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CHAPTER 1 INTRODUCTION

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 Construction
‘Considerations, FHWA-IP-80-2.

. "Soil Stabilization in Pavement Structures, A User’s
Manual," Volume II, Mixture Design Consideratioris,
FHW A-IP-80-2.

There have been significant changes in the pavenient indusiry since these
reports were first published. Such changes include the dévelopment offiew
materials, new equipment, and improved construction and design procedures. The
1986 AASHTO pavement design proceddre preséiits a significant departure from the
Interim Guide for pavement structural design, Drainage,considerations have received
increased attention as it is increasingly obviousithat greatermaterial strengths alone
cannot alleviate the apparent problems with pavéments.

This two-volume user’s manual provides guidance to pavement design,
construction, and materials engineers responsibléfor soil stabilization operations
related to the transportation field. ‘Volume I relates primarily to the design and
construction of stabilized pavements. "It serves as a guide for selecting an appropriate
stabilizer on a project and provides important information with regard to drainage,
thickness design, and construction procedures, and thickness design.

Volume Il presented here, contains information necessary in determining the
type and amount ©f chemical stabilizer to be used on a project. An in-depth
disclission of the tests mused to characterize stabilized materials is presented, as well
as how festing is utilized\in pavement design processes.

Revisigns to thepriginal user’s manuals were made in several ways. An
extensive réview of literature published since 1979 was conducted which provided
the up-tg-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.




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 construction and testing technologies are presented and appropriately
referenced. 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 cementingagent. Méghanical
stabilization is achieved by mixing or blending soils of two 6r'more gradations to
obtain a material meetmg a specific requirement.®

‘The decision as to the appropriate method of stabilization (mechamcal or
chemical) is one of economy and requires an appreciation of the énginecering
advantages and disadvantages of each stabilization type. Although chemical
stabilization is the primary focus of this'manual, ¢éftain comparisons can be made
between mechanical and chemical stabilizafion using thiSymanual.

Volume II concentrates on the@@lection andyusage of the various chemical
stabilizers and provides the enginéer with information to perform the following:

. Select the type or the fypes of stabilizer suitable for a specific soil.

. Determine indiVidual stabilizer (i.e., lime, cement) or combination
stabilizer (i'e., lime-cement, hme-asphalt) contents for particular soils
based on results fromglaboratory tests, typical property values, and an
understanding of the physical-chemical reactions of each additive.

. Identity stabilized material requirements needed to ensure adequate
performance in‘a pavement system. '

. Develop pavement design alternatives which contain both unstablhzed
and stabilized layers.

. Compare life cycle costs and energy requirements of alternate pavement

designsyusing stabilized materials and drainage installations.

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

e " Lime
. Lime-fly ash
. Portland cement




¢  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 forcedfengineers to
evaluate new procedures and techniques to accomplish this improvemént. The
concept of soil modification through stabilization with additives has beén around 1o%
at least 5000 years, when soil was stabilized with lime or pozzolans for the, same
economic reasons soils are stabilized today. This unique conifibution to roadway
construction is as beneficial today as it was then. Soil stabilization.i§ a tool for
economic road-building, conservation of materials, investment prétection, and
roadway upgrading.? In many instances, soils that aré 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 iéen localizedyshortages of conventional
high quality aggregates. The highwar construction industry consumes over half of
the annual production of aggregates.®\alHowever, this traditional use of aggregates in
pavement construction has r€sulteddin acutéshortages 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 fieed for material availability to support
continued growth. As infall engineering problems, the economics must be considered
in light of the benefits derived fromgthe stabilization process to determine if
stabilization is warranted.

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

The dombinations of regulations which prohibit mining and production of
aggregatés, 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 great 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.




The energy crisls brought on by the temporary shortage of petroleum
experienced in the early and late 1970’s is another concern. Although energy costs
have decreased today, the need to consider the impact of energy usage has not
diminished. A considerable percentage of the energy needed to construct pavements
goes into producing highway construction 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. Commiercialdime 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
illustrativé of the wide availability. Figure 1 shows the location of commercial lime
plants ifi 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.® 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. Approxlmate ash production (in 1, 000’s of tons) by
major electric utilities,

Portland cement plant sites, as of 1989, are shown in figure 3.©' Asphalt
production by location is nof as impbrtant as the location of terminal distribution
points, which are distributed uniforinly natiofiwide, and no map is provided. During
recent years, as sources of crude 0il 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 literaturé Suggests that soil stabilization is a desired design alternative.
It is necessary for the user to keep ifi mind the purpose of the stabilization process.
The intended uée of stabilizer,;eouipled with the mechanics of the stabilization
process, form the'Dasis for selecting the type and quantity of stabilizer to be used.
Ligtedrhere are severalireasons and advantages for using stabilization:

. Provide a temporary or permanent wearing surface for low
“volume roads.
Provide a stable working platform for constructlon act1v1t1es
Improve poor subgrade conditions.
Upgrade marginal base materials.
Provide dust control.
Water-proof the soil.
Salvage old roads with marginal materials.
Construct superior bases.
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Conserve aggregate materials.
‘Reduce overall costs.
Conserve energy.

. Improve strength, reducing thickness requirements
. Improve durability.

. Control volume change of soils.

. Dry back wet soils.

. Improve workability.

Figure 3. Portland cement plant sites, 1990.¢

4. DEFINITIONS

Didcussion 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.




General Dgfinitiom

. Sediments or other unconsolidated accumulations of solid particles
produced by the physical and chemical dismtegration of rocks, and whnch may
or may not contain organic matter (ASTM D-18).4

Soil Stabilization

Chemical or mechanical treatment designed to increase or mamtam the
stability of a mass of soil or otherwise to improve its engmeermg properties
(ASTM D-18)." ‘

Chemical Stabilization
The altering of soil properties by use of certain cliemicabadditivesswhich

when mixed into a soil often change the surface mole€uilar properties of the
soil grains and, in some e cases, cement the grains together résultirig in strength
increases.

Mechanical Stabilization
The alteration of soil properties accomplished through one of two

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

A granular materiahof mineral @dmposition used either in its natural
state as a base course or railroad ballast onwith a cementing medium to form
mortars or cement. :

An abbreviation used t0 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.

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

A measure of the elastic property of a treated or untreated soil
recoghizing certam nonlmear stress-related characteristics in response toa
dynamic loading.”




s Tes
The test as adopted by AASHTO (AASHTO T274-82) which applies a
repeated-load pulse of a fixed magnitude and fixed time duration to a
cylindrical soil sample, similar to an unconfined compression sample, and
monitors the deformation in the sample produced by these repeated loads.

Mechanistic-Empirical Design 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 6f the
pavement through laboratory studies and field distress surveys fo produce
design procedures that are termed mechanistic-empirical approaches.

Reliability
The probability that a pavement section designed usifig the pavement

design-performance process will perform satisfactorily ovér the traffic and
environmental conditions for the design period.?

oeffici
The empirical relationship betwéen Structural\number (SN) and layer
thickness which expresses the relati¢e ability of @material to function as a
structural component of the pavement,?

G c ,

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 handlesthe adverse effect of water as indicated by the time to
drain water out 6f the pavementand the percent of time during)a year the
pavement is exposed to mojéturelevels approaching saturation.

Pavement Serviceability
An evaluation of iow well the pavement is fulfilling the design function

established for that pavement.

vement Performance

The trend of pavement serviceability over a period of time.

Open-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.




Definitions Associated with Lime Stabilization

" All classes of quicklime and hydrated lime, both calcitic (high calcium)
and dolomitic (ASTM C593).

. Definitions Associated with Lime-Fly Ash Stabilization

: An abbreviation used to designate a mixture of lime and flj ash with
- aggregate, : .

LCFA
An abbreviation used to designate a mixture of Jime, ceinent, andufly

ash with aggregate.
LES |

An abbreviation used to designate a mixture of limeyanddly ash with
soil. ’

Definitions Aasociated with Cement/Stabilization
Portland Cement

A hydraulic cefiient producediby pulverizing clinker consisting
essentially of hydraulic'¢alcium silicates, and Usually containing one or more
of the forms of calcium sulfate as an interground addition (ASTM C-1).

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 1g8s 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.

fnent-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.




Plastic Soil-Cement ,

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 soil-cement 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 prificipally of
high molecular weight hydrocarbons. Asphalts, tars, pitches, afid asphaltites
are all types of bitumen. A

Asphalt |
A dark brown to black cementitious material ifi whichi the
predommatmg constituents are bitumens which occur in#ature or are obtained

in petroleum processing.®

alt cement
A fluxed or unfluxed asphait specialljjprepared as to quahty and
consistency for direct use in such cofistruction indiistries as highways and
structures.

Cutback asphalt

~ Asphalt cement thabhas been made liquid with the addition of
petroleum diluents such as naptha and kerosene.

Emulsified asphalt
- - Asphait 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 bést with all
soils, the stabilization objectives must be defined and all. of the factors whichmight
influence the stabilization process should be carefully considered.

There ﬁre several reasohs .‘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 constriction equipment.

. To improve workability

. To reduce frost heave and volume change €haracteristics.

. To improve performance and increase long term structural strength.

Any of these factors will increase a roads/durabilifyiand improve performance under
traffic. The result is that the life-cycle costs gfia pavemeniican be substantially
reduced through effective stabilization.

While there are many Henefits(Of stabilization, ihmust be emphasxzed that
stabilization is not a panacea for the problems that may exist in a particular
pavement. Great care must be exercised in evaludting the pavement system and its
components for factors such as,drainage, durability, and strength

Identlfymg a propér application, for shabilization as well as selecting the
appropriate stabilizerjare often done without the benefit of adequate field and
laboratory testing. (The exact charactéristics of the materials being used must be
known before anjdeterminationof their suxtabnhty for stabilization can be made.
Laboratory tests to determine the engineering properties of stabilized soils and
borfowimaterials must be conducted to show the suitability of the particular

stabilization technique and to determine the amount of stabilizer required.

\ndividial stabiliZer additives do not react equally well with different soil

types. Beédause of the nature of the additives, there is a considerable overlap in the

ability of ach 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, equlpment availability and material and
construction costs must be considered in determmmg 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. '

2. STABILIZATION 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 pavementunder
consideration. The mechanics of the stabilization process can indicate whethér bne
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 includef

Improve poor subgrade conditions.
Provide dust control.
Provide moisture control.

. Upgrade marginal bése materials.
Improve workability
Improve strength and durability.

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

3. TYPES OF STABILIZATION ACTIVITY

‘There are three primary modes of stabilization associated with the chemicals
considered in fhis, manual? cementing, modifying, and waterproofing. All four
principal stabiilizers (portland cement, lime, lime-fly ash, and asphalt) exhibit some
form of cefienting action, given adequate stabilizer contents. Portland cement, lime,
and lime-fly ash generally react to form cement-like materials. This reaction is
referred 10, as a pozzolanic reaction. Once the mixture has set up, a hardened matnx
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 is restricted due to costs. In this case, smaller quantities of .
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 coating the soil or@ggregate
particles with asphalt, a barrier is created which retards the absorption 6f 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 watérnthat can
move upward through the stabilized soil into the pavement stpdcture:

The process by which an additive accomplishes the stabilizafion attivity
depends on the nature of the additive and how it interatts withdhe soil being
stabilized. Soil-Stabilizer interactions are classified as follows:

. Active - Stabilizer prfoducesd ehemical reaction with the soil or
aggregate (lime).
. Passive (Inert) - Stabilizer ptoduces no'chemical reaction; only
physical actions are effected (asphalt).
. Intermedjate - Stabilizerproduces chemical reaction within itself
and forms'a physical bondwith the’ soil or aggregate (cement,
lime fly-ash).

4.  STABILIZER SELECTION

This section preserits the selection process to be followed in determining the
most economicald@dditive for apavément stabilization project. While each additive
has an ability to stabilize, it is necessary to examine the soil that is to be stabilized to
detefinine if its properties are compatible with one or more of the additives available
for the projeet, General soil properties to be considered include:

. Gradation.

- Maximum particle size.

- Fines content (passing No. 200 sieve).
. Plasticity.

- quuld Limit.

- Plasticity Index.
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Knowledge of the soil 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 determmmg the
type of stabilizer to use.” This process is illustrated in figure 4.

{ cEMENT 8TABILIZATION |
BItumMiNOUS STABILIZATION
ADDN'L REQ'MT FOR SASE COURSES
<28% Pl< 8and (Pl) (% PASS No. 200)
PEAFORN —1 Pass : <
siEve b NO. 200 I
ANALYSIS | cement sTasiLIZATION |
f
1 LIME 8TABILIZATION
—{ #l <)o } { cemenT sTaBILIZATION |
{ LIME STABILIZATION ]
>28% [
1 pass {10<Pi <80\ | | CEMENT STABILIZATION ]
PERFORM NO. 200
ATTERBERQ ‘1 ADD BUFFICIENT BITUMINOUS STABILIZATION J
L LIME 7O REDUCE
Teer Pi.< 10 (SUBGRADE)
PI'c 8 (BASE COURSE)

ADD SBUFFICIENT —-{ CEMENT STABILIZATION l
LIME T0O REDUCE
Fh> 30 Pl < 30
- - {UME STABILIZATION J

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

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.,
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Figure 5. Gradation triangle for aid in selécting
a commercial stabilizing agent:®

load carrying characteristics, waterproofing, etc.).” The gradation trianglé shown in
figure 5 is used by the Army. The Air Force utilizes the following soil properties to
determine the proper type of stabilizer:"”

. Percent material retained on No. 4 sieve.

. Percent material passing No. 200 sieve.

