satisfactory if they meet the criteria when 
tested at 100 OF  (38 OC) and are placed 4 inches (102 mm) or more below 
the surface. This recommendation applies only to regions having 
climatic conditions similar to those prevailing throughout most of the 
United States. Guidelines for applying the lower test temperature in 
regions having more extreme climatic conditions are being studied. 

Table 26. Marshall design criteria.(u) 

1b 750 500 500 - 
N 3,336 2,224 2,224 

Flow, all mixtures, 
0.01 in (0.25 mm) 8 16 8 18 8 20 

Percent Air Voids, 
Surfacing or Leveling 3 5 3 5 3 5 
Base 3 8 3 8 3 8 

Percent Voids in Mineral 
Aggregate See table below 
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The following notes must be made relative to the Marshall de~ign procedure: 

1 
I Laboratory compactive efforts should closely approach the maximum 

I density obtained in the pavement under traffic. 
The flow value refers to the point where the load begins to decrease. 

I 
I The portion of the asphalt cement lost by absorption into the aggregate 

I particles must be allowed for when calculating percent air voids. 
Percent voids in the mineral aggregate is not to be calculated on the 
basis of the ASTM bulk specific gravity for the aggregate. 
All criteria, and not stability value alone, must be considered in 
designing an asphalt paving mix. 
Hot-mix asphalt bases which do not meet the above criteria when tested 
at 140 O F  (60 OC) should be satisfactory if they meet the criteria when 
tested at 100 OF (38 OC) and are placed 4 inches (102 mm) or more 
below the surface. This recommendation applies only to regions having 
climatic conditions similar to those prevailing throughout most of the 
United States. Guidelines for applying the lower test temperature in 
regions having more extreme climatic conditions are being studied. 

Cutback Asphalt 

Design procedures for mixtures stabilized with cutbacks have been 
standardized by the Asphalt Institute.(lzs) A summary outline of the design methods 
for both Hveem and Marshall test procedures are shown in figure 50. Details of the 
mixture fabrication, curing, and testing procedures can be found in reference 13. 
Design criteria are shown in tables 27,28, and 29. The critical elements of the above- 
suggested procedure are control of the mixing temperature, volatile content at 
compaction, method of curing prior to testing, test temperature, and water 
susceptibility test. It should be noted that the test temperature is 77 O F  (25 "C) and 
not the 140 "F (60 "C) normally associated with Hveem and Marshall testing of 
asphalt cement-stabilized materials. 

Emulsified Asphalt 

Design procedures for mixtures stabilized with emulsions have also been 
prepared for Hveem and Marshall testing procedures, but are not standardized at 
present. A summary outline of suggested design methods for both the Hveem and 
Marshall test procedures is shown in figure 51. The suggested procedures are based 
on procedures outlined by the Asphalt Institute.(12@ Criteria for the Hveem and 
Marshall procedures are shown in tables 30 and 31, respectively. Details of the 
mixture fabrication, curing, and testing techniques can be found in reference 23. 

The critical elements of both procedures are the moisture content during 
mixing and compaction, method of curing prior to testing, test temperature, and 
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water susceptibility test. As with cutback mixtures, testing for emulsified mixes is 
conducted at 77 O F  (25 "C) in both methods. Furthermore, in the Hveem method, the 
Resistance R-value and Cohesiometer C-value are obtained rather than the 
Stabilome ter S-value. 

r i E l  

Figure 50. Selection procedure for asphalt cements. 

Figure 51. Selection procedure for cutbacks. 
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Table 27. Suggested criteria for cutback asphalt mixes.('g 

Table 28. Marshall design criteria for paving mixtures 
containing cutback asphalt!'w 

Percent solvent evaporated 
Maintenance Mixtures 25 
Paving Mixtures 50 

I 

Number of Hammer Blows 

11 Hand Compactor I 75 

Pemnt Air Voids in Compacted Mix 3 I 5 

Pereent Voids in Mineral Aggregate (VMA) 

Stability, lb (N) at 77 O F  (25 O C )  

Maintenance Mixtures m(2224) 
Paving Mixtums 750 (3336) 

Flow, units of 0.01 in (0.25 mm) 8 16 

Percent Stability Retention 

I After 4 days in water at 77 O F  (25 OC) I 75 1 Arch
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Table 29. Minimum percent voids in mineral aggregatePw 

7 SUMMARY 

While stabilization has been conducted using all types of asphalt products, the 
most common forms are the emulsion and the cutback materials. Because asphalt 
stabilization is accomplished primarily through the coating and waterproofing action 
of the asphalt films surrounding the soil or aggregate particles, the construction 
requirements play a significant role in determining the suitability of this form of 
stabilization. Both fine and coarse grained materials can be stabilized. Because of 
difficulty in obtaining complete coating, high plasticity materials are difficult to 
construct. Soils with high amounts of fines require significantly more asphalt" for 
complete coating, and stabilization may be more economical with another stabilizer. 
Generally the PI should be less that 10, arid' the fines less than 25 percent to assure 
proper construction can be achieved. 

I 

Example Problem 

The use of tables 17 through 31 and figures 41 through 49 can best be 
explained by the use of an example problem. A secondary road is to be constructed 
in a rural area of Southwest Texas. The surface soils in this area are primarily silica 
sands. Samples of the soil have been obtained, from which the following was found: 

Percent passing 3/&in sieve = 100 
Percent passing No. 4 sieve = 90 
Percent passing No. 10 sieve = 82 
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Percent pawing No. 40 sieve a 45 
P m t  padng No. 60 sieve = 30 
Percent p d n g  No. 200 sieve = 15 
Material d l e r  than 0.06 mm (silt clay combined) = 12 
MsMd smaller than 0.002 mm (day) r 9 
Uquid Umit - 20 
h t i c  Index = 9 

Table 17 indicates that from a gradation and plasticity standpoint the soil will 
make a fair soil-asphalt subbase. Because of its fine-grained nature, the soil is most 
suitable for stabilization with either a cutback or emulsion. A hot mix operation is 
discouraged for a soil of this nature. 

Cutback Stabilization 

Table 20 can be used to select the type of cutback and table 23 can be used to 
determine the approximate quantity of cutback required. The anticipated aggregate 
temperature at the time of construction is expected to be 80 OF (27 OC). Table 20 
indicates that this soil can best be stabilized with a MC-800. The equation contained 
in table 23 will allow for the engineer to estimate the quantity of cutback Plotting 
the results of the soil gradation on aggregate grading charts indicate the following: 

a = 50, b = 25, c = 10and d = 15 

Thus the percent residual asphalt by weight of dry aggregate is 7.25 (from table 23). 
The amount of MC-800 will be 7.25/0.80 or 8.5 percent, as the MC-800 to be used has 
15 percent solvent. 

Marshall or Hveem stability tests should be performed as shown in figure 48, 
and at asphalt contents of 7.5, 8.5, and 9.5. Results of these tests should be compared 
with appropriate criteria presented in tables 27,28, and 29. 

hulsion Stabilization 

Figures 46 and 47 and table 21 can be used to select the type and grade of 
emulsion. Figures 46 and 47 suggest that a cationic emulsion will be best suited for 
this siliceous soil. Table 21 indicates that a CSS-I or a CSS-lh emulsion are preferred. 
A CSS-lh will be selected due to the summer pavement temperatures. 

Table 24 estimates that 7.9 percent emulsion will be required for this soil. 
Marshall or Hveem stability tests should be performed as shown in figure 49 at 
emulsion contents of 7, 8, and 9 percent. Results of these tests should be compared 
with appropriate criteria presented in tables 30 and 31. Arch
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Table 30. Design criteria for emulsified asphalt-aggregate mixtures. 

Table 31. Emulsified asphalt-aggregate mixture design criteria 
based on Mvshall pro~edures!~~) 

t. 

Stability, lb (N) at 72 "P (22.2 "C) 

Pexent Total Voids 

Perrent Stability Loss 

COHESIOMETER C Early Cure (23 hrs) 
Value at 73 5 O F  Fully cured and water 

immersed (72 hm) 

COHESIOMETER C N. A. 100 min. 

3 m 

Surface blixtures 

N. A. 

N. A. 

30 min. 

Test Pmperty 

REISTANCE R, Value 
at 73 A 5 "F 

B 

STABILOME'I'ER S 
Value at 140 A 5 

Base Mixtures 

Early Cure (23 hm) 
Fully c u d  and water 

i m m d  (72 hm) 

70 min, 

78 min. 

N. A. 

Arch
ive

d



Arch
ive

d



CHAPTER 7 LIME-FLY ASH STABILIZATION 

1, INTRODUCTION 

The use of lime-fly ash-aggregate (LFA) mixtures in road construction has 
steadily increased since this mixture was introduced in the United States in the early 
1950's. From its initial application in private and low volume roads, the material has 
gained acceptance to the point where it is now in the specifications as an accepted 
material for bases and subbases in a number of states and many countries around the 
world. The material has also been approved for use by both the Federal Highway 
Administration (FHWA) and the Federal Aviation Administration (FAA). It is 
currently used in the coruitruction of the full range of pavements from low volume 
roads to the heavy duty pavements normally used for-airport pavements and port 
facilities. Several million tons of lime-fly ash-aggregate mixtures are used on an 
annual basis in pavement construction. 

Inservice pavements built with LFA mixtures, or limecement-fly ash- 
aggregate (LCFA) mixtures, have base thicknesses which range from 4 to 6 in (100 to 
150 mm) for light duty parking facilities, to 6 to 10 in (150 to 250 mm) for medium 
and heavy duty pavements, and up to %in (750 mm) for the very heavy duty 
pavements. A wearing surface is always used with these materials. The wearing 
surface can be either a bituminous surface treatment for light duty pavements, or hot 
mix asphalt concrete ranging from 2 to 6 in (50 to 150 mm) in thickness for medium 
and heavy duty pavements. 