. Percent material passing No. 4 sieve and retained o No. 200
sieve. ,

. Atterberg Limits.
- Liquid Limit (LL), and Plasticity Index (PI).
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Table 1. Guide for selecting a stabilizing additive.”™

Reulido-m’

Soil Type of Stabilizing Restriction on LL Percest Passing
Area Classification Additive Recommended and P1 of soil No. 200 Sievel
e ——— —  ———— ——
1A SW, SP (1) Bituminous -
(2) Portland Cement
(3) Lime-Cement-Fly Ash P1 not to exceed 25
1B SW-SM, SP-SM, (1) Bituminous P1 not to exceed 10
. SW-SC, SP-SC (2) Portland Cement P1 not to exceed 30
(3) Lime P1 not less than 12
(4) Lime-Cement-Fly Ash P1 not to exceed 25
1C SM, SC, SM-sC (1) Bituminous P1 rot to exceed 10 Not to exceed 30% by weight
(2) Portland Cement L
(3) Lime Plnol Jess than12
(4) Lime-Cement-Fly Ash P1 ot to exceed 25
]
2A GW, GP (1) Bituminous Well-graded material oaly.
(2) Portland Cement Material should contain at
45% by weight of material
passing No. 4 sieve.
(3) Lime-Cement-Fly Ash Pinol 10 exceed 25
2B GW-GM, GP-GM, (1) Bituminous PI not to exceed 10 Well-graded material only.
GW-GC, GPGC (2) Portland Cement P1 not to exceed 30 Material should contain at least
: 45% by weight of material passing
No. 4 sieve.
(3) Lime FPlnot less than 12
(4) Lime-Cement-Fly ASh Pl nob to exceed 25
2C GM, GC, GM-GC (1) Bituminous Pl not'to exceed 10 Not to exceed 30% by weight Well-graded material only.
(2) Portland Cement ® Material should contain at least
45% by weight of material passing
No. 4 sieve. '
(3) Limé Pl not less than 12
(4) Lime-Cement-Fly Ash PI not to exceed 25
3 CH, CL, MH, ML, (1) Portland Cement LL less than 40 and Organic and strongly acid soils
OH, O, MLCL PI less than 20 falling within this area are not
susceptible to stabilization by
) ordinary means.
(2)Lime PI not less than 12

© Soil classification corresponds to MIL-STD-619B. Restriction on liquid limit, plastic limit, and plasticity index is in accordance with Method 103 in MIL-STD-621A.
® Pl < 20 + [(50 - percent passing No. 200 sieve)/4}. -
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Figure 6. Suggested siabilizing admixtures suitable
for use with soils.*? -

Figure 6 illuétrates the, stabilizér selection method presented in the early 1960's
by Oglesby and Hewes."? Thisimethod is a modification of the original work
conducted by the Division of Physical Research, Bureau of Public Roads. It utilizes
the@lasticity Index and\percent passing the No. 200 sieve, together with the AASHO
Soil Classification System, to determine the appropriate stabilizer. While superseded
by more modern 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.
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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
and/or more than 25 percent passing 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 swellhand
increased strength."® Soils classified according to the Unified System as CHj) 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,
AASHTO as A-4, A-5, A-6, A-7, and some of the A-2-7 and A-2-6 soil$ are candidates
for lime stabilization.

Air Force criteria indicate that the PI should be greatér than 12 with at'least 12
percent of the material passing the No. 200 sieve.” Experiénce haé indicated that
lime may be an effective stabilizer of soils with clay conten(s as low as ¥/ percent and
PI's as low as 8.2

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

Criteria for Cement Stabilizafion

Portland cement is suitablé for stabilizing a wide range of soils with low to
moderately high plasticity.™ It can'be used to'stodify or improve the quality of the
soil (cement modification)@®r t&rtransform the soil into a cemented mass with
significantly increased strength and durability (soil-cement).

The Portland Cemént Association (PCA) indicates that all types of soils can be
stabilized with cement."™® \Howeder, well-graded granular materials that possess
sufficient fines t0 produce a floating aggregate matrix have given the best results.
Suggested soil gradihgs to meet this floating aggregate matrix concept should fall
within thesband specified in table 2.7 Normally the maximum size aggregate is
limited to 24n (5.1 cm). ‘

Thé Air Force has established limits on the PI for different types of soils
suitable for cement stabilization as shown in figure 5. 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 + [(50 - 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 percentages (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 uncontrolledicracking
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-graded granular materials.””

Sieve Size Percent FPassing
- Passing No. 4 | Minimum of 55
Passing No. 10 Minimum of 35 “ :

Passing No. 10, Retained Nor 200 Minimum of 25 |

‘Criteria for Asphalt Stabilization

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

. Asphait cement.
. Asphalt cutback,
. Asphalt emulsion.

Each of these madterials are diseusséd 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 3fercent 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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achleved by the frictional resistance of the aggregate particles and the cohesion
supplied by the binder. ’

Asphalt stabilization works 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 dii 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 particleés results in
inadequate coating of the particles with asphalt. The result of thissis strength loss
due to water infiltration.

Some of the earliest criteria for asphalt stabilization were dévelopgd by the
Highway Research Board Committee on Soil-Bituminous\Roads."? These criteria ;
were revised and published by Winterkorn and are illustrated in fablé 3."” The latest
recommendations for gradation and plasticity characteristiés given by the American
Road and Transportation Builders Association (ARTBA) aré provided in table 4.
The Asphalt Institute (TAI) recommends thé@t'soils to be freated with asphalt possess
the following properties: -

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

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

Severahother investigators have proposed suitable materials for asphalt
stabilization, Tablé5, presents the suitability of various soils having various
percentageé of minus No. 200 material and different liquid limit and PI ranges.®
The requiirements 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.®
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Air Force recommendations are shown in table 8% Although the manual
specifically recommends gradations 6, 7, 8, and 9 for soll stabilization, it is believed
that all gradations are practical, provided they are economically feasible.

Table 3. Types of soil-bitumen and characteristics of soils empirically
‘ found suitable for their manufacture."” ,

" 0.75.in - - , 65 - 85 80-100 100
No. 4 >50 | 100 | 40-65 50 < 75 80~ 100
No.10 - - 25-50 40 - 60 60 - 80
No.40 | 35-100 - 15280, | 20.-35 30 - 50
No. 100 - - 10 - 20 13-23 | 20-35
No. 200 ~ 10-50 < 12; e 10-16 | - 13-30 .

A <254 :

" Liquid Limit <40 _ - - - -
Plasticity <185 - <10;<15 | <10; <15 < 10; < 15*
Index ‘
Field - < 20 - - -
Moisture
Equivalent fl
Linear - <5 _ - - -
Shrinkage

_ - —
* Proper or genéral.

® Maximum size not larger than 1/3 of layer thickness; if compacted in several layers,
not larger than thickness of one layer.

¢ Lower values for wide and higher values for narrow gradation band of sand. If
more than 12 percent passes, restrictions are placed as indicated on field moisture
equivalent and linear shrinkage.

¢ A certain percentage of No. 200 or filler material is indirectly required 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. @)

Amounts Finer than each Laboratory Sieve

(Square 0penings), percent by weight
Semi-Processed, Crusher,
‘Sands and/or Silty Sands Pit, or Bank Run

15in 100 100 ]
1in 80 to 100 II
No. 4 25 to 85
No. 200 0 to 25 3to 15 J
Sand Equivalent, percent 30 min 30 min -
or Plasticity Index 6 max 6 max

Table 5. Engineering properties of materials suitable
for bxtuminous stablhzatlon (20 <

Sieve Size Sand-Bitumen
" 1in 100
“ 0.75 in 60 - 100
| No. 4 50 - 100 50100 35 - 100
No. 10 40 - 100
No. 40 35 - 100 13- 50
No. 100 ‘ 8-35
No. 200 5- 12 good: 3 - 20
fair: 0 - 3 and 20 - 30
poor: > 30
Liquid good: < 20
Limit fair: 20 - 30 |
: poor: 30 - 40 ‘
unusable: > 40
Plasticity <10 good: < 5 <10
Index fair: 5 - 9
poor: 9 - 15
unusable: > 12 - 15

Includes slight modifications later made by Herrin.




Table 6. Grading, plasticity, and abrasion requirements for soils
suitable for emulsified asphalt-treated base course.™”

Percent Passing by Weight
24An maximum | 1.5-in maxlmum - 0.75-in maxﬁnum |

| 25in 100

2in 90 - 100 100

15in B 90-100

1in ~ . 100 -

075in | 50-80 50 - 80 804100

No. 4 ~ 25-50 25 - 50 25 - 50

No.200 |  3-15 3-15 3-15 |
~ Other Requirements "
 Plasticity Index - 6 maximum

Resistance Value 75 minimum
~ Loss in LA Abrasion

Machine 50 percent maximum

Product of Plasticity fidex dnd the percent passing)No. 200 sieve shall not exceed 60.

Table:7,, Guidelines for emulsified
asphalt stabilization.*

Sand Equivalent
Plasticity Index
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Table 8. Aggregate gradation specification limits for bituminous pavements.®?

Sieve
Designation

(Square e Percentage by MWeight (Passing)

Openings) 4:T/2-in. Maximum " 1-in. Maximum 3/4-in. Maximum

1/2-in. Harimu

3/8 in. Maximm

Surface Course

Gradation 1

Gradation 2 Gradation 3 Gradation 4 Gradation S
a b c a b < a b [ 2 b C. a b <
1-1/2-in. 100 100 100 - == -=-=
1-in. 79-95  83-96 86-98 100 100 100 -—- -——- .
3/4-in. ——- ——— ee- 80-95 84-96 90-98 100 100 100 - ——— -
1/2-in. 61-75 66-79 71-84 68-86 74-89 79-93 80-95 84-96 87-98 100 100 100 -— .- -~
3/8-in. -—- - -—- -—- == -—- -~ -—- e 79-98 81-95 86-96 100 100 100
No. 4 45-54 48-60 54-66 45-60 52-68 60-75 55-70 261-74 67-80 59-73 64-80 72-85 75-95 78-95 80-95
No. 10 31-43 37-49 43-55 32-4/ 39-54 47-62 40-54"46-60, 54-66 43-57 50-64 57-70 56-76 60-80 62-84
No. 40 16-25 20-29 25-34 16-26 21-32 26-37 22-31 26-35 31-40 23-33 27-37 31-42 26-44 29-47 32-50
No. 80 10-17  12-19 15-22 10-18 13-21 15-24 12-20 15-23 19-26 13-20 16-23 19-26 14-28 16-30 18-32
No. 200 3-6 3.5-6.5 4-7 3-7 3.5-7.5 4-8 3<7 23.5-7.5 4-8 4-8 4-8 4-8 5-9 6-10 7-11
Binder Course : :
Gradation 6 Gradation / Gradation 8 Gradation 9
a b c a c a b c a b c
1-1/2-in. 100 100 100 -——- -— ---
1-in. 73-95 75-95 75-95 100 100 100 - - -
3/4-in. --- --- -——- 7295 75-95 81-96 100 100 100 -— -— ——
1/2-in. §5-73 59-77 62-80 61-82 ©5-85 69-89 70-95 74-95 77-95 100 100 100 -
3/8-in. --- --- --- —-- -—- --- 60-80 64-84 68-88 71-95 75-95 78-95
No. 4 35-51 39-55 42-58 38-54 48-66 (42-60 47-60 47-65 52-70 50-71 54-75 59-80
No. 10 23-38 27-42 31-46 25-41 29-45 '34-50 28-46 33-51 36-54 32-53 36-57 41-62
No. 40 1-21 13-23 15-25 12-23 14-25 |17-28 14-26 16-28 18-30 16-29 18-31 21-34
No. 80 6-14 7-15 (8-16 /-6 8-17/10-18 8-18 9-19 10-20 10-20 11-21 12-22
No. 200 3-7 3-7 3-7 37 3-7 3-7 3-7 3-7 3-7 4-9 4-9 49
A1l _High-pressure Tire and Tar-rubber Surface Courses
Gradation 10 Gradation ‘11

a b c a b c
1-in. 100 - -—-- - -—- —-
3/4-in. 84-97  --- -—- 100 —~—— -—-
1/2-in. 74-88  --- —— 82-96 --- -
3/8-in. 68-82 --- -—- 75-90 --- c--
No. 4 54-67 --- - 60-73 --- —--
No. 10 38-51  --- .- 43-57 --- .-
No. 20 26-39  --- - 29-43 --- ———
No, 40 17-39 --- - 19-33 --- -
No. 80 9-19 -~ -—— 10-20 --- -n-
No. 200 3-6 - _— 3-6 - ——-




According to a Universlty of Illmms study, materials that are suitable for
asphalt treatment include:® |

. AASHTO ’
. A-2-4, A-2-6, A-3, A-4, and low plasticity A-6 soils.
e Unified

SW, SP SW-SM, SP-SM, SW-SC, SP-SC SM, SC, SMSC, 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 foarfied asphait
road mixing. Most state agencies do not specifically identify requirements for
subbases and bases but rather specify requirements for surface courses andindicate
that these materials are suitable for other pavement layers.®®

 Criteria for Fly-Ash Stabilization

Fly ash is normally used in stabilization operations to act @sa;pozzolan and/or
filler. A pozzolan is siliceous and aluminous in nature, ﬂy ash, a Pozzolan, reacts
- with calcium to produce cementitious products resulting 11 a substantial strength
increase. While calcium may be present in thie material fo,be stabilized, lime or
cement is often introduced to provide additionalamounts of calcium for reaction
purposes ‘The glassy phase of a fly ashsis, the component | that reacts with the
calcium in the hydrated lime{or portiand cément inagueous systems.

Because the particle size of the fly ash is‘n@rmally larger than the voids in fine-
gramed soils, its role as a fillewis 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 pozzolani¢ 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
inglud@sands, gravels, crushed stones, and several types of slag. Lime-fly ash is
often more etenomical fohuse with aggregates than with fine-grained soils. Lime-
cement-fly ash stabilization is typically used on coarse-grained soils having no more
than 12 percént material passing the No. 200 sieve. In addition, it is recommended
that the PI of the minus No. 40 sieve fraction not exceed 25.
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Criteria for the use of Combination Stabilizers

~ Combination stabilizers discussed in this section primarily include lime-
cement, lime-asphalt, lime-emulsified asphalt, and cement-emulsified asphalt. The
main purpose for using combination lime stabilizers is to reduce plasticity and
increase workability so the soil can be intimately mixed and effectively stabilized. In
most applications, lime is the pretreatment stabilizer followed by cement or asphait.

The advantage of using lime in certain asphalt stabilization operations,is to
reduce the potential of stripping in the presence of water. In addition, limie and
cement can be used to promote curing of the emulsified asphalt-treatefl 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 cldssification schemes do
not truly provide a distinctive method of selecting the appropriate addifive. The use
of a sieve analysis and the Atterberg Limits prov1de for & more unique separation of
soil properties, and hence, their behavifr,

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 discussien is fodhd i each of the chapters associated with the
individual stabilizers. Major censiderations 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 completéd without
an extensive testing program to define the operational conditions of the project and
smaller projects can often benefit from the added reliability prov1ded in the testing
process. Testing will first be required to show if stabilization is appropridte, and if
deemed so, testing must be done to assess the economics and effectivengss 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 evgh ot the,smallér
projects, where the completion of several rapid tests might inidicate afreliable
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 materidls Being used in the pavement
system. Thus, improved material quality canfbe 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 ¢ommon tests performed on
untreated materials. These cdiiversiohs 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 adével of econiohic benefit from laboratory testing. The cost
of this testing is generally quite smallgparticularly for the larger projects, in '
comparison with the total cost of the pro;ect @

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

. Moistime limit determinations.
. Density determinations.