TYPES OF FLY ASH 

Fly ash is the particulate matter in the stack gas that results from the burning 
of coal, lignite, or like materials. Fly ash is collected from flue gasses of smoke stacks 
by mechanical means such as cyclonic or bag house collectors or with electrostatic 
precipitators. The collected fly ash is a very finely divided, powdery substance, 
composed primarily of silica and alumina, but also containing oxides of iron, calcium, 
magnesium and sulfur as secondary ingredients.(*W 

The characteristics of the fly ash are largely determined by the type of coal 
burned, the type of combustion equipment utilized, type of air quality control 
equipment, and the method of handling the fly ash. Estimates of fly ash 
characteristics can be made prior to plant "start-uptt; however it is important that the 
physical-chemical properties of the fly ash be determined after the plant has reached 
a relatively steady state operation. Arch
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There are two major types of fly ash that are currently used in construction 
today, class "F" and class "C". Class F is obtained from burning Bituminous coal and 
generally contains less than or equal to 10 percent Calcium Oxide (CaO). Class C is 
obtained from burning subbituminous or lignitic coal, and generally contains greater 
than or equal to 10 percent CaO. 

Collected fly ash can be stored either in a dry state or conditioned state. The 
dry state generally requires storage in silos or other protected bins. The conditioned 
state refers to fly ash which is dampened while it is stored to reduce dust problems. 
Fly ash can also be sluiced into storage ponds. In the dry state, fly ash is chemically 
and physically stable and will not change with time. In the conditioned state, fly ash 
which contains significant quantities of CaO may take on a "set" and will require 
further processing. These fly ashes must be crushed to a reasonably fine state before 
they can be used in mixes (see the discussion of fly ash fineness below). Conditioned 
fly ashes which do not take on a set are chemically and physically stable and can be 
stored indefinitely in this state and be used in mixes without any further processing. 
Fly ashes which are stored in sluice ponds will usually segregate by particle size and 
may react chemically. These factors can result in fly ash which will not produce a 
product as uniform or as desirable as fly ash which is stored in the dry or 
conditioned state. As a rule, pond ashes are not suitable for use in lime-fly ash mixes 
except as mineral fillers. 

Specifications for dry fly ash for use in LFA mixtures are given in ASTM C 593 
"Fly Ash and Other Pozzolans for Use with Lime". Conditioned fly ash which takes 
on an initial set must be crushed before use, but is usually not crushed to the same 
degree of fineness as dry fly ash. While it has been shown that the amount of minus 
No. 200 material in the fly ash is a most critical factor in the reactivity of fly ash, 
most specifications for crushed fly ash specify a fineness in the following range for 
production control: 

Sieve Size Percent Passing 

1 /2 in (12.2 mm) 100 
3/43 in or #4 80 - 90 
#10 65 - 75 

As a practical matter, however, these fly ashes should be checked periodically to 
ensure that they contain a desired percentage of fines (material passing the No. 200 
sieve). Arch
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3. SOIL, LIME-PLY ASH REACTIONS 

Reactions which occur in lime-fly ash-water systems are quite complex. 
Several studies have provided basic infomation pertaining to these reactions. Based 
on his own laboratory investigations as well as a review of other studies documented 
in the literature, Minnick concludes that the major cementing compounds formed in 
lime-fly ash mixtures are probably calcium silicate hydrates, with other less common 
compounds and minerals such as ettringi te."" Low -sulf ate sul foaluminates may also 
be formed under favorable conditions. 

The amorphous glassy component in the fly ash provides the constituent 
elements which form the complex silicate and aluminate compounds. The strength 
and durability of the lime-fly ash mixtures are directly related to the quantity of 
cementitious compounds formed by the reaction of the lime (Ca(OH), and MgO) and 
the fly ash constituents. Since these reactions are also affected by time and 
temperature, the curing time and curing conditions havea significant effect on the 
properties of the mixes. 

The reactivity of fly ash from various sources is quite variable. For this reason, 
fly ash from each source should be carefully tested for reactivity before approved for 
use in LFA and LCFA mixes. Monitoring programs should be set up to establish the 
uniformity of the fly ash from each source. Several studies have established some 
basic properties of fly ash which are at least indicative of the fly ash 
rea~tivity.('~~~'~~~~~'~~~~) These include: 

Increased percentage of fly ash passing the No. 325 (45 m) sieve, which 
increases the pozzolanic activities of fly ash('" 
Increased surface 
Increased SiO, ~ o n t e n t ( ' ~ ~ ' ~ )  
Increased Si, + R203 content (R = Ca++ or ~g++) ( '~ ' )  
Increased SiO, + A1203 content(13') 
Low carbon content(129) 
Low loss on ignition(131) 
Increased alkaline content(13') 

Minnick et. al. emphasized that "no 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 predictions."(132) 

In addition to the primary reaction between lime and the fly ash, the lime may 
also react with the fines in the material being stabilized. Soil-lime reactions that may 
occur are cation exchange, flocculation-agglomeration, and a soil-lime pozzolanic 
reaction as discussed in Chapter 4, Linie Stabilization. 

Arch
ive

d



Cation exchange and flocculation-agglomeration reactions take place quite 
rapidly and cause decreased plasticity of the fines and some immediate 
strengthening. The plasticity reduction improves workability and allows easier 
mixing with materials that contain substantial quantities of plastic fines. 

Reaction products from the soil-lime pozzolanic reaction contribute to the 
development of the cementitious matrix in the stabilized inixture. Similar secondary 
soil-lime reactions have been noted for soil-cement mixtures containing lime-reactive 
fines. 

4. SOILS SUITABLE FOR LIME-FLY ASH STABILIZATION 

Lime and fly ash treatment can significantly improve the properties of fine 
grained soils and soil aggregate mixtures. The mechanism by which this 
improvement is achieved and the degree of improvement is greatly affected by the 
mineralogy and the fineness of the soil. While there have been a number of 
successful applications in which natural fine grained soils have been treated with 
lime and fly ash, the technology for use of this method of treatment is not sufficiently 
developed to permit a generalized statement of the effect of the treatment on the 
soils. Some general considerations for selection of soil type for treatment are given 
below. 

The methods used for placing the LFA and LCFA mixtures vary and can have 
some effect on performance of the material. LFA or LCFA mixtures which 
incorporate fine- or coarse-grained aggregates can be mixed in-place, but are 
generally plant-mixed and shipped to the site for better uniformity.(135) LFA and 
LCFA mixtures with natural soils are generally mixed in-place using dry lime and 
dry fly ash, though some research has investigated the use of lime-fly ash slurry 
pressure injection (LFASPI) to stabilize active clay soils with some success.(1J6) 

Fly ashes are normally used in lime-fly ash mixes as a pozzolan and as a filler 
for the voids. Since the particle size of fly ash is normally larger than the voids in 
the fine grained soils, it is not appropriate to use fly ash as a filter in fine grained 
soils. Thus the only role for the fly ash in stabilization of fine grained soils is that of 
a pozzolan. It is noted, however, that clays are often pozzolanic in nature (Chapter 
4). Consequently, silts are generally considered the most suitable soil type for 
treatment with lime and fly ash. Research has been done on the use of lime-fly ash- 
soil mixtures incorporating fine grained soils, such as silts and clays, which occur 
naturally at the site. (See references 137 through 144). The resulting mixtures, if 
designed to be economically competitive with other methods of construction, are 
usually not of as high quality as the LFA mixtures, in part because of the initial lack 
of mechanical stability in the unstabilized soils and the greater tendency towards 
frost-susceptibility in the fine grained soils. Nevertheless, the lime-fly ash-soil 
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mixture8 have been found to be highly serviceable and economical in the following 
three areas of roadway construction: 

Base course for secondary roads, parking lots, and so on, where heavy 
traffic loads are not anticipated. 
Subbase beneath conventional pavements. 
Subgrade improvements to provide additional support for the pavement 
and/or remedy undesirable subgrade conditions to expedite construction. 

, 

A more detailed discussion on the stabilization of fine grained soils with lime 
and fly ash can be found in reference 145. 

Because of the number of vaables involved, and the state of technology, each 
lime-fly ashsoil mixture must be carefully evaluated for properties and 
characteristics. 

Aggregates 

Aggregates which have been successfully used in LFA mixtures cover a wide 
range of types and gradations, including sands, gravels, crushed stones, and several 
types of slag. (See references 129,130,131,146 through 151). Aggregates should be of 
a gradation such 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 high density. Further, the aggregate should be free from deleterious 
organic or chemical substances which may interfere with the desired chemical 
reaction between the lime, fly ash, and water, and should consist of hard, durable 
particles which are free from soft or disintegrated pieces. 

Fine grained aggregate mixtures have generally produced materials of greater 
durability than coarse grained mixtures. However, mixtures with coarser aggregate 
gradations are generally more mechanically stable and may possess higher strength at 
an early age. With time, however, mixtures with fine-grained aggregates may 
ultimately develop strengths which equal or exceed those obtained with coarse 
grained aggregates. The key to the ultimate strength development lies in the lime-fly 
ash matrix rather than the aggregate. Newly released guide specifications and ASTM , 

C593 do not have a gradation requirement, but rely solely on the actual cured 
Typical aggregate gradations which have been specified for use in LFA 

mixtures are shown in table 32. Some optimum gradation ranges for well-graded 
aggregates are given in table 33. Other typical requirements for aggregates appear in 
table 34. Arch
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-- 

' Gravel, a Crushed Stone and Slag, 

Table 32. 

Siwe Size 
r 

2 in 

1.5 in 
r 

1 in 

3/4 in 

1 /2 in 

3/8 in 

No. 4 

NO, 8 

No. 16 
I 

NO. 40 

NO. 50 

NO. 100 

NO. 200 

Table 33. General requirements for gradation of aggregate 
for the plant-mix base course. 

Typical aggregate specifications for LFA mixtures. 