. Strength tests.

. Durability tests.

Relevant ASTM or AASHTO testing methods should be followed for all procedures
discussed here.%%303132) .
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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 stabi_lizer to judge the improvement providedito the soil.

Improved moisture limits translate into a soil with improved wotkability, less
plast1c1ty problems, less volume change susceptibility, and even a linflited 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 payefiéfib thicknessesThe
relevant standards include:

. ASTM D 4318 - Liquid Limit, Plastic Lirhit, and #lasticity Index of Soils
(formerly ASTM D 424).

. AASHTO T 89 - Determining the Liquid Limit of Soils.

. AASHTO T 90 - Determifting théPlastic Limit and Plasticity Index of
Soils.

kX DENSITY AND COMPACTION DETERMINATIONS

The ability to obtain density in a matesial is a direct indication of the load
carrying capacity of the material. If the density of a material can be improved, the
engineering characteristi€s of that soil.can also be improved. The proper completion
of density determinations is required {or proper sample preparation to evaluate the
effect of a stabilizer additive on the long term strength improvements provided to the
soil. If density té8ting i8\not performed correctly, an appropriate judgement of the
effectiveness of the stabilizZer canfiot 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
compagiion 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




difference is for bituminous stabilized materials. The appropriate application of the
relevant compaction criteria provides the following: '

. Establish 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 providingfor
standard conditions used to judge the effectiveness of the addifive on
strength under similar conditions.

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

General compaction procedures can be found in AASHTO T&9 (Mbisture-
Density Relations of Soils Using a 5.5-Ib Rammer and a 12-in Drop) ot 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 freated soils in ASTM D 558
and AASHTO T 134 (Moisture Density Rélations gf Soil-Cement Mixtures).

Requirements for density in bituminéusistabilized materials will normally be
taken from the design procedure selected for the material being used and the
procedure, Hveem or Marshall. Theré'aréspecial réquirements for measuring the
density of compacted bituminohs niixtures'and these should be consulted to establish
appropriate measurement techniqués. These requirements are ASTM D 2726 (Bulk
Specific Gravity and Density of Compacted Bituminous Mixtures Using Saturated Surface
Dry Specimens) and ASTM 71188 (Bulk\Specific Gravity and Density of Compacted
Bituminous Mixtures Using Paraffin-Coated Specimens).

4. STRENGTH TESTS

There have béén a number of tests proposed to characterize the strength
propertiésiof stabilized Soils. Some of these tests are empirical in nature in that their
usefilness 1iés imya correlation of the test result with field performance.®® Other tests
have'béen developediin,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:
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Compression testing.
Tension testing.
Stability testing.
Elasticity testing.
Fatigue testing.

Bearing capacity testing.

¢ o e ¢ o o

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

Compression Tests

Compression testing represents the class of testing that is readily available to
State testing agencies and provides for a great deal of 1nformatlon for all'stabilizef
additives. The procedures discussed here include:

«  Unconfined Compression.
. Triaxial - Rapid Shear.

Triaxial - Rapid Shear -

The triaxial rapid shear test is used {0 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 pressuredfiorially ait)s A vertical axial load is then
applied at a constant deformation fate until the specimen fails. By repeating the test
using various lateral pressures, @ Mohr-Coulomb failure envelop can be generated
from which the cohesion (c) and intérnal friction (¢) parameters of the soil can be
determined. The shear stréfigihvof a 80il can then be computed from the general
Coulomb equation:

§ = C + Oytan ¢

where:
] = shearstrength, psi
c = cohesion, psi
0y =lapplied vertical stress, psi
) = internal friction angle

The test is commonly run as a closed system to reflect 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).
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Figure 7 is a schematic of the
triaxial testing cell apparatus. Several
types of triaxial cells and loading
mechanisms exist for which testing
procedures vary. Although resilient
modulus is generally thestrength €2 A WA _________
parameter utilized in mechanistic 4 idddoope
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.
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Unconfined Compression Figure'7. Schematic of triaxial cell.

The unconfined compression fest
is similar to the triaxial compressnon test with the exception that no confining
pressure is employed. Test#pesimens (field-extracted cores or laboratory-molded
cylinders) are typically 4 4n diameter and 8,in height; however, smaller dimensions

are occasionally used partxcularly forflaboratory compacted samples of fine gramed
cohesive soils. -

The test bas:cally 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
measuredalong with the applied load increments. The unconfined compressive

strength is"found, by dividing the maximum applied load by the cross-sectional area
of the apphed load.

Unconfmed compressive tests are typlcally performed at a spec1f1ed 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 Sail.
. 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 cohesior is
afforded beyond that point. The cohesion provided by asphalt gives great resistance
to dynamic loads but normally yields in the presence of staticdoads:

- The most important element in the overall stability of an aéphaltéaggregate
mixture is the frictional resistance provided by the aggregate. (learly, aggregate
possessing rough surfaces and irregular shapes will provide greater frictional
resistance, thereby yielding greater stability. The level of friction‘developed in a
mixture is also influenced by the degréeiand niéthod of compaction.

Two tests that have been developed (0 measure the résistance to deformation
of asphalt-aggregate mixtures are the Marshall stability test and the Hveem
stabilometer/cohesiometer test. Briéf deseriptions of these tests are provided below.

Although the concept of §tability is verylimportant, the principles behind it
have not yet been implemented into\theories relating to performance. Rather, an
array of supplemental tests have beefl scombined 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 stabilitybased upon the observed field performance and measured stability
of past mixes. dHénce, 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 réquirements to reflect their own experiences with observed
field performariee, Marshall and Hveem mixture design methods exist for all three
types of asphalt- §regate mixtures (i.e., asphalt concrete, emulsified asphalt, and
cutback dsphalt).** Although the procedures for preparing and testing the various
asphalt-aggregate specimens differ somewhat, the concepts are essentially the same.

Hveéem 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 Figure 8. Schematic of thesiiveem
determined from the stabilometer.
following equation:

2
Z
7
‘?

AN

S$=22.2/[P,D,/(P,-P,)+0.222]
I ermometst

where:

Graph board

S = Hveem F

stability value - b,

P, = vertical weight 7 .
pressure, péi #_— = =1l

P, = horizonftal j (h baaring L1
pressure af the =4
instant'P, 18 ) Hogtar 7 '
réeorded, psi { : i

D, = number of
turns ofithe I = |
displacement . A Shot recaiver
pump to cliange Figure 9. Schematic of the
g:;zzﬁaflrom 5 Hveem cohesiometer.
to 100 psi

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
asphalt-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 specifications 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 ofBituminous
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 (labaratorysnolded or field-
cored), 4 in (101.6 mm) in diameter and 2.5 in (63.5 mm) thick @re 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 largé roléin ﬂow, neither account solely for each

property.

The Marshall test, like the Tiveem test, is empirical in nature. Very little
theory is associated withthe test as it merely gives indication of the relative stability
of various asphalt-aggrégate mixtures. The Marshall test, in conjunction with the
bulk specxﬁc gravity test, density afid voids analyses, and moisture absorption test,
comprise the Marghall method of mix de31gn Several agencies use the Marshall
methc;c)i of mix design, specifyingMinimum values of stability and certain ranges of
flow.!

Therelevant teshspecifications for Marshall testing include:
. ASTMIID,1559 - Resistance to Plastic Flow of Bituminous Mixtures Using
Marshall Apparatus.

. AASHTO T 245 - Resistance to Plastic Flow of Bituminous Mixtures
Using Marshall Apparatus. ‘
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Tensile Testing
Q * ! Ie ‘ I !

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 fail§ in
tension. : , ‘

Split-Tensile

The split-tensile or indirect tensile test is the most common method of
determining the tensile strength of stabilized materials. The test@@fisists of applyirg
a compressive load at a constant rate along the diametral planie of the specimen-until
it splits. The applied load creates a relatively uniform tensilé stressdperpefidicular to
and along the diametral plane. The split generally occurs along this diamétral plane
and the tensile strength is determined from the following equation: ‘

0, = @R)/(ntd)

where: .
o4 = tensile strength, psi
P = maximum applied load; 1b
t = specimen thickness, in
d = specimen diameter, in

The split-tensile test i§
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
difticuity iSexperienced with
open-graded miXtures. The test
is occasionally used onilime,
cement, and fly ash stabilized
soils; however, the flexural test
is more common with these
types of stabilized soils.

2p [~ art]
wid [ 4% 4 Ax?

& 4
< f//// G el st
S

=6P.
wed

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 Strength

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 Concrete) 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 ar¢ 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 flexuf@l strength, or mioduius
of rupture (R), for third-point and center-point loading mefhods a1 determined from
the following equations: '

R = (P1)/(bd®)  (Third-Poink Loadifig)s
R = (3P1)/(2bd*) _ (Center-Point Loading)

where:
R = modulus of rupture, psi
P = maximum applied load, Ib
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 thlrd-pomt loading. With third-
point loading, a pure moment withizerc shear is created in the middle third of the
beam. Failure generally occurs at the weakest point near or within this middle
section. In centér-pointldading, stibstantial shear forces and unknown stress
concentration§ at the point'@f16ad application occur along the line of rupture. Beams
are forced to breakin the proxnmlty of the load apphcatlon point. This usually
resulf®in higher strengths since the weakest element is most hkely displaced from
the concentfation of load, Less variability in flexural strength is associated with
thirdspoint Joadifigisince a greater portion of the specimen is being subjected to the

stresses iriduced.

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-cément 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-pointloading apparatus.
Usage:

Lime: Good; increase in flexural stréngth with extended curing.

Lime-Fly Ash: Flexural test'used; but fléxural strength often estimated as 0.2xUC
Cement: Routinely used/for cement treated matenals f 02 to 0.33 x (UC)
Lime-Fly Ash: E = 0.5 x 10° to 2.5 x 108

Repeated-Load Elasticity and Fatigue Life Testing

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

Faligue 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 Compression (ResilienfiModulus)

The triaxial cell apparatus shown ptéwviously 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'#im) thick,is subjected to a constant confining pressure (as
in the rapxd shear tesf) and a repeatedivertical deviator stress. The triaxial cell is
configured in the same manner @s the'dynamic modulus test which will be presented
here also. Theg®sulting elastic strains are measured, from which the resilient
modulus is calculated as shown below:

Eg = 0,/¢,
= resilient modulus, psi
gy = applied vertical stress, psi
= 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 imposed. Relatively low stiffness materials, such as cement and hme modified
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soils, can be tested using this test method. However, medium stiffness materials,
such as asphalt and lime stabilized soils, are most suitable for this type of test.

ASTM D 3496 - Preparation of Bituminous Mixture Specimens for Dynamic 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.

Diametfal (Resilient Modulus)

The resilient modulus of
medium and high stiffness
stabilized materials can be
determined by using the
diametral loading device shown
in figure 13.%9 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 deformations. Knowledge
of the dynamic load and the
recoverable horizontal
deformation allows the resilient
modulus to be calculated usifig
the following equation:

Figure 13. Dianetral resilient modulus device.®

Eg = P{>+ 0.27)/(t 9,)

Erx = resilient modulus, psi
P = repeated load, 1b
S = Poisson’s ratio
£\ = specimen thickness, in
8, = recoverable horizontal deformation, in

Poisson’s ratio is defined as the ratio of lateral strain (g,) to axial strain (g,),
caused by '@ load parallel to the axis in which ¢, 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 - 0.10 to 0.25
. lime-fly ash treated - 0.10 to 0.20
. asphalt treated 0.35 to 0.45

~ The test, ASTM D 4123 - Indirect Tension Test for Resilient Modulus of
Bituminous Mixtures, generally covers a range of temperatures, loads, loading
. frequenc:es, and load durations. Typically, specimens 4 in (102 mm) in diameter and
2 in (51 mm) thick are tested at three different temperatures: 41, 77, and 104 °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 Mt is
particularly suitable for testing asphalt-aggregate mixtures bécause it can be used to
test laboratory-compacted Marshall and Hveem specimens(/as welldield-cored
specimens.®

Usage:

Asphalt: Dense- and Open-Graded EAMs, Madified. Hveemn
LFA: Resilient Modulus; 100,000 to 250,000 for low quality, 250,000 to 500,000 for
medium quahty, and > 500,000 for hlgh qualith,®

\pressive - i us

In this sinusoidal axial compression test, material specimens 4 in (102 mm) in
diameter and 8 in (204 mmjsthick arésubjected 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 déviceis'shown in figure 14. The data is used in
calculating the dynami¢ modulus as follows:

|E*| = o/t
where:
|[E%| W=, resilient modulus, psi
O, . = applied axial stress, psi
£, = recoverable axial strain, in/in

As with the resilient modulus tests, the dynamic modulus test is conducted at
multiple temperatures (41, 77, and 104 °F [5, 25, and 40 °C]) and loading frequencxes
(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
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somewhat greater than the
resilient modulus of that
same specimen. The relevant
test procedure for this test
are: -

ASTM D 3496 - 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 10° psi, course-grained
treated materials - 2 to 3 x

10° psi, fine-grained treated Figtre 14. Dynamic compression device.
materials - 0.5 to 1.5 x 10°
psi.

xural sili l s igue

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-pomt or_third-point repetitive loading. As mentioned
earlier, the third-point loadingis preferted. Repeated flexural loads of haversine
wave form are applied to the beam with a i1 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 thefbeam back to its original position. Because progressive damage
to the beam is indurred, its stiffnessidecreases with load applications, and flexural
stiffness is based upon initial loading conditions and is computed from the following
equation:

E = [Pa(3L? -‘4a’)/(48 18]

where:
= flexural stiffness, psi
= dynamic load apphed to deflect beam, 1b -
= 0.54L - 4), in
= reaction span length, in
= specimen moment of inertia about centerline, in*
= dynamic beam deflection at center point, in

o~ gm
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The beam sample is
formed using ASTM D 3202,
Preparation of Bituminous
Mixture Beam Specimens by
Means of California Kneading
Compactor. Figure 15is 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 °F
(21.1 °C) using stress levels

ranging from 30 to 300 psi. Koy
) : 1.Reaction Clamp 7. Load bar
. 8. Load Cilamp 8. Fiston rod
8. Restrainer 9. Thompson bushing
4. Speciimon 40, LVDT holdar
8. Loading Rod 11. LVDT
A Atap nnka

Figure 15."S¢hematic of repeated flexure
apparatus.

Bearing Tests

California Bearing Ratio (CBR)

The California Beafing Ratio teshis a load-deformation test that provides
relative strength valueg useful in determihing pavement layer thicknesses for some of
the empirical design procedures. Originating with the California Department of
Transportation, tlie test has enabled engineers to develop empirically-based equations
where the CBRtindicates théiguality of a material in relation of that of an excellent

base course (i.e., crushed stone).

Thétest which isiperformed in accordance with ASTM D 3668, Bearing Ratio
of Laboratory Compacted Soil-Lime Mixtures, is essentially consists of driving a
piston\(3 in’ in end aréa) at a uniform rate [0.05 in/min (1.3 mm/min)] into a
compactéd 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. Load-deformation 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.
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The CBR is computed as follows:
CBR = (P,/P,)100
where:

CBR = California bearing ratio, %
P, = load carried by sample specimen at penetration of X in.

P, =load carried by crushed stone specimen at penetration of Xin.
Figure 16 shows CBR load 2500 —T ‘ I
deformation curves for a varie ' - /
of soils. As can be seen, the ¥ ' W
load-deformation curve for | ] |
crushed stone is used as the _ P
standard by which other 2000[- - / 7
materials are compared. It is ' oot '
also apparent that curve profiles 2
vary with soil type. This is 7
important because different 7

highway agencies use
penetration levels that are

’; 1500 7
unique to their situations. Thus, -’ " 7 | A

it is not possible to directly
compare the CBR designs of
agencies with dlffermg

standards.
, ]
The CBR test is often ; ]
criticized because it does nof _
simulate the shearing for¢es that  sao P B
develop in the underlying A T
structure. It is mainfained that Vg — Lt Toem
) R Ve ,” J—— e o _m.—-
the lpold provides Excessive //:/ ”__,._:__—:___.____Ah
confinement, allowing certain I i g |
. . . i —————————
soilsdo better resist the % o1 oz 03 04 o
penetrationiof the piston.)The Penetration in.
CBR {est is aiso limited in Figure 16. CBR load deformation curves
applicability. /Only untfeated for typical soils. V

soils orfreated soils that have

not obtaified 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.
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Usages:

Lime: Not appropriate, CBR > 100 typically
Cement: Not appropriate for coarse-grained treated soils; Applicable for ﬁne-gramed
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, Wettmg-and-Drymg
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
des1gned to determine whether the soil-cement would stay hardsor. whether
expansion and contraction on alternate freezing-thawing and rmoisture changes ' would
cause the soil-cement to soften. @

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 contenfiySpecithen 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 specimiens are subjected to a series of 12 wet-
dry or freeze-thaw cycles. The wet-dffieycle consists of 5 hours of water immersion
and 42 hours in a 160 °F (71 °C) oven. Thefreeze-thaw cycle consists of 24 hours in a
-10 °F (-23 °C) freezer cabinet and 23 hoursin'a chamber with a temperature of 70 °F
(21 °C) and a relative humidity of 100 percent. In both tests, specimens are lightly
brushed with a wire brushsatithe endiof each cycle. Final specimen weights are
obtained and the percesit soil-cement 1083 is determined by the following equation:

Percent Loss = (A/B)100

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

Experience has shown that the freeze-thaw test is generally the cntlcal test
except for{inixtures containing relatively large amounts of silt and clay.®”

- 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 residual tensile strength and for resilient modulus should be the
criterla for assessing freeze-thaw damage. Regardless of which strength parameter is
- used, the testing procedure adheres to ASTM D 560 for the most part, with strength
testing being conducted at the end of the 7-day curing period and at the end of the
freeze-thaw cycling. ASTM C 593, "Strength Loss upon Vacuum Saturation” is a
vacuum saturation procedure that evaluates the freeze-thaw durability 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‘miist 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 imprevementsicannot be assumed, and the
amount of the stabilizer reqaired fof specifie performance improvements must be
established and verified.

Each stabilizer additiveshas it @wn mix design procedure and specific set of
tests which determine thé individual ptoperties each different material and stabilizer
combination can achievg. The testsgstablish durability limits, strength levels, and
can indicate when probléms would beé encountered in the field. This provides the
engineer with mofé information to énsure the final product. The testing procedures
should be adheféd to provide the'certainty required for in the pavement design.
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CHAPTER 4 LIME STABILIZATION

1 INTRODUCTION

Lime is among the oldest soil stabilizing agents known. The early ‘Romans -
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 II, the use of lime as a stabilizer has increased substantiallj,
In the U.S. alone, it has been incorporated into construction projects in évery state
and has an annual average usage of about 100 million yd? of 6-in equivalént
thickness. Lime stabilization has been used in a broad spectrun®f projects,
including freeways and highways, county and municipal roads, military’and
commercial airfield pavements, earth dams, drainage canals, and public and pnvate
parking areas. |

2, TYPES OF LIME

The term lime refers specifically to calcium oxide (quicklime) and calcium
hydroxide (hydrated hme) both burned forms of limestone (calcium carbonate).
Quicklime, available in granular or pulverized form,is often treated with water to
produce hydrated lime in coarséior finely grond formp» 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 lifie are commercially available. Calcitic quicklime (CaO) and
dolomitic quicklime (CaO + MgO) afé produced by calcining (burning) calcitic and
dolomitic limestonefrespectively. By the controlled addition of water to quicklime,
three types of hydrated lime ean beproduced: high-calcium [Ca(OH),], mono-
hydrated dolomiti¢ [Ca(OH), + MgO), and dihydrated dolomitic [Ca(OH), +
Mg(OH),. Typlcal prtoperties of commercial varieties of quicklime and hydrated lime
are'summarized in table 10.

Several forms ofilime, 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 approxxmately 35 percent of all lime
used in stabilization.®”
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Table 10. Properties of commercial limes.**

A. Quicklime

High Calcium Range, %* Dolomitic Range, %*

ca0 . 9225-9600 | 5550-57.50 |
Il Mo « 0.30 - 250 37604080
| sio, | 020 - 1.50 0.10 - 1.50
II Fe,0, , ; 0.10 - 0.40 0.05 - 0.40
lr AL, R 0.10 - 0.50 0.05 - 0.50
'H,0 | . 010-090 0.10« 090

co, 0.40 - 1.50

Speciﬁé Graﬁty 32-34 32-34

Specific Heat at Btu/Ib (/kg) Btu/Ib 4/kg)
100 °F (38 °C) 0.19 (442) 021

Bulk Density,
pebble lime

B Hydrates
High
Calclum Dolomitic
o3 > — mmeeweeee.  ppegeteme—— — P —— pmep— - ,,,,,,,_1
Principal Ca(OH), Ca(OH), + MgO Ca(OH), + Mg(OH),
constituent : ,
Specific 23-24 27-29 24-26
gravity '
Specific Btu/Ib (1/kg) Btu/lb | (/kg) Btu/lb |  (/kg)
heatat | ) 029 (674) 029 (674) 029 (674)
L1100 °F (38 °C) ;
Bulk pet (kg/m? pef (kg/m?) pcf (kg/m?
density 25-35 | (400-560) | 25-35 | (400 - 560) 30-40 | (480 - 640)
3 — e ————————

* 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:
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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 by-product lime can be just as effective in stabilization as hydrated lime
and quicklime, at a cost saving. However, by-product limes 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 surfacés 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 sterage
methods. ' RN £

Another by-product lime is polyhydrate lime. This type, developediin
Chicago, is produced by hydrating a mixture of lime kiln dust anéifiermal guicklinie.
The quicklime is essentially used to upgrade the lime kiln dust, initiating the 5
hydration reaction. Although the by-product hydrate is not chemically egfiivalent to
normal commercial hydrated lime, it has been successfully used il soil -
stabilization.®® From a cost standpoint, polyhydrate lime is considerably more
expensive than lime kiln dust, yet is cheaper than commeg¢ial hydrated limes and
quicklimes.

In the past, there has been concern as 4@ whether calgitic lime [Ca(OH),] or
- monohydrated dolomitic lime [Ca(OH), + MgO} isthe more effective lime stabilizer.
Studies by Thompson and the Portland/Céinent Association have shown that high
calcium limes are generally more efféctive for modifying soil plasticity.“*4? Dolomitic
limes produced higher cured streagth in Thompsen’s study, but the PCA
investigation indicated that, "most s@ils do not respond preferentially to dolomitic
monohydrate or hydrated cal@ifie)lime stabilizations for strength improvement."®?
Therefore, both types are/fin general, satisfactory for use in soil stabilization.

| Most types ofdime [exclusive of dihydrated dolomitic, Ca(OH), + Mg(OH),]
are appropriate if,a quality §0il-limednixture meeting strength, durability, and
economic criteria ¢an, be obtairied." Laboratory testing may be used to indicate the
effectiveness of any @f the lime types. Properties of the soil being stabilized may
have a‘mueh greater inflience on the soil-lime reaction than lime type or source.

, -~ In mostdnstances, 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 is an example of a specification for the use of lime for soil
stabilization. ASTM C 977-89 is a specification for quicklime and hydrated lime for
soil stabilization that is being used by many agencies today.

Appropriate quality control testing should be conducted during the course of a
~ project to ensure the quality and uniformity of the lime bemg incorporated into the
construction. Producer certification of the lime is used in some cases in lieu of "on
the job" lime tesﬁng

3. SOIL-LIME REACTIONS

Lime is used extensively to modify the engineering propertles of ﬁne-gramed
soils and the fine-grained fractions of more granular soils. It is:;mest effeétive in
stabilizing plastic clays capable of holding large amounts of@vater.” The particles of
such clays have highly negatively-charged surfaces that attract fre¢ cations (positive-
charged ions) and water dipoles. As a result, a highly diffuseddvater layer shown in

)
|
T :G?% (alncmmglon
| | Concentration
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| © ®®® e e
-lL :® Op®
b e ©

Flgure 17 Formation of a diffused water layer around
clay particle.®”

figure 14 forms afdund the clay particles, thereby separating the partlcles and causing
the clay ta'become weak and unstable. The extent to which this occurs depends on
the amolint 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 load-deformation 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
agents which further increase mixture strength and durability. Pozzolanic reactions
are time and temperature dependent. Therefore, given appropriate temperatures,
strength development is gradual but continuous for long periods of time. ,
Temperatures less than-55 to 60 °F (12.8 to 15.6 °C) retard the reaction while higher
temperatures accelerate the reaction.“? : :

A fourth reaction which may occur in the lime is carbonation. This chémical
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 fiocculation-
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 ordérof réplaceability of the
common cations is given by the Lyotropic sefieshNa* < K“@Ca** < Mg*.® In
general, higher valence cations replace those of lower valence, and larger cations
replace smaller cations of the same valéfice.»The addition of lime to a soil in a
sufficient quantity supplies an exgess'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 particles to
approach each other more clgely)or floceulate. In some cases, however, the
exchange complex is practically Ca** saturated before the addition of lime. As a
result, cation exchange is minimized &r does not occur. :

Flocculation and agglomerationl produce an apparent change in texture, with
the clay particles “Glumping" together into larger-sized "aggregates". According to
Herzog and Mitchell, the flocculation and agglomeration are caused by the increased
electyolyte tontent of the pore water and as a result of ion exchange by the clay to
the calcium formi®. Diamond and Kinter suggested that the rapid formation of
calcium-alumin@te-hydrate cementing materials is significant in the development of
flocculation-dgglomeration tendencies in soil-lime mixtures.*® |

The net result of cation exchange and flocculation-agglomeration of particles is
as follows:¥ : | ’

. Substantial reduction and stabilization of the adsorbed water layer.
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. 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.

Soil-Lime Pozzolanic Reaction

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

Ca(OH), — Ca** + 2(OH)
Ca** + OH' + SiO, (soluble clay silica) — calcium-silicatediydrate (CSH)
Ca** + OH" + AL,O; (soluble clay alumina) — calcium-aluminate-hydrate (CAH)

Possible sources of silica and alumina in typical fine-grained soils include clay
minerals, quartz, feldspars, micas, and¢other sifnilar silicate or alumino-silicate
minerals, either crystalline or amorphous in nature, "The ‘¢lay 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 approximatély 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.*¥ Thus, as long as enough residual
calcium from the lime remiaing’in the System and the pH remains high enough to
maintain solubility, the/pozzolanic reaction will continue.®” |

The extentd@.which the soil-lime pozzolanic reaction proceeds is influenced
primarily by natural soil propertiés,” With some soils, the pozzolanic reaction is
inhibited, and cémenting agents-are not extensively formed. Thompson has termed
"reactive” those soilSithat react with lime to produce substantial strength increase.“®
A strength, increase of greater than 50 psi (345 kPa?) after a 28-day curing period at
73°E is considered reactive. Soils displaying less than a 50 psi (345 kPa? strength
increase are' deemed mon-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:




Soll pH.
Organic carbon content.
Natural drainage.
Excessive quantities of exchangeable sodium
Clay mineralogy.
Degree of weathering.
Presence of carbonates.
Extractable iron.
~ Silica-sesquioxide ratio.
thca-alumma ratio.

L] L ] ® & & ¢ o o [ ] -

Detailed summaries concerning the effects of soil properties on hme reactivity are
contained in references 46, 47, and 48. :

Carbonation

Lime carbonation is an undesirable reaction which may alsé occur i soil-lime
mixtures. In this reaction, lime reacts with carbon dioxide to form calciuin carbonate,

as shown below.

CaO + CO, —» CalOy

Prudent construction practices are necessary. to minimize lime carbonation.
Actions to be avoided are- long exposur® Ofithe lirne to air prior to mixing with the
soil, and long, intensive mixing and processmg times, It is recommended that prior
to mellowing, the mixture be compacted using @pneumatic roller. Design |
considerations for location of subdrains should be earefully considered, as with other
cementitious materials, migratiGnyof the stabilizer into the drain system can develop
carbonatxon which may clég drainage systéms and compound soil moisture problems.