1 2in I 100 1 .  -- I - -  I 

I 

Illinois 

-- 

100 

90-1 00 

Ow 

60.100 

-I 

40-70 

-Om 

-I 

0-25 

-- 
.- 

0-1 O1 

el s2 

I Sieve Desimation 

I No. 4 I 40-60 1 40-60 1 40-65 1 

Percent passing (by weight) 
I I 

I No. 40 1 1030 1 10-30 1 15-30 1 
I No. 200 I 5-15 1 5-15 1 5-15 1 

Ohio 

100 

-- 
-- 
-- 

50-85 
, 

-- 
35-60 

15-45 

10-35 

-- 

3-1 8 

-- 
1-7 

Percent Passing (by weight) 

Pennsylvqnia 

100 

-- 
--- 

52-100 

- -- 
36-70 

2450 

--- 
10-30 

--- 
-- 
.- 

0-1 0 

100 

-- 
-- 

70-100 

-- 
58-100 

45-80 

-- 

25-50 

-- 
-- 
6-20 

-- 
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Table 34. Other typical requirements for aggregates. 

Pmp~l?~ Illinois Pennsylvrnla Ohio F A A  

Sodium Sulfate Soundnew (A ASHTO- ~ 2 5 %  ~ 2 0 %  4 5 %  ~ 1 2 %  
TI 04) 

Los Angela  Abrasion (AASHTO-T%) <45% 

Plasticity Index c9 <6 - <6 
I 

Liquid Limit -- <25 --- <25 

5. TYPICAL PROPERTIES OF LIME-FLY ASH STABILIZED SOILS 

Pozzolanic reactions which give LFA mixtures their long-term strengths are 
influenced by many factors, including 'ingredient materials, proportions, processing, 
moisture content, field density, and curing conditions. The pozzolanic nature of fly 
ash and its reaction with lime is discussed in Chapter 4, with details on how 
characteristics of the fly ash itself affect the reaction. 

Thorough mixing is essential for an LFA mixture to develop its maximum 
possible strength. ' h e  time required to achieve a uniformly blended product 
depends upon the type and efficiency of the available mixing equipment, mixture 
proportions, and to some extent, on the ingredients themselves. 

Because of the combined effects of time and temperature on the strength 
development of LFA mixtures shown in figure 52, it is difficult to specify 
combinations of curing conditions which simulate field conditions. One method of 
taking into account the combined effects of temperature and time is to combine the 
two variables into a single variable called a degreeda~.( '~~) Procedures for 
establishing reasonable cut-off dates for construction based on the degree-day concept 
are contained in NCHRP Syntheses 37."" 

While curing at low temperatures retards the reaction process of LFA 
mixtures, and almost entirely stops the reaction below 40 O F  (4 aC), reduced 
temperatures or even freezing of the mixtures have no apparent permanent 
detrimental effects on the chemical properties of the con~tituents.( '~t~~~) Although 
these materials may be subjected to a significant number of freeze-thaw cycles in the 
field during winter months, increases in strength are again developed with rising 
temperatures during spring and summer, as is illustrated in figure 53. 

Under acceptable curing conditions, pozzolanic reactions in LFA mixtures 
continue as long as sufficient lime and fly ash are available to continue the reaction. 
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Cores taken from pavements 
over a 10-year period indicate a 
continuing development in the 
strength of the mixture with 

,- 

time, as is shown in figure 50. g 
z 
x 

This continuing pozzolanic + (3 

t process can manifest itself in a g 
phenomenon called autogenous UJ 

healing, which is one of the % 
properties of LFA mixtures and 
is discussed later in this P. 

P 

section. (156.157t158) There are a 0 
0 

number of recorded cases where 
distressed areas caused by 
improper loading of LF A 
pavements during the early cure 
stages have healed with time. 
This can only occur however, if 
there are sufficient quantities of 
unreacted lime and fly ash . 

available to provide the Figure 52. Curing time effect on strength of LCFA 
necessary reaction components. mixtures at various temperatures. 

Admixtures 

In an effort to accelerate development of early strength and improve the short- 
term durability characteristics of LF A mixtures, thereby permitting extension of the 
construction period later into the fall, admixtures have been added to accelerate or 
complement the lime-fly ash reactions. Most of the work in this area has been with 
chemicals in liquid suspension or in powdered form. 

Portland cement is an effective admixture for use in LFA mixtures. The early 
strength development associated with the hydration of portland cement complements 
the slower strength development associated with some lime-fly ash reactions (see 
references 151,159,160,161). 

Certain other admixtures (e.g., water-reducing agents) may also give beneficial 
results. However, the use of many admixtures may be impractical due to handling 
problems and prohibitive costs. Arch
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Compressive Strength 

Properly designed LFA 
mixtures compacted to a high 
relative density and properly 
cured may ultimately develop 
compressive strengths well in 
excess of 3,000 psi (20,680 kPa). 
Materials cured for seven days 
at 100 O F  (38 "C) normally 
develop compressive strengths 
in the range of 500 to 1,000 psi 
(3,450 to 6,890 kPa). These same 
materials are likely to develop 
compressive strengths in excess 
of 1,500 psi (10,340 kPa) after 
one or two years in service, as is 
shown in figure 53. 

Flexural Strength I I I I 
10 100 loo0 10,000 

LFA mixtures, like all ~ p s i = ~ . ~ x ~ ~ + a  AGE IN FIELD, DAYS 

granular and /or cementitious 
materials, are significantly Figure 53. Effect of age on compressive strength. 
stronger in compression than in 
tension. Thus, the tensile strength is a critical indicator of quality. Because pure 
tensile strength is difficult to measure in these types of mixtures, an effective 
alternate method of evaluating the tensile capacity is through a determination of the 
flexural strength or modulus of rupture. Although flexural strength can be 
determined directly from tests, most agencies estimate the flexural strength by taking 
a ratio of the material's flexural strength to compressive strength. The ratio of 
flexural to compressive strength for most LFA mixtures is between 0.18 and 0.25. An 
average value of 0.20 for the ratio is a good, conservative, engineering estimate of the 
flexural strength, as is illustrated in figure 54.(162) 

Durability 

Durability is a measure of a material's ability to perform in an unfavorable 
environment and is the most important property in the performance of these 
mixtures in areas subject to freeze-thaw cycles and the use of deicing salts. Properly 
designed LFA mixtures meet durability criteria for high quality base materials. 
Several methods for evaluating the durability of LFA mixtures have been developed 
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(see references 129,l 62 through 
167). These include a strength 
lose upon vacuum saturation, 
detailed in ASTM C 593, a 
minimum strength criterion 
based on a residual strength 
following freeze-thaw cycling, 
and a weight loss on freeze- 
thawa(laWIWatlW 

Stiffness 

The stiffness of LFA 
mixtures is usually expressed in 
terms of their modulus of 
elasticity (E) in bending. Typical 
E values for LFA mixtures range 
from 0.5 to 2.5 x 106 psi (3.4 to 
17.2 x 106 kPa). Specific values 
depend on whether a tangent 
modulus or secant modulus is 
used, as the relationship 
between stress and stain is non- 
linear. Figure 55 illustrates a 
typical stress-strain relationship 
using moment as a stress 
indicator and curvature as a 
strain indicator. The expected 
range of E values for a specific 
LFA mixture is a function of 
several factors, in particular the 
aggregate characteristics such as 
particle hardness and gradation, 
the degree of compaction and 
the extent and type of curing of 
the mixture (see references 147, 
162,169,170,171). 

10 20 30 40 50 80 

CURING TIME,  DAYS 

Figure 54. Flexural andcompressive 
strengths ofLFA mixtures cured 

at ambient temperature. 

4% Ilrr 

14% fly arb 

/ 82% gravel 

/ 

E .$ - 2.1 x 10' 

1 In-lb . 1.13 x I O ' N ~  C " M " R  (9) ~ ( 0  
8 

Figure 55. Moment-curvature relationship for 
LFA mixtures. 
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Autogenous Healing 

Autogenous healing is the r ~ a  I I 9 

ability of LFA mixtures have to heal or . 

recement across cracks by a self- 
generating mechanism, as illustrated in *g a - - 
figure 55. The degree to which i + 
autogenous healing occurs is a 

Z 
W 

dependent upon many factors, a a 100 - 
including: 4 A 

a 
3 

t: The age at which the mixture 6 - - 
cracks. -@Jw 

ubdmdbahal 
The degree of contact of the 
fractured surfaces. o 
The curing conditions. 0 10 20 a0 40 

The availability of reaction MYS -TED CURINQ (100'~) (38%) 

products (lime and fly ash). 
The moisture conditions. Figure 56. Effects of fracture on strength 

of LFA mixtures. 
Autogenous healing in LFA 

mixtures produces a material that is less susceptible to deterioration under repeated 
loading and is more resistant to attacks by the elements than other materials which 
develop> this characteristic to a lesser extent (see references 
129,158,162,163,164,168,174). 

Fatigue 

Like all paving materials, LFA mixtures can fail under repeated loading at 
stress levels considerably less than the ultimate stress required to cause failure in a 
single load application. This is illustrated in figure 57. However, because of 
autogenous healing characteristics, LFA mixtures are less susceptible to failure by 
fatigue than most other paving materials. This is due to the healing process, which 
can provide a greater curing effect than the d h a g e  being caused by the repeated 
1 0 a d s . ~ ~ ~ ' ~  Unless fatigue failure occurs during the first few days of loading, it is 
not normally a factor in the performance of these pavements, when properly 
designed. Arch
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Poisson's Ratio 

The Poisson's ratio of 
LFA material usually varies 
somewhat with the intensity of 
the applied stress. However, for 
most mixtures, this ratio usually 
remains relatively constant at a 
value of about 0.08 at stress 
levels below approximately 60 
percent of ultimate, and then 
increases at an increasing rate 
with the stress level to a value 
of about 0.3 at failure, as 
illustrated in figure 58.(1w162) For 
most calculations, Poisson's ratio 
for LFA mixtures can be taken 
as between 0.10 and 0.15 
without appreaable error. 