4. SOILS SUITABLE FOR LIME STABILIZATION

Since the benefigial effects of lime stabilization are the result of various
reaClions between the fifies portion of the soil and lime, fine-grained soils, such as
clay and siity=clay, respond most favorably. A minimum clay content of
approximately/10"perent and a plasticity index greater than 10 are desirable,
although beriefits 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 exarnples of pozzolans that have been successfully incorporated. Suitable
stabilization of organic soils may be difficult with normal lime contents.
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5. TYPICAL PROPERTIES OF LIME STABILIZED SOILS

In general, all fine-grained soils exhibit decreased plasticity, improved
workability, and reduced volume change characteristics when mixed with lime;
however, 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, température, 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 bé classified ‘as
immediate and long-term. Immediate effects are achieved without cuting and are of
interest primarily during the construction stage. They are attributed to'¢ation
exchange and flocculation-agglomeration. Long-term effects fake place during and
after curing and are important from a strength and durability staridpoint. While
these effects are generated to an extent by cation exchange anddlocculation-
agglomeration, they are primarily a result of pozzolani¢ strength gain{ Consideration
for the properties affected by lime treatment are provided herein.

Uncured Mixtures

- Plasticity and Workability

The addition of lime{d)a séil decreases theliguid 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 P1 and clay content soils require
greater quantities of limed@achieve the nonplastic condition, if it can be achieved at
all. ‘ :

The first ingfements of lime jare usually most effective in reducing the plasticity
of the soil. The 8ilty and friable téxture of the treated soil causes a marked increase
in workability, €xpediting subséquent manipulation and placement of the treated soil.
Figure 18 illustratés\ithe manner in which lime influences plasticity.

Moistiire-Density ‘Relations

Fof & given compactive effort, soil-lime mixtures have a lower maximum dry
density and a higher optimum moisture content than the untreated soil. This
phenomeénon normally persists with the incorporation of additional lime. Maximum
dry denisity reductions of 3 to 5 Ib/ft* (48.1 to 80.1 kg/m?) and optimum water
content ificreases 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 liquidhlimit, plastic limit, and
plasticity inidéx for clay'soil.*” .

Since moisture-density relationships are constantly changing, it is important
that the appropriate moistuzésdensity 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 nécessary to athieve that density because the reduction is not
due to poor compagtibn buit to the fact that the material is different.®® Figure 19
illustrates the effects of compaction £ffort, 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. (Ihese reduced swelling characteristics are primarily attributed to the
decreased water affinity of the calcium-saturated clay and the formation of a
cementitiols 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.®?
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on dry density of clay soil.”

h ion Properties

Immediate increaées in the strength and deformation properties of soils are
apparent with the incorporation ofdime. These improvements are a result of the
textural changes produced by cation exchange and flocculation-agglomeration. They
can be characterized in teris of shear strength, CBR, cone index, statlc-compresswn
modulus of el4sficity, and resiliit modulus. Figure 20 illustrates the increase in CBR
of a low plasticity clay treated with varying amounts of lime. The immediate effects
of liméitreatment on the resilient behavior of fine-grained soils can be seen in figure
21 Chapter Byshould be wonsulted for laboratory test procedures to evaluate the
effect of theadditive:

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

en formatio
Properties o
Unconfined Compression

: The unconfined g
compression test is a simple and
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.

Immediate CBR

Soil-lime mixture strength
increases for 39 Illinois soils

cured 28 days at 73.°F (23 °C)
varied considerably.®
Nonreactive soils showed little , Moisture Content, %

or no compressive strength gain Figure 20. CBR-moisture content
while some soils displayed relations for natural and lime-treated
strength increases in excesé of ‘ (3%,5%) CL soil (AASHTO T-99

265 psi (1724 kPa). A majority compaction).®? ~

of the soils experiencéd strength o :

increases greater than 100 psi

(690 kPa) and extended curing of the same mixtures (56 days at 73 °F [23 °C])
produged strength increases for soil-lime combinations that exceeded 625 psi (4310
kPal) - Ao o

Extensiyé Califofnia test data indicate a wide range of strength increases for 5
percent limeftreatment and 6-month curing (ambient lab temperature, sealed curing
to preserve moisture content).”®® The maximum strength increase achieved was 770
psi (5300 KPPa), 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.
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The difference 2 I T

between the compressive
strength of the natural . . it ]
and lime-treated soils is ® LmeSoiaop. 018
an indication of the 2 O UimeSolatOpt. 12.4%
degree to which the soil- & [ A Lime Sk Opt. +3.4% ]
lime-pozzolan reaction  ; NOTES ’
has proceeded.®® A 2 | - Spockmons Conpected to 5% _
substantial strength 3 “ i
increase indicates that the = 3 Best Fit Curves Shown Based
soil is reactive with lime %= 8 [ on Average of 4 Spacimens ]
and can be stabilized to 2
produce a quality paving & - 9
material. © "
Shear Strength 8 [ ]
The major effect of - _
lime on the shear strength v
of a reactive fine-grained | ' l I | l
soil, as determined by ' 0, , . » . - " -
triaxial testing, is to ‘
produce a substantial , REPEATED DEVIATOR STRESS,O), psi
increase in cohesion with Figlixe 21. “Effect of lime treatment and
some minor increase In variable comipaction moisture on
friction angle (¢). This resilient fesponse of Flanagan B soil.*®”

increase in cohesion

largely reflects the 4 ‘

amount of cementing which occurs ir lime-reactive soils. In addition, the increase is
of greatest significance at the lowgonfining pressures normally considered to exist in
a flexible pavement structure.

For typigal lime-reactivé lilinois soils, the friction angle for cured soil-lime
mixtures ranged ffom 25° to 35°.*” The cohesion of the mixtures was substantially
incredsed compared to the natural soils, and cohesion continued to increase with -
incteased cOmpressive sirength. A linear regression equation was developed from
these observations:

C=93+0292q,

where:
cohesion, psi v
unconfined compressive strength, psi

fnu

qu
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1t is apparent that large shear strengths can easily be developed in cured soil-
lime mixtures. It has been demonstrated that if high-quality mixtures are used in
typical flexible pavement structures, the strengths would be adequate to prevent
shear failure.”” Shear-type failures generally have not been observed and reported
for field service conditions. o

3

Tensile Strength :

~ Tensile strength properties of soil-lime mixtures are of concern'ifi\pavement
design because of the slab action that is afforded by a material possessing substantial
- tensile strength. Although both the split-tensile test and the flexural €st"are used to

evaluate the tensile strengths of soil-lime mixtures, the flexural test is most commonly
used. ‘ V . o :

As with unconfined compressive strength, split-tensilé streéfigth deépends upon
the soil-lime mixture and curing conditions. The similarify betwgen the two
parameters has been documented in at least two studies.. Thonipson{estimated a ratio
of 0.13 between split-tensile strength and unconfined\compteSsive strength.®®
Tulloch et. al. found the ratio to be considerably lowes, as illustrated below.*”

o, € 6.89 +0i506q,

where:
o = split tensile strength, psi
qu = unconfined\,compiéssion strength, \psi

- Typical flexural strengths and corresponding split-tensile strengths of soil-lime
mixtures subjected to various cutihg conditions are given in table 11.°" As can be
seen, for a particular niixture, the rafio of flexural strength to split-tensile strength
decreases as strength'increases. This tatio 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 flefural strength to split-tensile strength is 2.0 and, that
the ratio of splif-tensile strength to unconfined compressive strength, as given by

Thempson, is 0.13. o :

Caiiforia,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
charactérizing the strength of cured soil-lime mixtures.
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Thompson conducted extensive CBR tests on various reactive and nonreactive
Illinois soils.®” CBR tests were run on three types of specimens: untreated soil, lime-
treated soils cured for 48 hours at 120 °F (48.9 °C), and uncured lime-treated soils
placed in a 96-hour soaking cycle immediately after compaction. Test rvesults are
provnded in table 12.

‘Table 11. Tensile_ strength properties pf soil-lime mixtures.*”

Curing Time,*
- hr ;

Bryce B 5 2% 2 ) 2.2
' 48 105 53 20
9% 122 88 14

Champaign County Till* 3 48 69 E -

: ' 9% 93 - -
Fayette C - 5 2% 66 4 14
' 9% 166 126 1.3
Ilinoian till, 3 24 86 35 25
Sangamon County 48 164 %2 1.8
96 202 106 1.9

Sable B® 3 48 63 - ’ -

9% 77 - -
Wisconsin loam till 3 24 83 ' % 24
48 140 63 22
9% 157 78 2.0

S R R T T -
Note: 1psi= 6.9 kPa; t,°F = (t,2€/055) + 32. * At 120.°F. * Test not conducted for indirect tensile strength o,.
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Natunl Soil Percentage
: of
CBR, | Swen, | Lime
% | % |
Reactive Soils'
Accretion Gley 2 26 2.1 5 151 .| 01 35140 0.0
w/\ccreﬁon Gley 3 31 14 5 | 81 | oo | amo | o1
Bryce B 14 5.6 3 203 02 197.0 0.0
Champaign Co. 6.8 02 3 10.4 05 85.0 0.1
till
" Cisne B 2.1 0.1 5 145 [ 04 | 1500 | 01
Cowden B 72 14 3 | Slefs | oo "
Cowden B 4.0 29 5 13.9 0.1 116.0 - 01 II
Cowden C 45 0.8 3 274 00 | 2430 0.0 *‘
| Darwin B 1.1 8.8 5 7.7 1.9 136 | o1
East St. Louis 13 74 5 5.6 20 17.3 0.1 H
clay
|| Fayette C 13 0.0 5 324 00 | 2950 0.1 ﬂ
Hlinoian B 15 1.8 3 29.0 00 | 2740 0.0
Illinolan till 118 0.3 3 242 | 01 | 1930 | o0 "
Illinoian till 59 0.3 3 18.0 0.9 213.0 0.1
Sable B 1.8 42 3 15.9 02 127.0 0.0
Nonreactive Soils
Fayette B 43 11 3 105 0.0 39.0 0.0
Miami B 29 0.8 3 127 0.0 145 0.0
Tama B 45 02 9.9 0.1

* Specimens were placed in 96-hr soak immediately after compaction.
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Strength improvements are apparent with both uncured and cured soil-lime
specimens. The improvements in engineering properties of the uncured mixtures are
primarily a result of cation exchange and flocculation-agglomeration. While strength
gains are moderate, it is evident that benefxts can be realized without prolonged
curing.

. - The tremendous increase in CBR values for cured specimens reflects the

extensive development of pozzolanic cementing agents. For those mixfures 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
when extensive pozzolanic cementing action has not developed, eithef due toa lack
of curing time or nonreactivity of the treated soil.

Fatigue Strength

Flexural fatigue strength is related to the number of loadshat cai be carried
at a given stress level, and it is an important consideratior\ in the evaluation of soil-
lime mixtures. Swanson and Thompson illustrated how, for fypical highway
pavement loading conditions, the flexural strength rather thanthe shear strength is
generally the limiting factor in the applicationgef soil-limé mixtures in base and
subbase courses.®

Figure 22 shows flexural fatigue response curves for various Illinois soils. The
response curves of cured soil-lime siixtiires are @halogous to those curves normally
obtained for materials havingsimiilar 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 lime-soil mixtures w@tiéd from 41 to 66 percent of the ultimate flexural
strength, with an average of 54 percent. ’

Soil-lime niixtures,continue 0 gain strength with time, and the ultimate
strength of the mixture 1§ & functibn 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,
willdecreaseéiand the fatigue life of the mixture will increase.

Déformation 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.%V The failure stress is increased, and the ultimate strain
is decreased for soil-lime mixtures relative to the natural soil.
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- Figure 22. Flexural fatigue tesponse curves.

An extensive study‘involving theriaxial compression testing of various lime-
stabilized Illinois soils provided twogignificant findings.®” First, it was found that
lime-soil mixtures areistrain sensitive; having ultimate strains of approximately 1
percent at maximuin compressive stréss. 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
followingequation:

E =998 + 0124, .

where: )
E = compressive modulus of elasticity, ksi
Ju = 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
Goose Lake Clay mixture,
a highly lime reactive soil,
following curing periods
of 2, 7, 14, and 28 days.*”
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 kPa). 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 6f the soil.

Flexural Moduli

COMPRESSIVE STRESS, psi

/f/ | ooy e

100

0 05 10 15 20

STRAIN, %
Figure 23, Compressive stress-strain
relations for cured soil-lime
mixtures (goose lake clay + 4% lime).?

Forsoil-lime pavement layers possessing high shear strength, the flexural
strésses in the mixture'may be the controlling design factor. In view of this fact,
flexural pioduli of elasticity have been evaluated for typical cured soil-lime

mixturés.” 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 °F (48.9 °C).

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 strength increases %0

with curing time, so does the € ! 48 Tpg 080 1900

modulus of elasticity. , Rago
| 1 pei=0.6885 Nem 2
1 ki« 6805 Nem 2

Poisson’s Ratio

Only limited data are
available for Poisson’s ratio of
lime-soil mixtures. Reported
values at stress levels below 25
percent of ultimate compressive
strength ranged from 0.08 to
0.12, with an average of 0.11.%)
At stress levels between 50 and
75 percent of ultimate
compressive strength, the ratio
ranged from 0.27 to 0.37, with 0
an average of 0.31. A value of
0.15 to 0.20 is quite reasonable

for analysis purposes. Figure 25 <N . Fiéiwal Strength, psi
illustrates the influence of stress Figure 24 Relationship bétween flexural strength

level on Poisson’s ratio for soil-  and flexuzal, modulus for soil-lime mixtures.®?
lime mixtures.

Flexural Modulus of Elasticity, ksi

100

4 60 80 100 120 140

- Shrinkage

Shrinkage associatéd with the 10ss of moisture from the stabilized soil is of
importance relative to the problem ¢f\"shrinkage cracking" of the materials and
reflective cracking through overlying paving layers. A study conducted by Dempsey
and Thompson oni four Illineis soilsfindicated that lime treatment decreased
shrinkage poteritial.®" Field m@iSture content data for lime-treated soils suggest that
the moisture contentichanges in the stabilized material are not large and the in-situ
waler content stabilizes\at approximately optimum. ' '

Theofetical calculations based on laboratory shrinkage data as well as field
service\dafa 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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Durability

Durability characteristics ,
are an important consideration | Brce S
in the evaluation of a paving 0 @houmen
material. This is particularly s 12T
true with low-volume roads t%F e (170508432
- where the effects of environment
(temperature and moisture) may
be more pronounced due to the
reduced thickness of base and
subbase layers and the use of
either thin surface courses or
surface treatments.

Stress Level, % of Ultim ate Strength

Prolonged exposure to [ | |
water produces only slight 0 010 0.20 030
detrimental effects. An Illinois
study found that the ratio of Poisson's Flio, /2
soaked to unsoaked compressive
strength of soil-lime mixtures is .
quite high, at approximately 0.7 ‘Figure 25. Inflilence of stress level on
to 0.85.) The soaked soil-lime Poisson's ratio.®”
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 LaboratoryyWhited Kihgdom.®

Pavement systefis may expérience two general types of freeze-thaw action.
Cyclic freeze-thawtakes place in the material when freezing occurs as the advancing
frost line moves through'the layeriand 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 migratiomand subsequent ice lens formation and heaving, if the material
is frost susceptible.

Depending ort the nature of the prevailing climate in an area, either cyclic
freeze-thaw or heaving action or both may occur. Extensive field pavement
temperature data or heat flow model studies are required to accurately characterize
the field témperature 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.®® Their data indicated that for Illinois the
dominate frost action form was cyclic freeze-thaw and not heaving.
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Figure 26. Influence of freeze-thaw cycles amunit length
change (48-hour curing).®® -

Cyclic Freeze-Thaw : .

In zones where freezing temperatures occut, freeze-thaw damage may result.
This damage is generally charéétérized by, volume increase and strength reduction, as
shown in figures 26 and 27.%°

The initial uneohfined compressive strength (0 freeze-thaw cycles) is a good
indicator of freeze-thaw resistance. Démpsey and Thompson observed average
strength loss rates of 9.4 psi/cyclefor 48-hour cured specimens and 18.5 psi/cycle for
96-hour cured specimens.® 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 miixture prior to the first freeze-thaw cycle.

It hasdbeen shown that some soil-lime mixtures display autogenous healing

properties.*”" If the stabilized soil has the ability to regain strength or "heal" with
time, the distress produced during winter freeze-thaw cycles will not be cumulative,
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'Figure 27. Influence of freeze-thaycycles on nnconfined compressive
strength (48-hour curing).“

since autogenous healing during favorable curing conditions would serve to restore
the stability of the material. This phenomenori has been investigated and confirmed
by McDonald.® | o

Frost Heaving Action

Little consideration has beén given in the past to the heaving resistance of soil-
lime mixtures.” The general philosophy regarding heaving potential of cemented
sgistems has been based on the assumption that if a certain critical strength level is
achievedpthe tensile strength of the stabilized materials is sufficient to withstand the
heaving pressimes 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 psi (2758 kPa) do not heave excessively and are "non-frost-
susceptible".®*) 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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Sustained freezing of a soil-lime mixture does not cause a strength decrease.™

_ It should be noted, though, that the test conditions provided for the whole specimen

to be frozen, thus limiting the access of moisture since the frost line completely
penetrated the specimen. , S

In an effort to develop preliminary data regarding the heaving resistance of -
soil-lime mixtures, several typical Illinois soils were considered in a pilot labotatory
testing program.” The data indicated that the high strength materials shGwlittle or
limited heave while the lower strength mixtures may heave excessively. Basedhon 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 shbuld be
noted that the British criterion for non-frost-susceptible materials is a heave of less
than about 8 percent.™

The strength required to prevent excessive heaving of cuffed soil-liine mixtures,

‘approximately 200 psi (1379 kPa), compares favorably with the strengtii reguired to

restrict the heave of cement stabilized materials. British Road Resefirch Laboratory

studies conclusively demonstrated that if sufficient strength is developed. in the

cement-stabilized material, the material will not heave excessively (< 8%).7?

6. SELECTION OF LIME CONTENT

, In establishing an appropriate limeleentent fof construction, the primary
variable that can be altered is{iihe pefcentage,since theéjinherent 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 generahprinciple that the mixture provide satisfactory
performance given a particiilar position ifi the pavement structure. It is appatent that
a wide range of soil-lime mixtures cantbe 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. Fof structural layéf@applications, cured strength is the most
appropriate property fo consider.

Mixturé design criteria are needed to establish the quantity of lime required to
produgé.an acceptableyquality 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 toa
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 qulck test for determmmg 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 mixtures 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 techmque
does not evaluate mixture quality in terms of strength and no indications ate given as
to the lime-reactivity of a soil.

Mixture Design Methods and Criteria

Mixture design criteria are needed to evaluate the adeqliacyhef a given sdil-
lime mixture. Criteria will vary depending on the stabilizdtion objectives and
anticipated field service conditions (i.e., environmental factors, wheel l6ading
considerations, design life, etc.). It is therefore apparent thatsfiixture design criteria
may range over a broad scale and should be based on a careful, considleration 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 télates to situations where the major
objective is soil modification (e.g., PI reductionjimproved workability, reduced swell
potential, and immediate strength ificréase). These improvements are essentially
brought about by cation exchangé and floceulationsagglomeration.

The second set of criteria cénters on strength improvement generated by the
pozzolanic reaction betw&en fiie soil And lime. Soil-lime mixtures are often evaluated
on their ability to perférm well as base 0r subbase courses; thus, strength and
durability are key parameters.

Most currént design eriteria specify a minimum cured compressive strength
- and the designlime content'is'the percentage that produces maximum strength for
given curing conditions. Because stress and durability exposure differ for various
depths imythe pavement structure, strength requirements for base materials are
generally higher than for subbase materials. Table 13 lists typical strength
requiremerits 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
durabilify\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. Typical specimen curing and strength requirements..

Minimum Strength

Specimen Curing - Requirements, psi
: | Base Course Subbase

| california DOT Mixture is "loose cured" 24 hour
S . prior to compaction. » ; _
" lllinois DOT 48 hour @ 120 °F (48.9 °C) 150 | “dbe |
Louisiana DOT ~ 7 day moist room, 8 hour air - 100 50 1

'| drying @ 140 °F (60 °C), 8 hour
cooling, and 10 day capillary
soaking at a confining pressure
of 1 psi (AASHTO T 212)

It Texas State Dept. of AASHTO T 220 - 100 ' 50
Highways and Public ‘
Transportation ‘ : o
Virginia Dept. of - 72 hour @ 120 °F (48.9 °C) Not Used : 150
Highways and - ' | ‘ ‘

Transportation

Mixture design criteria can be validated ‘@nly on the basis of actual field
performance. Numerous studies (refexéfices 62, 68, and 74 through 86) have been
conducted which serve as examples ©Of validation activities in widely separated

geographic areas.

Mixture design criteriai@eyeloped for use with a particular mixture design
procedure and geographig location mustinbt be applied indiscriminately to other
areas. Careful consideralion should #& given to all aspects of a stabilization problem
before adopting anys@ritetia, As a starling point, it is suggested that the test methods
and criteria presented in Chapter 3 b utilized. | ‘

7. o SUMMARY

The fundamental principles of soil-lime reactions, namely cation exchange,
flocculation/agglomeration, pozzolanic reaction, and carbonation have been presented
to illustratedhe 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.®%® |
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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 present 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 €0 precisely
evaluate mixture properties that will soon change during field curing. Itimay 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 correlatiofis.

- Durable soil-lime mixtures can be obtained when reactiveseils are stabilized
with quality lime. Although some strength reduction and #olume change may occur
due to cyclic freeze-thaw during the initial winter following constiuctioh, the residual
strength of the stabilized materials should be adequate to meet(field service
requirements, if proper curing and construction are petformed. Durability
considerations must be taken into account in establishing the mix €omposition and
selecting engineering properties for ugé,in payement design.
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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 thenj cement
treatment has become one of the most widely used forms of soil stabilizationfor
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 soil-cement for airfield construction during World War II was/
followed in the 1950’s by extensive highway construction, with@dn annial usage.of
soil-cement of 50 million yd? (41.8 million m%. Roads were byiilt to high standards, -
and central plant mixing was introduced. Cement-treated bases have beefi used in
many miles of the Interstate highway system, as well asdor stréefs, low volume’
roads, and parking areas. Most recently, cement treatment has beén,used for the
recycling and reconstruction of old pavements and for pavéments 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 ¥oads and residential streets. Soil-
cement thicknesses of 7 to 8 inf(178 to203 min) are widely used for primary roads
and high traffic volume secondaryyroads. 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
imprO¥e,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
~base or cement stabilized aggregate.

Cement-modified soil is an unhardened or semi-hardened mixture of soil and-
water to which relatively small quantities of cement have been added to improve 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 sapacity,
and water-holding capacity are substantially reduced. Furthermore, bearing, values
and shear strengths may be somewhat increased, providing a more stableisoil:

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 soilscemerit is
used as a pavement base or subbase material. Although sdil-cement is the primary
focus here, cement-modified soils will be discussed briefly toward the ¢hd of this
chapter.

3. TYPES OF PORTLAND CEMENT

Portland cement is an energy-rich anliydrous tricalcium silicate (C;S)* with
excess lime. Approximately 50 percent (by weight) of the cement consists of C,S
while another 25 percent consists of 'dicdlcium silicate (C,S)*. The remaining 25
percent is primarily composed, of/€alcium aluminates (C;A and C,AF)* and calcium
sulfate dihydrate (CSH,)*.

Unhydrated cements contain a range of particle sizes, with an average particle
diameter of the order ¢f 10 m (10 x 10 %m). Although the surface area of portland
cement powder is only about 0.3 fi*/gm, the cement gel after hydration has a surface
area of about 300@?/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 sail itself.

\

Severaldifferent cement types have been used successfully for cement
stabilizationl of soilsiyNormal portland cement (Type I) and air-entraining cement
(Type 1A) were used extensively in the past and gave about the same results. At the
present time, Type II 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 = SiOW H = Hzo, A = A1203, F = F8203
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In some solls, higher strength can be obtained by using high early strength -
(Type 11I) cement. Type Il cement contains finer particles and a greater C;S content
which makes for faster hydration and a more rapid strength development. Over the
first 24 hours of curing, Type III cement attains nearly twice as much strength as
Type I cement. ,

The presence of alkalis (Na,0 and K;0) may, from time to time, cause
problems with certain aggregates. In such cases where an alkali-aggregdl® reaction
‘occurs, maximum contents of Na,0O and K;O may be specified to limit the reactmty
Chemical and physical property specifications for portland 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.” Hydfationof the
calcium silicates produces cementitious paste in the form of (¢alcism silicate hydrate
(CSH) and free lime in the form of calcium hydroxide (€H).

Calcium silicate hydrate, termed tebermorite, 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-gramed soils, theiclay/phase may also contribute to the stabilization
through solution in the high pH énvironment dnd 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 plastlc1ty and expansionproperties. In this manner, the cement acts
as a modifier.

The crystalline structiire forméd by the set cement is mainly extraneous to the
soil particles. This structure cafi be disrupted by subsequent swelling of soil particles
or particle groupsif an insufficient cement content is used. Disruption of the cement
strictufecan also be'¢aused 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-gramed soils. If the Pl exceeds
about 30 percent, cement becomes difficult to mix with the soil. Generally, in this
case, lime is added first to reduce the PI and improve workability prior to the
addition of cement.

A soil may be acid, 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, act as hydratxon retarders and reduce strength.. When such
organics are present they absorb calcium ions from the hydrating cement; restlting in
a reduction of pH and precipitation of an alumina-silica gel, and inhibiting the
normal hardening process. If the pH of a 10:1 mixture (by wexght) 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.®"

Although sulfate attack is known to have an adverse effecf on tlié quality of
hardened portland cement concrete, less is known abdut the sdlfate resistance of
cement stabilized soils. From two studies®™"), it is known thabthe redistance 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 detetioration of fifie-grained soil-cement.”® On
the other hand, granular soil-cements do not'‘@ppear susceptible to sulfate attack. In
some cases the presence ofssmall amiourits 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 éffective in granular soil-cements exposed
to adjacent soils and /or groundwater containing high sulfate concentrations.

Accordingly, thé sulfate content 6f a soil should be considered in the selection
of cement as a stabilizer. Until miore definitive criteria are available, the use of
cement for fine-gfained soils contdining more than about 1 percent sulfate should be
avoided.

Potable water is normally used for cement stabilization, although sea water has
been fund 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 is 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 mixtires.*

Compaction Characteristics

The addition of cement to a soil generally causes some ¢hangefin both the
optimum water content and maximum dry density for a given conipactive 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 deeréase in
maximum density; whereas the high specific gravity of the unhydrated cement (3.1)
relative to the soil tends to produce a higher defisityiyThe gradation of the
unhydrated portland cement relative to that éfithe soil cafybe important, as it
influences the packing of soil particles.

A delay between mixir{g and gompaction leads to a decrease in both density
and strength for a fixed compactive effort.” “Ifshowever, the compactive effort is
increased so that the original density is obtained, nd provided no significant amount
of cement hydration occurs during the delay period, then no strength loss is |
observed. '

Strength

The strengths of soil and gemient 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
loadingpeement contenfhand curing conditions. In general, the highest strengths are
assogiated ‘with, mixtures prepared from cohesionless soils, and the less plastic the
soil, the smaller theéxdeformation required to cause failure.

Conipressive Strength
The tinconfined compressive strength is probably the most widely used
measure of fhe 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
and cement content, for cement

2500
L 0 w.'.f% ] ! i 1s contents up to 15 percent and a
z e e 7, UG « 80C curing period of 28 days.
= 2400 [~ Swowent and Flsicher (1871), , o v
= [ o 1A Budin 200 1 . The increase of
A - unconfined compressive strength
o 2000 — 1%  with curing time for several soil
5 i and cement mixtures isishown
w B 11? infigure 29. Theg@lationship
5 1« ‘& between strength and curing
& - { 1 =time for a given|soil and cement
o N Z mixture can be given by:
= 100 14 v -
§ - Ud = UC, #'Kilog (d/d,)
uw - -
= “ ’ where:
z i i UL, = uficonfined
S af compressive
> | 4 - strength, psi, at an
age of d days
0 0 UC,. = unconfined
0 5 " 8 2 ) compressive
CEMENT CONTENT (% BY WEIGHT) strength, psi at an
‘ age of d, days
\ K = 70 °C for
Figure 28. Relation between cement content'and granular soils and
unconfined compréssive strength for soil 10 °C for fine-
and cement mixtures. grained soils
(Equations give strength in psi) C = cement content in
percent by weight

The 28-day sttength was found to be 1.7 times the 7-day strength by Dunlap
et al.,®"and 1.4 times the 7-day strength is suggested by Williams.® A value of 1.5
times the 7-dayistrength would seem a reasonable value for estimating purposes.