Coefficient of Thermal 
Expansion 

Hardened LF A materials, 
like all stabilized paving 
materials, are subject to 
dimensional changes with 
changing temperature. The 
coefficient 06 thermal expansion 
of LEA mixtures is influenced 
primarily by the aggregates and 
the moisture content of the 
materials, as is illustrated in 
figure 59. Typical values for the 
coefficient are about the same as 
for concrete at the same 
moisture content, or 
approximately 6 to 10 x lo4 
inches per inch per degree 
Fahrenheit (see references 149, 
156, 157, 162). This similarity 
has a serious implication for the 
construction of pavement bases 
using these mixtures, with 

NUMBER OF CYCLES TO FRACTURE 

Figure 57. Fatigue relationship for LFA mfxture. 

loo 

Figure 58. Poisson's ratio for 
various stress levels. 
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newer guide specifications requiring sawing for crack control, and joint sealing in the 
asphalt surface> Is2) 

Leaching Potmtial of Fly rotI 18 -11 
Ash 

(0 Srturatod rvwimana 

- 
the E.P.A. multiple extradon 
procedure and analyzed by Figure 59. Change in length of cured LFA 

Inductively Coupled Argon mixtures. 

The leaching potential for 
8 

fly ash used in soil stabilization 
should be determined because of " - e 

x 
the possibility that heavy metals ; 

Plasma 'Spectrometry (ICAP). 
Table 35 liets the elements of both the lignite a d  the subbituminous fly ashes, and 
the quantities of each element found in each ash type. Also presented in table 35 are 
the percentages of the elements which were leached from soil-fly ash mixtures which 
were prepared using a fly ash-soil ratio of 30:70. 

6, . 8.0 r 16' - - 
'--I- Unrdurrtod rpeolmenr 

C t  6.0 n 10 
4 

- - 
C Y ~ O  porlod, 40 hour@ - 

Neither of the two fly ashes evaluated produced levels of heavy metals in 
excess of the Resource Conservation and Recovery A d  (RCRA) Standards, though 
both produced heavy metal concentrations exceeding the National Interim Primary 
Drinking Water 0 Standards with some elements. The elements which exceeded 
PDW standards for each fly ash type are: 

from the ash could mi ate to % groundwater systems.( 
Research efforts have 
investigated the leachability of 
the two predominant types of fly 
ash; subbituminous fly ash and 
lignite fly In two 
studies conducted by the 
Louisiana Department of l l D 1 D l a O l D l p 1 D t a  

Transportation and 
Development, fly ash-soil TEMPERATURE, 'F 

mixtures were leached following (ti . ~ W ~ I O %  c = ~ w  

umite  Subbituminous 
Arsenic Arsenic 
Cadmium Cadmium 
Manganese Iron 

Lead 
Manganese 
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Table 35. Bulk Analysis and Leachability Potential of 
Lignite and Subbituminous Fly Ashes. 

Heavy metals 

Though no detrimental effects are expected as a result of fly ash stabilization, 
further research should be done in this area. The leachability of heavy metal 
elements from LFA mixtures should also be evaluated. 

6. SELECTION OF LIME-FLY ASH CONTENTS 

Approximate Quantities 

The relative proportions of each constituent used in specific LFA mixtures 
vary over a range. Effective mixtures have been prepared with lime contents as low 
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as 2 percent and as high as 8 percent, while fly ash contents varied from ih low of 8 
percent to a high of 36 percent (see references 131,146,156,174). Typical proportions 
are 2.5 to 4 percent lime and 10 to 15 percent fly ash. In some instances, small 
quantities (0.5 to 1.5 percent) of Type I portland cement have been used to accelerate 
the initial rate of strength gain in LFA mixes. Mix design procedures which have 
been developed are discussed below. 

Detailed Testing 

The acceptability of LFA and LCFA mixtures is determined by applying 
selected design criteria Most mixture design procedures include both strength and 
durability criteria. 

Minimum cured compressive strength and maximum weight loss criteria are 
specified by the Illinois Department of Transportation and the FAA as shown in table 
36. The Pennsylvania Department of Transportation has a durability requirement, 
but not a strength requirement. ASTM C 593 specifies a minimum cured vacuum 
saturation strength of 400 psi (2,760 kPa). 

Table 36. Specified Design Criteria for LFA and LCFA Mixtures 

' After 12 cycles of freeze thaw - ASTM D560, 1 psi = 6.89 x 14 Pa 

The residual strength approach emphasizes that a sliding scale of quality 
should be specified, depending on the field service conditions anticipated for the 
mixture.(lm For example, little freeze-thaw action occurs in an LFA base course in 
the south-Central United States, but many freeze-thaw cycles occur in a base course 
constructed in the Northern States. In fact, Illinois is divided into three separate 
zones for the purpose of establishing stabilized durability criteria. 
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The objective of the mixture design procedures is to develop the proper 
proportiare of lime (cement), fly ash, and aggregate. A flow diagram for the mix 
design procedure for LFA and 
LCFA mixes ie shown in figure 
60. The design mixture must VOIDS IN -ME 

satisfy three criteria: 

For a given set of 
component materials (lime, 
cement, fly ash, and aggregates), 
the factors that can be varied are 
the lime to fly ash ratio and the 
ratio of lime plus fly ash to the 
aggregate fraction. If cement is 
used with lime, the ratio of lime 
to cement is also variable. It is 
often more economical to blend 
aggregates from several sources 
to achieve a blend which gives 
superior performance than to 
use just one aggregate source 
and vary the binder 
components. (151,164) 

I 

AT THE ESTIMATED OPTIMUM 
Possess adequate MOIBTW CONTENT, DETER 

MINE FLY ASH CONTENT TO MTM 
strength and durability RmucEuuouuoRvmn 

foritsdesignated use, OF WE FLY APKAQQREGATE MX 

Be easily placed and 
. ,,AFLY, 

The quality of LFA and 
LCFA mixtures, as measured by 
their strength and durability, is 
closely related to the quality of 

compacted, and 
Be economical, 

EVALUATE LIME AGTM v 

CONTENT, ~ N E  
m M U M w s N E C O N T E M  
w FLY AS~~KKI#~ATE MIX 

PREPARE LFA M E 8  AT 
WTIW FLY AGHAH) 
MOISTWE CONTENTSWITH 
2.112,3, sin 4% UM 

I 

I 
EVALUATE BTRNOTH AND WRABKlN 

the cementitious mat& in the 
mixture, This matrix can be 
defined as the lime plus the fly Figure 60. Mixture flow diagram. 
ash and that portion of the 
aggregate finer than the No. 4 sieve. Only if there is sufficient matrix material to 
float the coarser aggregate fraction is it possible to achieve the high compacted 
density which is essential for good strength and durability in the mixture.(lM) In 
general, the more uniform the particle-size distribution of the aggregate (dense 
graded), the lower the quantity of lime plus fly ash needed to achieve a highly 
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compacted density in the matrix. Care must be taken, however, that the proportion 
of lime and fly ash in the matrix is sufficient to provide a good chemical rea~tion.''~) 
A h ,  mnd aggregate6 with gingle-sized particles and sands devoid of minus No. 200- 
sized particla may require high fly ash content to eerve as a filler or void reducer as 
well as a pozw1a.n in the mixture (see references 151, 160, 164, 170). 

L 

Figures 61 and 62 illustrate the variation of density and compressive strength 
with lime plus fly ash contents for both coarse- and fine-grained aggregates. To 
@chieve a quality mixture, it is necessary that the amount of lime plus fly ash be 
slightly in excess (2 to 3 percentage points) of that required for maximum density. 
As indicated earlier, poorly graded materials, such as the Plainfield sand in figure 62, 
require a higher lime plus fly ash content because of the volume of voids to be filled. 
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o r  
p z  
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Qu, 
0 
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6 

LIME PLUS FLY ASH, PERCENT BY WEIGHT OF TOTAL MIXTURE 

Figure 61. Variation of maximum density and compressive strength for LFA 
mixture, 

The proper proportions of lime to fly ash, or lime to cement to fly ash, must 
be based on laboratory mix design data. These ratios do not remain constant, but are 
a function of the aggregate and fly ash properties and the rate of strength 
development in the mixture. Lime to fly ash ratios of 12 to 1:7 have been evaluated 
and found acceptable, but mast mixtures have a ratio of about 1:3 or 1:4 for reasons 
of economy and quality."W 

After the lime plus fly ash to aggregate ratio has been determined, the mixture 
should be evaluated and adjusted for quality by changing the lime to fly ash or lime 
to cement to fly ash ratios. This is done by preparing trial mixes, curing them for 
prescribed periods of time at a prescribed temperature [ASTM C 593 specifies 7 days 
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Figure 62. Variation in maximum density and compressive strength for LFA 
mixtures, 

at 100 OF (38 OC)], and testing for strength, durability, and the rate of strength 
development. This last test requires curing at various temperatures for varying time 
periods. Durability requirements for these materials are given in ASTM C 593. 

When lime, cement, and fly ash requirements have been established, the 
designated mix must be adjusted to compensate for construction variability. The 
amount of adjustment needed is related to the level of quality control provided by 
the producer. For typical operations, the lime plus fly ash content should be 
increased by about 2 percentage points, and the lime content by about 0.5 percent!ln) 

In some instances, a less structured approach to mix design is used, and 
typical mixture proportions are evaluated for adequacy and quality. As a guide to 
selecting appropriate component ratios, the four mixtures shown in table 37 have 
provided highly serviceable mixtures for normal construction operations. 

Laboratory Testing Propam 

Different laboratory tests are described below for the characterization of LFA 
and LCFA mixtures. A more complete description of the testing procedures are 
given in Chapter 3. 

Moisture-Densitv Relationship. Moisturedensity tests are conducted in the 
usual manner as described in AASHTO T180-74 with the exception of the compactive 
effort used. In table 38, several of the different cornpadive efforts in common use are 
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summarized. In each case, 4-in (1 02-mm) diameter by 4.6-in (1 17-rnm) high, 1 / 30-cf 
(9.4 x lC)'-rn? molds are used. 

It b important to note that compacted density has a very significant effect on 
tho cured strength of LFA and LCFA mixtures. Strength or durability criteria based 
on one mpact ive effort cannot be applied to mixtures prepared in actordance with 
procedures using other compactive efforts for design. 