Ténsile Strength

Fléxural beam tests, direct tension tests, and the split tension (Brazilian) test
have all'béen 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-
strength mixtures (down to
less than 20 percent). A
good approximation for the
flexural strength is:

f = 0.51(UC)™

where:

f = flexural strength, psi

UC = unconfined
compressive strength,
psi

Values of tensile
strength deduced from the
results of flexure, direct
tension, and split tension
tests may differ due to the
effects of stress
concentrations and
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
ceménted seil which lies with
its longitudinal @xis parallel
to the Surface of the tésting
machine platéns. Failure
develops by splitting along
the vertical axial plane. The
tensile strength is given by:

UNCONFINED COMPRESSIVE STRENGTH (psi)

2800
OF solle
© Fino-grained solls
Data from Watkine (1971), ~§1a
2000 [ Chrisenaen (1968), Wang (1968),
Pretoriue (1870) . 412
1800 - 10
8
1000 [— =l 3
o . ;
- o o
] P Foguaisedsol —14
500 — . ] ) 35."3".:
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- '
! W o

CURING TIME (days)

Figuré 29. The effech of curing time on
the unconfined conmipressive strength

of somie 80il cement mixtures.

)
‘ 8 12 18
00 T T T T
ogh“.l“.“ ~14
[ W
w L x‘rmm»m«un.
mwnuzuwa vora, o ©
= o
a k!
F o
(5} °°
x
2 . L &
@ * 12
2 °%°
g 200 - °o° o°
& N |
z Qo 11
oL g
0 1 1 1 1
0 500 1000 1500 200 200
UNCONFINED COMPRESSIVE STRENGTH (ps})

Figure 30. The relation between unconfined
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compressive strength and flexural strength of soil

and cement mixtures.
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f = 2P/nDL

where: '
f, = tensile strength, psi
P = load at failure, b
D = cylinder diameter, in /
L = cylinder length, in

S
Cenc
&
!
-~
~
.

I

»
-~

Griffith crack theory has
been found useful for
characterizing the strength of
cement-treated soils under
various combinations of major
(0,) and minor (0,) principal
stresses. %1% Normalized
strength data (failure stresses

~
1~

-
>

Major Principal Stress
Unconfined Compressive Strength

-
~N

divided by the unconfined —— G Crtorin
. [— 08 =~ Modifled Gritith
compressive strength) for several -
soils are summarized in figure . Vet (1509
31 R o 04 ® Nash ot al (1905)
. O Prelorive (1970)
. ‘  Aoboud (197
) = Brosler and Plster (1955)
With this figure and a N B S S il

knowledge of the unconfined 02 I° 02 o4 as as 10
compressive strength, principal Minor Principal Stress .03
stress combinations causing . Uncegiiind Compreesve Stengh S unc
failure can be estimated directly.

Figure 31. Failure envelope for cement-treated
soils.®

California Bearing Ratio (CER)

The relationship between uficonfined compressive strength and CBR for some
granular and fineé-grained soil'and cement mixtures is shown in figure 32. The
difference between the relationships for fine-grained and granular-treated soils
probablynresults from the uncertainty associated with the application of the CBR test
to ‘coarse-graified soils.\ The meaning of CBR values greater than 100 percent in
relation to pavemenbdesign 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. ' f

Deformation moduli may range from about 10,000 psi (70,000 kPa) to several
million psi (several GN/m?), 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 range, whereas granular soil-cements exhibit the
higher values.

Different relationships 1000 T T T T T Tl

between modulus and strength S i for iy SR
apply to different soil types, as [ Dtutom ikl brg s ot (1073 e, ]

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.®®

Lo taasl

1

Figure 34 illustrates the
general form of stress-strain
curves for cement-treated soils

UNCONFINED COMPRESSIVE STRENGTH (psi)
8

in static compression. The shape » ’
of such curves can be ol D il L
represented using the hyperbolie " % bl 5
relationships proposed by CER (%)
Duncan and Chang.! |
. : ' Figure 32. The relation between CBR and

Although the modulus p the unconfined compressive

under repeated {oading : strength of soil and cement mixtures.

conditions depends on soil type,

cement content, compaction and curing conditions, and test type, the unconfined
comptessive strength, which depends on the same variables, is a useful correlating
parameter. Beyond Seme number of load repetitions, in the range of a few hundred
to 10,000, thie resilient'modulus in compression, M,,, can be expressed by:

M, = Koy - 05 (0;)(UC)"

where:
M, = resilient modulus, psi
uC = unconfined compressive strength, psi
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(0, - 05) ‘= deviator stress, psi

Oy = confining pressure, psi
K = material constant

ki =02 to 0.6

ke = 0.25 to 0.7

n =10 + 0.18C

C = cement content in percent by weight

Determination of ki, k2, and K,
requires separate measurements
of M, under at least two values
of 0, and two values of (0, - 0y),
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:

M, = Ke(10)™

where:

M, = resilient modulus
in flexure, psi

K; = material constant,
from regression of
data

UC. = unconfified
compressive
strength, psi
- 0.0?(1050.186(:

m
C = gement content in

perceiit by weight

Poisson’s Ratio

Atfworking stress levels for pavement bases and treated subgrades, Poisson’s
ratio 18 in the range of 0.1 to 0.2 for treated granular soils. Treated fine-grained soils

DYNAMIC MODULUS OF ELASTICITY (psi)

mo®

FLEXURAL STRENGTH (pe}

exhibit somewhat higher values, with a typical range of 0.15 to 0.35.

GN/m 2

Figure 33. Relationship between flexural strength
and dynamic modulus of elasticity for different
cement treated materials.




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: |

B = -

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

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

The flexural fati§‘ue of soil-cement can be related torfadius of chrvatufe
according to:1%1%

R/R = aN*

= critical radius of curvaturéi(i.e., thie;radius of curvature causing failure

under static

loading), in 1200 —s
= radius of
curvature leading, _ 4 —
to failure under N \&
!oad applications, - —s
in A 7
= (h'%)/@2.1hal) o —
= slab thickfiess, in & o
= 0.025 for granular & ¢ s ., £
soil-ceiéntsand & =
0.050 for fine-" & -
grained soil- o 40
cements ) e 1,
»= number of load
applications 0 _
0

0 1 2 3 4 ]

AXIAL STRAIN (%)

Figure 34. Typical stress-strain behavior for
soil and cement mixtures.
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. A generalized relationship that permits analysis of fatigue under
repeated changes in both the major (0,) and minor (o;) principal stresses
has been verified by Raad et. al.!® A stress factor, F, is defined as:

F = [(01 - Oa)zy[8'(01 + 03)] fOl' 01 + 303 >0
’F='03 . f0r01+3'03<0

where compression stress is positive.

T T I T T 10 T T 1T T T 11 4 T I
10 (3 p—
. 10 weeks .
08 |-
06 058 —
F max - -
Ty
04 —
02 IR W SR
: 2 3 3 5
1 10 10 10 S0 10

Ny
Figure 35/ Suggested fatigue failure criteria for cement-treated soils.®*

Repeated tensile stresses cause a progressive decrease in tensile strength from
its initial value T,. “When the strength drops to F, cracking failure is initiated. A
relationship'between T /T, and the number of stress repetitions of N; to cause
failure thatfits available fatigue data well is shown in figure 35. The two curves
shown peitain 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 soll-cement pavement slabs. ‘

Field observations indicate these cracks can be appreciable at spacings of 10 to
20 ft (3 to 6 m). The smaller crack spacings are usually associated with the higher
clay content soils. 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 subggade and
leading to loss of support. ‘ I :

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 conditighs are simulated as
closely as possible.

6. SELECTION OF CEMENT CONTENT
Approximate Quantities

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

Detailed Testing

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

‘Table 14 indicates the usual cement contents for moisture-density, strength,
wet-dry, and freeze-thaw durability testing. Detailed test procedures are given in the
Portland Cement Association Soil-Cement Laboratory Handbook!™ and by the
following ASTM Test Standards, which are approved also as American National
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> 0.60% sullate and fino-
1 grained soi. Do not use
ooment. ]
{F SO CONTAINS LESS THAN
o 50% SILT (0.08mm) AND LESS
1> 0.90% sufale and course THAN 20% CLAY [0.008mm),
gfr:m‘rﬁamwm L grainad sol. Use sulate . ] USE PORTLAND CEMENT ASSOCIA-
PRESE resielani coment TION SHORT-CUT TEST PROCEDURES
INTHE SOIL. (Use - m FOR SANOY SOILS AS GIVEN IN
method described in ]
v : *SOIL-CEMENT LABORATORY
Appendix V-2) HANDBOOK".
| <os0% DETERMINE
gulate CEMENT
CONTENT -
 pH> 121
ALL OTHER SOILS
| USE TASLE V-2
7O SELECT TRIAL
CEMENT CONTENTS
DETERMINE pH
OF SOIL-CEMENT
MIXTURE AFTER . PERFORM FREEZE-
:3 rﬂmm: ’ THAW AND WET-DRY
TESTS. USE
described in . CRITERIA USTED
Appendix V-1) . INTABLE V-3,
| pH<t2d
Do not use
cement.

Figure 36. Subsystem for noneéxpedient base course
Stabilization with cement.”

Standards by the American Natior{al Staridards Institute:

ASTM D 558-82 (Reapprovéd 1990): Test for Moxsture-Densnty Relations of
Soil-Cement, Mixtures. : ‘

ASTM D 559-8%: Wettmg-and-Drymg Tests of Compacted Soil-Cement
Mixturéss,

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

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

88




ASTM D 1633-84: Test for Compresslon Strength of Molded Soil-Cement

Cylinders.

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

Mixed Soil-Cement.

Cntena for satisfactory performance of soil-cement in the durabxhty tests are
listed in table 15. Cement contents sufficient to prevent weight losses greater than
the values indicated after 12 cycles of wetting-drying-brushing or freezing-thawing-

brushmg are adequate to produce durable soil-cement.

Soil-cement mixes desxgned 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-casiplew-volume
roads, excessive shrinkage cracks develop if the full cement réquirement’is used.” An
unsightly pavement develops as a result, and slippage of thifi (1 tod.5 ing25 to 40
mm]) asphaltic concrete surfacings may occur. Although someé shirinkage cracking is
inevitable, as noted earlier, it can be minimized in uniform sands if the ¢ément and
water contents are held to a minimum while still obtaining\a desired €ompressive
strength, usually about 300 psi (2,000 kPa): '

Table 14. Cement requirenients for various soils.**®

AASHTO Soll Unified Soil
Classification - Classification®.

GW, GP, (M,
© W, SP,8M

Usual range in cement réquirement

w

Percent by

volume

Percent by 2
weight )

Cement contents -
for wet-dry and
freeze-thaw
tests

Percent by
“weight

5.

3.5.7

| A-lb CM, GP, SM, 5P 7-9 5-8 6 4-6-8 H
l A2 GM, GC, $M, SC 7-10 5-9 7 5-7.9 "
" A3 sp 8-12 7-11 .9 7-9-11 . II
n A4 LML 8-12 7-12 10 8-10-12
H AS ML, MH, CH 8-12 8-13 10 8-10-12

A6 CL, CH 10-14 9-15 » 10-12-14

OH, MH, CH -

* Based on correlalion presented by Air Force. Amounts should be increased when stabilizing an A horizon soil.
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Table 15. Criteria for soil-cement as indicated by wet-dry
and freeze-thaw durability tests.

e o [
AASHTO Soil Group Unified Soil Group Weight Loss, percent |

| Ala GW,GP,GM, SW,SP,SM | 14

| A-1-b GM, GP, SM, SP 14

A2 | GM, GC, SM, SC 14

A3 SP | 14

A4 cLML 10

A5 ML, MH, CH 10

A6  CLCH 7

‘ OH,MH,CH

* The maximum allowable weight loss for A-28and A-2-7 soils is 10 percent.

Additional Criterié

1.  Maximum volume changésiduring durability test should be less than 2
percent of the'initial/volume,
2. Maximum water €ontent during the test should be less than the quantity
- required to saturate the sample at the time of molding.
3. Compressive@tréngth'should increase with age of specimen.

Criteria oth@n than\the durability tests for mix design are used by some
agencies. Among the tests used afé unconfined compression, triaxial compression,
and flexural beam tests. The Portland Cement Association has. short-cut test |
precedures that canbe used for determining the cement content required to make
soll-cemient using sandy soils.

7. CEMENT-MODIFIED SOILS

Ceément-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 clay)

Granular solls, not acceptable for use as pavement base materials because of
slightly excessive plasticity index or poor gradation, can be modified with portiand
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4

- Design Tests i Evaluatm:——i
2 \
0 | ] ] ] |
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B
/

Plasticity index |

Elapsed timein days

Figure 37. Plasticity index versus cement content.”®”

cement to reduce or eliminate plasticity and to increase bearing values to an
acceptable level. Thi8 type of treatment, which is done extensively, provides a more
stable base for bituminous wearing stirfaces. Figure 37 illustrates the reduction in PI
produced by the addition of cement to a substandard granular base material. It also
shows,the permanengyof the PI reduction as measured over a 10-year period.

Fine-graified subgrades and highway fills are often treated with cement to
increase bearisig 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 plattorm 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.(®
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Cement-modified silt and clay soils are not recommended for pavement bases.
The small 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. “Ihe soil
cement will have the highest strength increase, while the cement-modified soil 18
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 base¢§ as shrinkage cracking
can occur, requiring increased maintenance expenditures.

A-76(14) clay
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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 wés 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 usifig asphdlf stabilized
soils or aggregates. Since then, thousands of miles of pavement ha¥e 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 praetices published by the
Highway Research Board in 1970 showed that at least 85 percent of the asphalt
stabilization projects in the 20 years priomte the survey utilized hot or cold central
plant mixing operations as sh@wn 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 genes@l, it is used a8 a stabilizer for the following reasons:

. Waterproofing fing-grained subgrade soils.

. Construction expediency.

. Upgrading ofifiarginal materials. _

. Keduction of pavement layer thickness, thereby reducing costs
and tonserving materials and energy.

. Providétemporary and permanent wearing surfaces.

. Reduce dusting. ~ '

2. TYPES OF ASPHALT
Virtually all asphalts used in the United States are products of the distillation
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:

. Heat.

. Addition of a solvent or diluent.

. Emulsification with water.
COARSE AGGR. HOT PLANT MIX —— 7 ) 5
OTHER TYPES | gy |
FINE AGGR. HOT & COLD PLANT MIX - g
COARSE AGGR. COLD PLANT MIX -
MIXED IN PLACE R X3
P’ENETRATION'MACADAM | 1%

COMBINED TOTAL ALk TYPES, = 36,796,496 TONS

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

Asphalt Cements

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

1. Penetration at 77 °F (25 °C) of original asphalt.
2, Viseosity at 140 °F (60 °C) of original asphalt.
3. Viscosity at 140 °F (60 °C) 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
cements have been mixed in-place and some hard asphalts have been used in

Table-ls. Asphalt specifications.