. Compressive .Stret\pth Tests. Standard Proctor-sized specimens (4-in [I 17-mm] 
high) are most commonly used to evaluate the compressive strength of cured LFA or 
LCFA mixtures. Aggregate particles larger than 3/4 in (19 mm) are normally scalped 
from the aggregates and discarded. +For fine-grained aggregate mixtures, such as 
those containing fine sand, %in (51-mm) diameter by 4in (102-mm) high specimens 
have also been used, but there is difficulty in correlating the results from the two 
sizes of specimens. 

Table 37. Typical LFA mixtures. 

'Bad  on total mix dry weight, 'Lime or lime plus cement at a 3:1 ratio, Arch
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Table 38. Specified compactive efforts for LFA and LCFA mixtures 

Hammer weight (pounds) / height of drop (inches) /number of layers/blows per layer 

It is essential to maintain a closely controlled environment during the curing 
of LFA and LCFA mixtures because both time and temperature have a profound 
effect on the strength and durability of these mixtures. Curing conditions (time in 
days and curing temperature) should always be specified along with the strength 
data. The standard curing conditions for these materials are 7 days and 100 OF (38 
"C). For evaluation of the rate-of-strength development, other times and 
temperatures are specified, such as 28 days at 70 O F  (21 OC), 7 days at 50 OF (10 OC), 14 
days at 72 O F  (22 "C) and 2 days at 130 OF (54 OC). The method for converting various 
times and temperatures to equivalent degree-days is explained in reference 134. 

Durabilitv Tests. Three procedures have been extensively utilized for 
evaluating the freeze-thaw durability of LFA and LCFA mixtures. The freeze-thaw 
brushing procedure included in ASTM D560 is basically modeled after the soil- 
cement procedure (AASHTO Tl36-70). Application to practical situations is 
problematic because the temperature conditions utilized in the ASTM D560 procedure 
do not simulate field conditions.('%) The "weight loss" factor determined in the 
AASHTO procedure has no physical significance in terms of basic engineering 
properties (strength, stiffness, etc.) 

Automatic freeze-thaw testing equipment which accurately simulates field 
conditions has been developed which more closely approximates the expected field 
conditions.('W Compressive strength after freeze-thaw cycling (5 or 10 cycles) is used 
to characterize LFA and LCFA mixture durability. Details of the test procedure are 
presented in reference 131. 

The vacuum saturation test procedure now in ASTM C593 is a rapid technique 
(approximately one hour). The justification for using the vacuum saturation is the 
excellent correlation between the compressive strengths of vacuum saturation 
specimens and freeze-thaw spe~ i rnens . ( '~~~ '~~  The procedure has been incorporated Arch
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lnto a recommended practice for base stabilization prepared th the A~llerican Coal 
Ash Asmiation (ACAA). 

7. SUMMARY 

Lime-fly ash stabilization is useful in non-plastic soils where the lime will 
react with the fly ash to provide the strength increase for stabilization. This 
combination can be used with sands, silts, and aggregates, and provides a means of 
gradation improvement by filling the voids in the compacted material. Suitable 
handling and testing must be conducted with the flyash due to its inherent variability 
and consistency. The handling and curing of this mixture closely follows those for 
lime or cement stabilization. Adequate compaction is necessary, and maintenance of 
adequate water content for curing are critical to ensure complete development of 
strengths as determined in the laboratory, and low temperatures should be avoided. 
The mix design procedures with lime-fly ash is more involved because the proportion 
of lime to fly ash must be determined, and then the percentage of the lime-fly ash 
combination in the aggregate must be determined. 
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CHAPTER 8 COMBINATION AND OTHER STABILIZERS 

1. INTRODUCTION 

The use of combination stabilizers has not yet received widespmad application 
In the United States because most agencies prefer to utilize one stabilizer and avoid 
the handlin-d construction requirements of a multi-component stabilization 
system. However, the advantage in utilizing combination stabilizers is that one of 
the stabilizers in the combination compensates for the lack of effedveness of the 
other in treating a particular aspect or characteristic of a given soil. For instance, in 
clay areas that are devoid of base material, lime has been used jointly with other 
stabilizers, notably portland cement or asphalt, to provide base courses for secondary 
roads and residential streets. Since portland cement cannot be easily mixed with 
plastic clays, the lime is first incorporated into the soil to make it friable, thereby 
permitting the cement or asphalt to be adequately mixed. While such stabilization 
practice might be more costly than the conventional single stabilizer methods, it may 
still prove to be economical in areas where base aggregate costs are high. 

While there are many types of combination stabilizer%, there are four 
combination stabilizers which are predominant and thus are given the most 
consideration. These are: 

• Lime-cement 
Lime-asphalt 
Lime-emulsified asphalt 
Cement-emulsified asphalt. 

Some of the remaining combinations which are used throughout the world include: 

Rice husk ash (RHA)-lime=~ement('~~) 
RHA-lime('") 
Cinder ash-lime('") 
Gypsum-granulated blast furnace slag-cement-lime('? 
LD converter slag-lime"" 

These last five combinations are currently being used outside of the United States in 
places such as Nigeria, India, and Japan where different materials are available for 
use in stabilization projects. 

Other forms of stabilization using proprietary chemicals have been performed 
on a local basis, with the most common stabilizer being salt, principally calcium 
~ h l o r i d e . ( ' ~ ' ~  This chemical has been used extensively on unsurfaced gravel roads 
for dust control, and to maintain cohesion through water control. 
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2. COMBINATION STABILIZER REACTIONS 

Lime-Cement Combinations 

Combinations of lime and cement are often acceptable as a construction 
expedient. Lime added to the soil increases the workability and mixing 
characteristics of the soil as well as reducing its plasticity. Cement can then be mixed 
with the lime-modified soil to provide rapid strength gain. 

v 

Details of lime and its reactions are covered in Chapter 4. In general, lime 
reacts readily with most plastic soils containing clay, either the fine-grained clays or 
clay-gravel types. Such soils range in Plasticity Index (PI) from 10 to over 50 percent. 
Lime may react with some silts but should not normally be expected to react, and 
lime will not react with sandy soils. 

Details of cement and cement reactions are discussed in Chapter 5. While 
cement is difficult to use alone for heavy clays or highly plastic soils, lime can be 
used to initiate cation exchange and flocculation-agglomeration reactions which 
produce immediate changes by reducing the plasticity and improving the workability 
of these soils. Addition of cement ensures rapid strength development in the 
mixture. This combination is especially advantageous when rapid strength gain is 
required under cooler weather conditions. 

Lime-Asphalt Combinations 

All asphalt products that are currently being produced may be mixed with a 
variety of sand, soil, or aggregate and soil mixture. The more viscous asphalt 
materials may require mixing in a plant, while more fluid materials may be mixed in- 
place with soil-aggregate materials. Although stabilization has been quite effective 
with many soils, a major problem is a decreased resistance to moisture with some 
mixtures and this influence is more marked with increased temperature."" 

Combinations of lime and asphalt have been effective in relieving moisture 
problems. The addition of lime helps prevent stripping at the asphalt-aggregate 
interface and increases the stability of the mixture. This reduction of stripping 
potential maintains the structural value of the mixture, which maintains the integrity 
of the pavement structure. 

Lime slurry pretreatment of the soil or aggregate at one percent or more by 
dry weight of lime has been effective in raising the modulus value in some cases, and 
in imparting almost complete water resistance. The mechanism has lime in itself 
acting as a binder by separately forming a crystalline structure of lime-mortar, 
cementing the aggregate particles together. In combination with asphalt, the lime 
action appears to be synergistic with the binding action of the asphalt. The gains in 
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rrhngth and water resistance of the lime-asphalt stabilized material can be far greater 
than eimpl the sum of the two binding actions of lime and asphalt taken 
separatelyJ' A further obelvatlon is that lime improves the workability of some 
eoil-aggregate materials (and hence the other properties noted above) through the 
cation exchanges discussed in Chapter 4. 

Lime- or Cement-Emulsified Asphalt Combinations 

Research in emulsified asphalt mixtures has indicated that curing is the key 
factor to ensure adequate performance of emulsion aggregate mixtures. The curing 
of the emulsion-treated material requires loss of water from the mixture. When an 
emulsion treated aggregate is placed, initial strength is gained when the emulsion 
breaks. Curing is the continued process of removing the emulsion water through 
evaporation. Thus, curing can only continue until such time as a surface is placed. If 
curing is not allowed to continue to completion, final strength may never be 
achieved. Elevated mixture temperatures and introduction of various additives into 
the emulsion represent the results of research efforts to increase rapid strength gains. 
Rapid early strength gain lessens the negative impact of premature sealing of the 
mixture. 

In recent investigations, hydrated lime or portland cement has been used to 
promote early strength gain of the emulsified asphalt-treated materials. Terrel and 
Wang have shown that the rate of development of strength in emulsified asphalt 
mixtures is greatly accelerated by the addition of cement.("') Figure 63, from the 
Terrel and Wang study, shows that when an emulsified asphalt mixture is uncured, it 
behaves essentially like an untreated granular material (i.e., MR is stress dependent). 
After varying amounts of curing, the material becomes less stress dependent and 
more like asphalt concrete. Figure 64 illustrates how small amounts of portland 
cement can enhance the early modulus gain for emulsified asphalt mixtures. 
Emulsion mixtures that might not cure to usable strength in a reasonable length of 
time (say, because of cool, damp weather) can be improved through the use of 
cement or lime. Schmidt and Graf also demonstrated high moisture resistance of 
emulsified asphalt mixtures pretreated with lime or cement slurries.(1s0) Addition of 
lime or cement to emulsified asphalt mixtures would probably result in higher 
modulus values and provide better resistance to water at all stages of curing. 

3. SELECTION OF STABILIZER CONTENT 

The selection of the proper combination stabilizer to be used will depend on 
the soil type and on various tests to identify the materials. The procedure is much 
the same as for other stabilizers and reference should be made to earlier chapters for 
details. 
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Figure 63. Development of resilient modulus for SM-K emulsion mixture, 68 "F.(lS2) 
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Figure 64. Resilient modulus v. curing time.(182) 
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Stabilizer selection procedures can then be based on the percent passing the 
No. 200 sieve and the PI. With the results of the tests. a combination stabilizer can be 
selected through the procere suggested in figure 65. In general combination 
stabilizers are best utilized for soils that have more than 25 pemnt passing the No. 
200 sieve and a PI greater than 10. 

The various amounts of each individual stabilizer can then be determined by 
the methods outlined in previous chapters of this manual. The general purpose of 
combination stabilizers is to first pretreat the soil to alter its properties prior to 
applying the dominant stabilizer. Normally the quantity of the first stabilizer applied 
will be less than the second. Approximate quantities of combinations are discussed 
below. 

Ph5S110 USE SIllglt 
lo .  200 SIEVE STABILI ZLR 
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Figure 65. Selection of combination stabilizers. 
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Approximate Quantities 

Lime-Cement. Since cement camot be easily mixed with plastic clays, 1 to 3 
percent of lime (by weight) can be first incorporated into the soil before about 3 to 10 
perrent cement is added. The amount of lime and cement added depends on the 
type of mil. Because of the different reactions, more hydrated lime is required than 
quicklime in the lime-cement rnixtuk to achieve the same end result. 

Lime-As~halt. Pretreatment of aggregates with at least 1 percent of lime in a 
slurry form for emulsified asphalt, or pulverized form with cutback or asphalt 
cement, can minimize the strength loss from water in asphalt-treated mixtures. In 
general, 1 to 3 percent of lime (by weight) can be used with 4 to 7 percent asphalt (by 
weight of asphalt) in the mix for soil stabilization purposes. 

I 

Lime-Emulsified Asphalt. The addition of a small amount of lime to 
emulsified asphalt mixes at the time the asphalt emulsion is added to the aggregate 
has a profound effect on the rate of strength development as well as the ultimate 
strength level attained. About 1 to 3 percent lime (by weight) can be combined with 
4 to 8 percent emulsified asphalt (by weight of residual asphalt) in the mix. 

Cement-Emulsified Asphalt. - The addition of small amounts of cement on the 
order of approximately 1.5 percent (by weight) to emulsion-treated mixes assists in 
the development of early stiffness as compared to the same mix without cement. 
Care must be taken not to incorporate too much cement; a ratio of cement emulsion 
on the order of 1 to 5 (based on residual asphalt) appears appropriate to ensure 
adequate early stiffness without excessive embrittlement, or early break in the 
emulsion, 

Detailed Testing 

The quantity of stabilizer to be utilized should be determined by means of 
suitable laboratory tests. These attempt to simulate field conditions of weathering 
and other durability processes and include a strength determination. 

Cyclic freeze-thaw or wetdry actions are the major durability factors that must 
be considered for some combination stabilizer mixtures. The extent of freeze-thaw 
and wet-dry action is dependent on the location of material in the pavement 
structure, geographical location, and climatic variability. 

The laboratory tests necessary for determining strength and /or durability for 
the combination stabilizers are listed below. Detailed information on the laboratory 
test procedures can be found in Chapter 3. Arch
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Lime-Cement. The strength and the durability of these mixtures when they 
are subjected to cyclic environmental conditions are the characteristics most 
commonly tested and evaluated. Sample preparation is most commonly done using a 
standard A ASHTO compaction cylinder with varying moisture contents and 
admixture levels. The curing of the samples is generally achieved using guidelines 
found in ASTM C 593. The tests which are most commonly performed are listed 
below: 

Unconfined compression test (ASTM C 39) 
Flexural tensile test (ASTM C 293 or C 78) 
split tensile test (ASTM C 496) 
Vacuum saturation test"") (ASTM C 593) 
Iowa freeze-thaw tes t(la2) 
Automatic freeze-thaw tes t(lm) 

Further details on these and other tests discussed in this section can be found in . 

Chapter 3. 

m 

ime-Asphalt - The techniques for evaluating strength characteristics of lime- 
asphalt stabilized materials depend upon the soil type. For fine-grained materials 
these would be absorption tests and Hubbard-Field tests. For coarse-grained (gravel, 
gravel-sand) materials, tests would include the California Bearing Ratio tests and 
triaxial tests. Durability tests for lime-asphalt stabilized materials are similar to those 
listed for lime-cement stabilized materials. A list of tests is given below (further 
details on these tests can be found in Chapter 3: 

Absorption test (ASTM C 128) (Fine-grained) 
Hubbard-Field test (Fine-grained) 
California Bearing Ratio test (ASTM D 1883) (Coarse-grained) 
Triaxial test (ASTM D 3397) (Coarse-grained) 
Vacuum saturation test(l") (ASTM C 593) 
Iowa freeze-thaw test(la2) 
Automatic freeze-thaw tes tUa3) 

Lime- or Cement-Emulsified Asphalt. The strength tests for the lime- 
emulsified asphalt and cement-modified asphalt can be determined either by the 
Hveem or Marshall test, or resilient modulus tests. Details of these tests can be 
found in Chapter 3. The durability tests listed for lime-cement and lime-asphalt can 
also be used for lime- or cement-emulsified asphalt stabilized materials. A list of 
applicable tests which can be run is given below: 

Hveem stabilometer test (ASTM D 1560) 
Resilient modulus test (ASTM D 4123) 
Vacuum saturation test(l") (ASTM C 593) 

151 
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Iowa freeze-thaw test(") 
Automatic freeze-thaw test@) 

4. LIMITATIONS AND PRECAUTIONS 

Climatic W o r  Comtmction Limitations 

Lime-stabilized soils are relatively slow curing and require some warm 
weather to harden pro erly. Cement hydration also ceases when temperatures are P near or below 40  OF.('^ Lime-cement stabilization therefore should not be carried out 
in dold weather. As a general rule, limecement stabilization should not be attempted 
when the soil temperature is below 40 OF (5 O C )  and there is little prospect of the 
weather improving in the next day or two. During cold weather conditions, lime- 
cement stabilized soils should be protected by a suitable covering of hay, straw or 
other protective material to prevent freezing for a period of 7 days after placement 
and until they have hardened. 

If heavy vehicles are allowed on the limecement stabilized soil prior to a 7 to 
loday curing period, damage to the structural layer may occur. However, light 

' 

vehicles may be allowed on the stabilized material with the expectation that any 
damage that is incurred will be subjected to autogenous healing as the curing process 
continues(1s). This autogenous healing is dependent on four factors: 

Initial curing period before inducement of flaws 
Length of curing period after inducement of flaws 
Curing conditions 
Levels of stabilizing agents 

The amount of autogenous healing seems to be most dependent on the second factor, 
the length of the curing period after inducement of the flaws. This is also related to 
the initial curing period in that the greater the amount of curing which takes place 
before the flaws, the less likely it is that there will be sufficient curing left to heal the 
flaws. 

All limecement stabilized bases require a wearing surface of at least a 
bituminous seal coat. An unprotected lime-cement stabilized base has poor resistance 
to the abrasive action of continued traffic. 

Hot, dry weather is preferred for all types of lime-asphalt stabilization. If thin 
lifts of lime-asphalt stabilized material are being placed, the air temperature should 
be 40 O F  (5 OC) and rising, and the compaction equipment should be used 
immediately after laydown operations. Adequate compaction can be obtained at 
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freezing temperatures if thick lifts are used with hot-mixed, hot-laid asphalt 
stabilization operations. 

From a strength standpoint too much lime or cement in a stabilized mixture is 
not a problem. However, excessive asphalt in the mix will cause reduction in soil 
strength. Excess asphalt will be evident on the top, sides, and bottom of the 
compacted laboratory samples. 

The use of lime-emulsified asphalt or cement-emulsified asphalt should not be 
attempted during periods of rain or if the probability of rain exists. Unbroken 
emulsions subjected to rain can be further diluted and completely lost by runoff. 
Also, a longer breaking and curing time should be anticipated during periods of high 
humidity. Temperatws preferably should be above 60 OF (16 OC). During hot, dry 
weather conditions, it is advantageous to moisten the soil prior to the application of 
emulsion. 

Heavy vehicles should not be allowed on limesmulsified asphalt or cement- 
emulsified asphalt stabilized soils prior to a 7 to 10 day curing period in order to 
avoid damage to the structural layer. 

Safety Precautions 

In using lime, contact with quicklime or prolonged contact of hydrated lime 
with moist skin can cause bums or skin irritation. Adequate protective dothing for 
workers is necessary for lime-emulsified and cement-emulsified asphalt stabilization 
operations. Care must also be taken when heated asphalt cement is used as a 
stabilizing agent. 

5. OTHER COMBINATIONS 

In addition to the predominant combination stabilizers discussed in the 
preceding pages, several alternative combinations have been identified as effective 
stabilization materials around the world. A brief discussion is given here on some of 
these combinations. 

Rice Husk Ash (RHA)-Limecement 

Stabilization, produced from the addition of rice husk ash (RHA), has been 
conducted in many parts of the world, most notably India and Nigeria. Research 
carried out in Nigeriaxeported that RHA can be added to lateritic soils (described as 
"ferruginous, vesicular, unstratified and orous material with yellow ochres caused P by high iron content) with good success. RHA seems to cause flocculation of the 
soil particles in much the same way that lime does, which subsequently reduces the 
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PI of fine-grained cohesive soils. In individual tests with lime and RHA, it was 
determined that a lime content of approximately 5 percent produced a maximum 
CBR, whereas It took approximately 18 percent RHA to produce the maximum CBR 
results. In areas where RHA and lateritic soils are abundant (tropical and sub- 
tropical countries), the use of RHA to reduce the quantities of lime and cement , 

necessary for stabilization could have a significant impact on making the stabilization 
process more efflcient and more cost effective. 

Rice Husk Ash-Cinder Ash-Lime 

Both RHA and cinder ash have been added to lime-stabilized soils in an effurt 
to improve the strength characteristics of the soils and to reduce the cost of the 
stabilization process. Research conducted in India reported that addition of 8 percent 
RHA or cinder ash to a 5 percent lime-soil material increased the CBR values 45 to 50 
percent over the addition of just 5 percent lime."") Addition of these "waste" 
materials (RHA and cinder ash) is once again recommended.as a means of improving 
the strength of the stabilized soils and making the stabilization process more cost 
effective, 

Gypsum-Granulated Blast furnace Slag-Cement-Lime 

Research in Japan was carried out using two types of soil (cohesive and sandy) 
and various combinations of cement, hydrated lime, gypsum and granulated blast 
furnace slag as stabilizers.(lm) Using different combinations and different amounts of 
each stabilizing agent, Hasaba et a1 were able to identify the formation of ettringite, a 
cement, in the reaction products as one of the contributing factors in high 
compressive strengths. More ettringite was produced when stabilizing the cohesive 
soil than the sandy soil, thus resulting in higher strengths in the stabilized cohesive 
soil. The stabilized sandy soil also experienced significant expansion which 
contributed to lower compressive strengths. As with the research conducted in 
Nigeria and India, this research effort is exploring possible methods for disposing of 
industrial waste products (desulfurization by-product gypsum and granulated blast 
furnace slag) and improving the cost efficiency of the soil stabilization process. 

LD Converter Slag-Lime 

LD converter slag is another "wastett product generated in the production of 
steel. Researchers in Japan feel that there is a great deal of potential in the use of this 
slag in stabilizing both sandy and cohesive soils.('" There was some difference in the 
degree that the slag improved the strength characteristics, namely that the sandy soils 
showed higher strengths with a lime/slag ratio of 1 whereas the cohesive soils had 
maximum strengths at a lime slag ratio of 3. This is believed to be a result of more 
active reactions between clays and lime in the cohesive soils than in the sandy soil. 
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6. SALTS (CALCIUM CHLORIDE) 

Salt ~tabilization has focused primarily on the use of Calcium Chloride as an 
additive to improve the performance of granular materials. The stabilizing.action of 
this additive is in its aMlity to attract and hold moisture, and to proyide a reduction 
in void spaee in the compacted material. 

I 

In solid form it is deliquescent and absorbs moisture directly from the air. 
When it is in liquid state, it continues to absorb water from its surroundings, resisting' 

' 

evaporation. This continued attraction for water provides the princip'& benefit used 
in stabilizing unsurfaced aggregate roads, A major problem in-these roada is the 
maintenance of integrity from dusting. As the compaction rnoishqe evaporates, the 
soil binder dries out and is removed. Careful gradation control is needed to maintain 
a natural moisture content in the aggregate. The addition of the calcium chloride to 
the aggregate provides a material that maintains a moisture level in the aggregate by 
attracting the moisture from the atmosphere and surrounding soil. 

This ability to hold moisture can improve the workability and maintainability 
of the aggregate surface by providing a more stable moisture condition during 
maintenance operations. Increased strengths may also be realized by the action of the 
salt/water combination in the pores of the aggregate. 

Application Rates 

Quantities may vary slightly with application purpose and gradation, but 
typical application rates for the flaked calcium chloride are from 0.4 to 0.5 pounds 
per square yard per inch of material for full stabilization effects. For dust control, the 
amount is typically reduced, in the range of 0.25 pounds per square yard per inch of 
material.''" 

Suitable materials 

The aggregate gradations suitable for salt stabilization are those typically 
recommended for aggregates to be used as an unsealed surface. These gradations 
typically have an increased amount of fines, the amount passing the #200 sieve. A 
minimum value here would be 5 percent, with typical values in the range of 10 
percent for a base course, and 20 percent for a wearing surface. Arch
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7. SUMMARY 

Combination stabilizers are not as common as individual additives and they 
require more engineering and testing to ensure quality and development of the 
required engineering properties. Lime and\or cement in conjunction with asphalt or 
emulsion has been moat widely used to improve initial strengths in the emulsion and 
as an anti-stripping additive in the asphalt cement. the more exotic combinations are 
used primarily overseas where these byproducts are readily available. 

Salt stabilization is an important stabilizer that has widespread use as a dust 
palliative, and a moisture control additive in unsurfaced granular roads. 
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CHAPTER 9 COST DATA AND ECONOMIC ANALYSIS 

1. INTRODUCTION 

Decreasing highway revenues and increasing construction costs have caused 
many highway agencies to place greater emphasis on improved pavement 
management in the past few years. Highway administrators are attempting to get the 
best pavement performance for the highway dollars using thepavement management 
approach. With this emphasis, the the selection of specific rehabilitation alternatives 
or material preparation processes such as soil stabilization, must be evaluated in the 
context of the cost effectiveness of one alternative or process over another. Such a 
codit effectiveness study should consider the life cycle costs of the pavement. 

This Chapter contains information describing costs associated with soil 
stabilization. To assist the engineer in performing economic analyses, a simplified 
economic analysis method is described which illustrates the steps an engineer should 
follow to perform a suitable economic analysis of roadway network to allocate his 
monetary resources in an optimum manner. 

Table 39. Costs Associated with Soil 
2. COST DATA Stabilization 

The cost information presented in 
table 39 was obtained from one 
midwestem state and is intended only 
to provide an indication of different 
stabilization costs. If costs for these 
activities are available from local 
agencies' historical records, they should 
be substituted appropriately. 

3. ECONOMIC ANALYSIS 

A life-cycle cost analysis should 
be the dominant factor in selecting 
different pavements designs, 
rehabilitation strategies, or material processes. Recent publications on life-cycle cost 
analysis have added greatly to the available information on this important 
to pi^.('^^#^*^^^^^^^^) The NCHRP synthesis on "Li fe-Cycle Analysis of Pavement" by D. E. 
Peterson is the most comprehensive document available and is recommended for 
future inf ~rrnation.('~~) 
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The following cost elements must be considered for both new construction and 
rehabilitation: 

lni tial construction (of new construction or rehabilitation). 
Future maintenance and rehabilitation. 
Future salvage value. 

Life-cycle casts can be expressed in terms of their "present worth (PW)" or 
their "equivalent uniform annual cost (EUAC)".('"~~) The present worth method 

" 

converts all future costs to their equivalent present costs using a selected discount 
rate. The converted future costs can be combined with the initial construction cost to 
give a total present worth cost over the analysis period. The equivalent uniform 
annual cost method converts this present worth to an equivalent annual cost over the 
analysis period. 

Analysis Period 

The analysis period refers to the time over which the economic analysis is to 
be conducted. The analysis period for new pavement design is typically twenty to 
forty years, as specified in the 1986 AASHTO Guide. For rehabilitation work, the 
analysis period - ~ l l  usually be shorter, such as ten to twenty or more years. An 
analysis period of at least ten years is recommended for rehabilitation so that future 
costs are reasonably considered. 

Perfonnance and Design Period 

The performance period is the time between the beginning of the life of an 
alternative and the time when major rehabilitation will be required. The performance 
period may or may not equal the design period. The design period is how long the 
pavement is supposed to last. For example, a pavement may be designed for 20 
years, but due to factors not adequately considered in the design such as unexpected 
high rate of increase in truck traffic, it may actually last only 14 years. The design 
period is used in the AASHTO design procedure, but the performance period should 
be used in the economic comparisons of different alternatives. It is essential that the 
engineer review all information available on how the various pavement design or 
rehabilitation alternatives being considered have performed under similar conditions 
of climate and traffic so that realistic performance periods are developed for each 
altemative for use in the cost analysis. 

Discount Rate 

The discount rate (interest rate) or (rate of return) is used to reduce future 
expected costs for projects to present-day terms for economic comparison purposes. 
The value selected for discount rate deserves careful attention by the engineer. The 
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rate selected normally varies between 0 to 10 percent while the actual value selected 
lrhould be based upon consideration of the following: 

Interest rate currently charged to borrow capital, 
Rate of return expected of private investments, 
Rate of return expected on public works investments, and 
Risks and uncertainties associated with investments. 

It should be noted that construction and rehabilitation alternatives with large 
initial costs and low maintenance or user costs are favored by low interest rates. 
Cdnvdrsely, high interest rates favor strategies that combine low initial costs with 
high maintenance and user costs. No general recommendations can he given for this 
value at present. 

A diecount rate of 8 percent has been used'in this discussion together with a 
20-year analysis period for the example =presented below, and does not constitute any 
recommendation. Present worth factors and capital recovety factors for discount. 
rates of 6, 7, and 8 percent are shown in table 40. Values for other discount rates can 
be found in textbooks on engineering economy. Both present worth and, the uniform 
annual cost methods are illilstrated below. Costs are estimated in te.imsc of dollars 
per square yard; however, coats in terms of dollars per lane-mile are also a . 

I convenient unit. 

Life-cycle cats  procedures may not be precise since reliable data for 
maintenance, subsequent stages of construction, salvage' value, and pavement life are 
not always available and it is usually necessary to apply engineering judgement to 
make reasonable estimates. Despite these difficulties, life-cycle cost analysis is 
believed to provide the best potential to obtain the greatest service from a pavement 
construction or rehabilitation project at the lowest possible costs. 

Example Problem' 

A nineanile pavement section is to be constructed in central Texas. Two 
pavement sections have been suggested for use on this roadway. Plan 1 consists of 
construction of a pavement containing 6 inches of lime stabilized subgrade, 8 inches 
of crushed stone base, and 2 inches of asphalt concrete surfacing. Overlays are 
scheduled on a 7-year cycle (table 41). Plan 2 cbnsists of constructing a pavement 
containing 6 inches of lime stabilized subgrade, 8 inches of asphalt treated base, add 

'Only English units will be used for the sake of Jarity. Arch
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2 inches of asphalt concrete. Overlays will not be required during the 20-year life 
cycle (table 42). 

The following cost estimates were utilized for. the initial construction: 

Lime stabilization - $0.25 per yd2-in. 
Asphalt stabilization - $0.80 per yd2-in. 
Crushed stone base - $0.50 per yd2-in. 
Asphalt concrete - $1.00 per yd2-in. 

Initial construction costs are $7.50 per yd2 for Plan 1, and $9.90 per yd2 for Plan 2. 
Routine maintenance costs were estimated in order to complete the example. 

From both a present worth and uniform annual cost basis with an 8 percent 
rate of return, Plan 1 is favored ($9.72 versus $10.16 and $.99 versus $1.04). It should 
be realized that several assumptions including pavement Life, maintenance costs, 
rehabilitation costs, and discount rates were made. For example, if a lower discount 
rate were utilized, Plan 2 would be favored over Plan 1. Present worth for 0 percent 
discount rates are shown on tables 41 and 42. Plan 1 is $12.33 and Plan 2 is $10.67 
for 0 percent discount rates. Selection of Plan 1 over Plan 2 should be made based 
on more detailed estimates of life and cost figures. The sensitivity of the analyses to 
these estimates should be investigated. 

Table 43 is a sample calculation sheet for a rehabilitation alternative. The 
present worth and capital recovery factor values can be substituted as required. 
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Table 40. Present Worth and Capital Recovery Factors 
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Table 41. Economic Analysis of Plan 1 

6 0.12 routine maintenance 0.6302 0.076 

7 1.8 %inch overlay 0.5835 1.050 

8 0.!5403 
I 

9 a5002 

10 0.07 &tine maintenance 0.4632 0.032 
: 

TOTAL - - + 12 33 TOTAL - 9.716 - - 
UNIFORM ANNUAL COST = PRESENT WOR'T'H x CAPITAL RECOVERY FACTOR Arch
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Irble 42. Economic Analysis at rlan z 

COST, DOLLARS PER 
SQUARE YARD 

0.6302 - 
I 

7 0.5835 
I 

8 0.07 routine maintenance 0.5403 . 0.038 . 

TOTAL - - 10.67 TOTAL - - 10.164 - 
UNIFORM ANNUAL COST = PRESENT WORTH x CAPITAL RECOVERY FACTOR Arch
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Table 43. Calculation Form for Economic Analysis 

COST, DOLLARS PER 

TOTAL - - - TOTAL - - 
UNIFORM ANNUAL COST = PRESENT WORTH x CAPITAL RECOVERY 
FACTOR Arch
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APPENDIX A 

QUALITY CONTROL 

1. INTRODUCTION 

The development of statistical based specifications has increased the 
importance of quality control and quality assurance in the construction of pavements, 
and stabilization projects. Quality assurance is the testing process whereby the 
purchasing agency such as the State Highway Agency (SHA) makes certain that the 
material it is purchasing for use in its pavements meets the specifications established 
for that material. Quality control, often termed process control, testing is the 
sequence of testing performed by the field engineer, or even the contractor himself to 
indicate that the process is under control and producing the expected materials that 
will meet the established specifications for that material. Quality control testing 
indicates that work has been performed in accordance with the plans and 
specifications, and may or may not be used as the basis for payment for the material, 
depending on the contract document. 

Stabilization procedures have certain requirements that are not normally 
encountered during the more common types of construction conducted during the 
construction of a pavement project. Lime, cement, asphalt, and lime-fly ash are 
discussed here, being the main stabilization options. The discussion is general, and 
highlights the concerns of each stabilization procedure, and is not intended to be a 
thorough treatment of the subject for field personnel. 

2. SCOPE 

Chapter 3 of Volume I1 presented detailed laboratory procedures to be used to 
determine optimum stabilizer contents to ensure adequate strength or-durability in 
the finished product. Additionally, individual chapters provide detailed 
considerations to be observed during the construction of each stabilizer type. Quality 
control in the field cannot be achieved if the field personnel do not understand the 
engineering function of each stabilizer type, the impact of construction and materials 
on the effectiveness of each stabilizer type, and the sensitivity of the final strength or 
durability of the stabilizes material to variation in material properties. The relevant 
portions of Volume I and I1 should be thoroughly read by all personnel involved 
with the quality control of a stabilization project. 

The testing program used in the laboratory establishes the required quantities 
and construction procedures necessary in the field. In the field many similar tests are 
performed to ensure that the quality established in the laboratory is being achieved. 
The field tests normally include: 
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Determination of In-place density 
Determination of stabilizer content 
Gradation 
Plasticity 
Moisture content 

These specific quantities should be determined from the finished material, but 
the equipment and processes being used to prepare the material must be continually 
inspected to ensure that they are performing correctly and are indeed capable of 
producing the high quality material required. 

3. CONSTRUCTION SEQUENCE 

Quality control testing is performed at various stages in the construction 
sequence. This sequence, as detailed elsewhere is very similar for all stabilization 
procedures, mainly: 

Pulverization and /or scarification of the candidate material 
Application of the correct stabilizer amount 
Usform mixing of the stabilizer 
Time sequencing of the operation 
Compaction 

- 

Curing 

The different stabilizer additives used may require slightly different 
procedures to test for the adequacy of each step. 

Pulverization and/or Scarification 

This step is normally of concern with stabilization which is done on fine- 
grained cohesive materials which may have a high water content. The other forms of 
stabilization are most commonly performed on aggregates or low plasticity material 
which can be evaluated with gradation testing for compliance. Pulverization for 
mixing is normally controlled by the percent passing the #4 sieve, which can be easily 
evaluated in the field as required. 

Stabilizer Amount 

Lime, cement,and lime-fly ash contents can be easily determined with a canvas 
cloth of a known area and weight. Place the cloth on the grade ahead of the additive 
distributor and weigh the cloth after the additive has been place on the cloth. This 
amount of additive per square hard can be calculated and compared to the 
specification amount. Asphalt amount can be established by extraction after the 
process is completed, but during construction, the meters on the distributer must be 
monitored to determine the gallons per square yard of coverage. 
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Mixing Uniformity 
The evaluation of mixing uniformity is primarily a visual examination of the 

mixed material. A uniform color should result throughout the depth of mixing, and 
across the entire roadway. Lime mixing can be examined using a ph indicator 
(Phenolphthalein) sprayed on the soil-lime mixture. It will turn a reddish-pink color 
indicating the presence of free lime, and a pH of 12.5. The uniformity of asphalt 
mixing is determined by the water content in the material. Often, the mixing water 
content required to get uniform mixing is higher than the water content required for 
compaction. These should be carefully monitored. 

Time Sequence of Operation 

The time for completion of the various steps is important for the different 
additives. Lime, cement, and lime-fly ash all require the timing not be so lengthy 
that the water content is evaporated before the mixture is compacted. The water 
content must remain at optimum at the time of compaction. Asphalt stabilization 
with cutbacks or emulsions requires a different timing sequence. The mixing must 
continue until the cutbacks begin to evaporate, or the emulsion begins to break as 
indicated by the change in color from brown to black. this mixing period is termed 
aeration, and is essential to the production of a high quality bituminous stabilized 
material. Aeration should continue until the mixture becomes tacky. 

Compaction 

Density should be carefully controlled by any of the accepted procedures such 
as sand cone, rubber balloon, and nuclear gauges. Careful attention should be given 
to the uniformity of compaction across the entire width of the pavement. 
Compaction of lime, cement, and lime-fly ash should begin immediately after the 
mixing. Delays of more than several days will damage the materials and require 
their removal. Asphalt stabilization cannot be delayed and must begin immediately 
after the aeration phase. Rolling of the asphalt emulsion material should begin when 
the emulsion begins to indicate that it is breaking and turning from brown to black in 
color. 

Curing 

Curing operations must be conducted to seal in the moisture in lime, cement, 
and lime-fly ash stabilized materials. Moist curing involves the application of light 
amounts of water to the surface of the compacted material to prevent evaporation of 
the water in the mixture. Care must be taken with lime stabilization not to allow the 
mixture to go from wet to dry during these waterings as this will promote 
carbonation. Membrane curing, which is more commonly done, involves the 
application of a membrane such as a bituminous spray application, or a curing 
compound which prevents the evaporation of the mixture water. 

Asphalt stabilization is very dependent on the curing process, and the process 
is opposite from the other forms of stabilization. The asphalt stabilized mixture must 
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be left open to allow the solvents from the cutback or the water from the emulsion to 
evaporate. If the material is sealed immediately after compaction, the solvent or 
water will be trapped in the material and result in a very low strength which will 
lead to rapid premature failure. The compaction process is important to the curing, 
as compaction in itself serves to seal the material and reduce the evaporation. 
Normally a minimum of 2 - 5 days ofppen surface are recommended. When the 
layer is a structural layer, and/or the environment is not conducive, the surface may 
have to be left open for 10 - 14 days. The addition of cement to the emulsion is 
designed to provide higher early strengths to overcome the problem of early sealing. 

4. STATISTICAL QUALITY CONTROL 

The tests and procedures discussed in Chapter 3 and here represent the tests 
necessary to evaluate the composition and quality of the materials and the 
stabilization process. Given the speed of current construction procedures, the 
specifications should very clearly indicate what tests are going to be taken, how often 
they will be taken, and how they will be used to establish quality. It is not sufficient 
to take tests on a haphazard manner with inconsistent sampling schedules. The use 
of statistics to evaluate the test results and relate them to the entire production is 
mandatory to keep testing in line with construction and provide accurate 
determinations of quality of production. 

Many of the tests described in Chapter 3, and here, can be used in a statistical 
sampling program to evaluate the quality of a mixture. The specific tests and their 
frequency must be established to maintain the low-cost nature of soil stabilization, 
but provide the required level of assurance that the desired product is being 
produced. The SHA must accept the fact that some bad material will be produced 
and used in their pavement. Likewise, the contractor must accept the fact that some 
good material may be rejected for use in the pavement. The amount of either should 
not be excessive or neither party will be happy with the product. 

There are a number of statistical based quality control plans currently in use. 
Many sates are using such plans for their bituminous production, and while 
stabilization is not as rigorous as asphalt concrete production, the essential elements 
of the process are the same. An adequate statistical quality control procedure should 
recognize the following: 

A specific number of tests must be specified. 
The procedure for taking and reporting the test results must be stated. 
The quantity of material being produced from which the tests will be 
taken must be specified. 
The position of each test must be randomly selected within the quantity 
of material being evaluated. 
The acceptability of the tests must be clearly spelled out, giving the 
criteria used to judge acceptability of the results. 

\ 
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