Material

Asphalt Cement Penetration basis
" Viscosity basis

Cutback Rapid curing
« Medium curing
Slow curing

Anionic
Cationic

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

Cutback Asphalts

- Cutbacks are combinatigns of asphalt cement and a petroleum diluent blended
to provide viscosities suitable for mlxmg 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 dmountiof solvent. Rapid-cure cutbacks (RC) use a
naphtha or gasoline type golvent, medium-cure cutbacks (MC) use kerosene-type
solvents, and slow-cure clitbacks (SC} tise low volatility oils or are made during the
refining process.

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

1. RC-70, RC-250, RC-800 RC-3000.
2. MEC=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
deslgnatlon 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 °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 achleved when the solvent has
evaporated leaving the original asphalt cement.

- Emulsified Aspha.lts

Emulsified asphalts are mixtures of asphalt cement, water, and an.emulsifying
agent. The emulsnfymg agent coats the minute droplets of asphalt cerfient, 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,dased 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 erfiilsions are comimercially 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)."* The classifications for anionic
emulsions are rapld-settmg (RS}, medium-setting (MS), and slow-setting (SS) with the
corresponding classificationsifer cationic emulsions CRS, CMS, and CSS, respectively.
The setting characteristics of an asphaltiemulsion are determined pnmanly by the
type and amount of efnulsifying 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 rapid-setting emulsions) is
the viseosity of the'@mulsion. CRS-2 is more viscous than CRS-1. Additionally, the
major differénce betweeh 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 cément was used in manufacturing the emulsion. ‘

Additional grades of emulsions include high float medium-set (HFMS)
emulsions and quick-setting (QS) emulsions. HFMS emulsions are 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-setting emulsions may contain small amounts of petroleum
solvents (up to 12 percent) to aid mixing and provide stockpiling capability to
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 evaporatlon 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 fSpecifies 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 slowgsetting emulsions(
can be used for m-place stablhzatlon operations.

3 MECHANISMS OF ASPHALT STABILIZATION

The mechanisms involved in the ¢tabilization of soils 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, resultingtin a mémbrane that prevents or impedes the
penetration of water which, under normal conditions, would result in a decrease of
shear strength, compressive strength, tensile stréngth, flexural strength, and elastic
modulus. From a durability standpeint, asphalt-coated soil particles are much more
resistant to the detrimental‘®ffects of water, such as volume change due to alternating
wet-dry and/or freeze-thaw cycles.

In non-cohegive materials, such as sands and gravel, crushed gravel, and
crushed stone, two basic mechanisnis are active: waterproofing and adhesion. The
asphalt coating on the cohesioriless materials provides a membrane which prevents or
hindeérs 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@econd meéchanism, 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 asphalt on the angle of internal friction is
minimal.| Other property improvements resulting from the asphalt cement include an
increase in fensile strength, compressive strength, flexural strength, and elastic
modulus.




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,
washboardmg, loss of fines, etc., under traffic.

4. SOILS SUITABLE FOR ASPHALT STABILIZATION
Fine~Grained Soils

Fine-grained soils may be stabilized with asphalit, dependmg upon the
plastncnty 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 pasticles, alarge
percentage of asphalt would be required to coat all of the sdil surfaces. Since this is
virtually impossible, agglomerations of particles are coated with efononsical '
percentages of asphalt. The gradation of fine-grained soils suitdble 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 percéifl In addition, the
PI should be less than 10 to ensure thatadequate mixing is possible. If proper
rmxmg is not obtained, the plastic fines'may swell apon ¢ontact with water, resulting
in a substantial loss of strength.”

Coarse-Grained Soils

Cohesionless soils (PI lessythan six) suitable for asphalt stabilization are shown
in table 17 under sand-bitumen and sand-gravelsbitumen. Cohesionless soils
identified as suitable for hofimix asphalt concrete by AASHTO, ASTM, and states, .
counties, and cities are/in general, accéptable. Asphalt-stabilized materials made
with well- or dense-graded aggregétes have higher strength than the more one-sized
sand-asphalt mixtates.

5. TYPICAL PROPERTIES OF ASPHALT-STABILIZED SOILS

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

Stability.
Durability.
Fatigue behavior.
Tensile behavior.
Stiffness.
Flexibility.
Workability.

® O o e/ s & o
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Table 17. Engineering properties of materials suitable for
bituminous stabilization.™?

Percent Passing
Sieve Sand-Bitumen
1-1/2in. : 100
1in 100 ‘
3/4in : : . 60 - 100
No. 4 50 - 100 50 - 100 35-100
No. 10 40 - 100 _
[ Noaw 35 - 100 13- 50,
| Nowo 8-35 |
" No. 200 5-12 Good: 3-20
' Fair: 0-3and 20 - 30
Poor: > 30
Liquid Limit , Good: <20
Fair: 20.- 30
Poor; 30 - 40
Ufusable: >40
Good: «.5
Fair: 5<9
Poor: 9-15
Unusable: >12-15

1in = 254 mm.

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

Stability, stiffness, fensile properties, fatigue behavior, and durability of asphalt
mixtures have beefidefined by a number of investigators, and typical properties are
available, HoWwever, 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:
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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 criteriasare 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 H¥éefand Marshall
stability tests; several states use unconfined compression tesfing. Other tests used for
strength determinations include the Hubbard-Field, the triaxial cofipresgion, repeated
load triaxial, and various penetration type tests, including the Californial Bearing -
Ratio, the Iowa Bearing Value, and the Florida Bearing Value. Some of these tests are
discussed in volume II, 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 conditionggrionto testing, vary widely fromi state to state.
Attempts have been made to establish one standard method but success has been
limited."™ Most of the criteria présently utilizéd 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 havedeen 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-
susceplibility tests aré usually performed on Hveem or Marshall stability samples or
unconfined €ompression test samples, and acceptance criteria are based on a percent
of retained strengthin(Z0 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™? 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 courses."™

A. Hveem Method

Percent Voids Filled
Percent Air Voids With Asphalt

B. Marshall Method

District of Columbia

800 - 3000 15 1-5 70 -85

" Kentucky 1100 ~3500 12-15 4-6

Mississippi 1600 16 max 5-7 50 - 70

New Jersey © 1100-1500 [ b 6-18 3-7

l North Carolina 00 714 3.8

North Dakota 400 min 8- 3.5

Rhode Island 750 min 3-8

* South Carolina 1200 - 3000 6-12

South Dakota 8.18 | 3.5

|
|
Pennsylvania 700 min 6-16 | 60 -85 H

Wyoming

Colorado

Oregon

1in = 254 mm; 11b; = 4.448 N; 1 psi = 6.89 x 10° Pa
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Fatigue Behavior

The fatigue behavior of bituminous stabilized materials has been reviewed by
Witczak, Epps and Monismith, Pell, and Santucci, and Kallas.'MWHSIMID A|] of these
reviews indicate the relative importance of asphalt type, aggregate 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 41, 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 effectithat can be
produced in these performance tests when different curing conditions(develop.
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Figure 41. Fatigue criteria for asphalt and emulsion mixes.®
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Tensile Properties

A wide variety of tensile tests, including direct tension, indirect tension,
dumbbell, and "dornprobé", have been performed on bituminous stabilized mixtures.
The most popular test At present appearsito be the indirect tension or split-tensile
test. This test has beefl utilized by many universities, research institutes, and others
to define tensile pfoperties both prior to and after water susceptibility tests. Tensile
strength is largely dependént upofi voids, curing, rate of loading, temperature, and
age. Typical values obtained under conditions simulating highway loadings are on
théyerder 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
resilientmodulus (Mg), defined as the ratio of the applied repeated stress to the
recoverable strain, closely approximates stiffness. ,
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Values of My can be obtained from tests such as the diametral, flexural beam,
direct tension, and triaxial compression. A comparison of modulus values of asphalt
concrete specimens measured by all four tests 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
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impact of different

emulsion types and

curing ‘eonditiéns. " Figure 46 illustrates the general effect of inadequate curing not
allowing thé water to evaporate, producing a lower stiffness and more sensitivity.

Sumihary
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
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expense of lowered durability. Thus, a favorable balance between stability,
durability, and other properties (dens1ty, voids, and moisture absorption) must be
determined, given the conditions in which the mixture will be used.

Fatigue behavior, tensile properties, and stiffness parameters are being utilized
more often for pavement structural design purposes and mix designs are being
developed which provide design values. In a study conducted by Darter and Devos,
procedures were developed to correlate the resilient modulus and the @ASHTO
structural layer coefficient of asphalt emulsion cold mixes used in base course
construction.!"” Development of this procedure, accomplished with finitegelement
techniques and the AASHTO performance equations produced the relation between
marshall stability [72°F (22 °C)] and layer coefficient, a,, as shown in figure 47.
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LRA - BASE COURSE LA® ] w»
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BLACK BASE - CRUSHED CALICHE GRAVEL (D - 18) LAB i )
BLACK BASK -~ CRUSHED LIMESTONE (DIST. 15) : LAB b, (I
SLACK BASK - AUSTINE CHALK (DIST. 18) LAB | CO—
BLACK BASE - BECK PIT (DIST. 21 s ] Co——
HOT MIXED SAND ASPHALT A8 ' ]
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- ~ " ° °
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RESILIENT MODULUS, PS1 (x1 000)

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

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

Whiléisome emulsions and cutbacks have been employed in warm central
plant'©perations, the,majority of these asphalts are mixed in-place. This construction
method is both econiomical and effective. High production 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.
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Construction Equipment

Central plants are
typically batch or continuous in
operation. The drum-mixer
continuous plants are the most
popular plants presently used.
The continuous plants utilizing
pugmills for mixing are often
used for cold mixing operations.

COEFFICIENT, s,
=

In-place equipment can
be selected to provide a variety L]
of mixing capability. The ot} e
desired setting characteristic of

the emulsion to be selected may . L 1 L

often be controlled by the type OESIGNMODIFIED MARSHALL STABILITY AT 72°F, Lbs.
of equipment selected for the ‘

job, Travel plants, rotary

mixers, and motor graders are

typical in-place mixing . , .

equipment. Further details on Figure 4%, Structurallayer coefficient for emulsion
these pieces of equipment can be aggregate mixtures.™

found in volume 1, chapter 4.

Soil Characteristics

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

Logdi ng g‘gg 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.
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1

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 most suitable
for stabilization with emulsions. The presence of moisture affects the coatability,
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 to
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 fixed ifto,the
soil is used.®

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 bindérs, 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 exténsively for subbase and base course
construction. While most emiulsion applications have been on low- to medium-
volume roads, they have fécently gained aceeptance for use as subbase and base
course construction in high traffic voliime roads. :

The use of, cutbacks fias decliried in the last few years as a result of problems
with air quality, saféty, 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 §olvent and, unlike the asphalt cements, they can be used
without additional héat, Both of these factors contribute to energy savings.
Furthermoré, there are little or no hydrocarbon emissions from asphalt emulsions,
limiting poliution of the environment.

‘On¢e a particular type of asphalt has been selected, consideration must be

made for af 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
roximat ities

An m-depth laboratory testing program is mandatory for deterfiifing the
exact asphalt content to be incorporated into a particular mix. However, ‘qaiick
estimates of the amount of asphalt to be used in the field or as a startinggpoint in
comprehensive laboratory testing can be obtained by using established fables atd

charts.
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Figure 49. Applicability of emulsions with
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Table 19. Recommendations for selection of paving asphalt."®

Thickness of
| Asphalt Concrete, , }
: in® AASHTOM 20

Cold!
| Moderate?
Hot*

Cold
Moderate |
Hot

. Cold
Moderate
Hot

'Normal minimum daily temperature* of 10 °F (-12 °C) or less; for éktremely low
temperatures, special studies are recommended. '

*Normal maximum daily temperature* of 90 °F (32 °C) or less.

Normal maximum daily temperature* greater thdf)90 °F (32:°C).

‘Uniform Pacific Coast Specifications for AR-graded Paying Asphalts.

*Total thickness of asphalt concrete; surface plus base:

After NCHRP Report 9-4, "Minimizing Premature Crackingin Asphalt Concrete
Pavements."

*As per U.S. Weather Bureau climatélogical €ports.

Table 20. Selection of type of cutback for stabilization.®®

Acoregate | Qrade of
Ismmeratuce, L ¥ Txan ot Cuthagic cuthaci.
Qg New
) [ ¥ s
140 L] 3000
118 - 4 300
20 3 800
(]
[ L] 2 230
0 1 7
a 10 as
19
Percert Peseing No. 200 Bleve
Sxarpie: For aggregate temperaturs ef 100 F and 10 percent paesing
No. 200 sieve, use MC 800 cutbeck. ' -
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Table 21. Selection of emulsified asphalt type.®*"

Grade ‘
Designation Preferred Usage
k Rain Construction
ASTM - Aggregate Resistance.
. 55-1 Damp to wet dense-graded | Dependent on Central Mix
Ss-1h aggregates, high sand dehydration and or
content gravels, poorly or absorption. . Travel Plant
well-graded sands.
CSS-1
Css-1h
II CMs-2 Dry or damp low sand Resistant to eafly rainfall; Trave] Plant
(CMS-2h) | content gravels, well-graded ' or
or silty sands. IiePlace Mixing |
MS-1 Dry or damp processed RegiStant to early rainfall. Central Mix
MS-2 open-graded aggregates. or
MS-2h Travel Plant

Note:  Figures 46 and 47 can be used a8 a\basis for selectinganionic'or cationic emulsions. The geologic type of

aggregate is located on figure 46 and the approximatg silica or alkaline earth oxide content determined.
These contents are utilized to enter figiite 47 to select the type of emulsion.

Table 22 provides means of @pproximating the asphalt cement content for hot,
central plant mixeé. \As €an be seen, aggregate shape and texture are the sole factors
in this table forsdéterminingiasphalt content. The equation in table 23, developed by
the Asphalt Instifute, can be used to determine the amount of cutback to be used
wiflwa granular soil, given the aggregate characteristics listed. The U.S. Navy
assemblédya 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.®12124
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Hveem and Marshall mixture-design 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 asphalt requirement) stabilometer, and cohesiometer, swell, 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.

Asghal; Cgmen

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. The acceptance criteria will vary, dependmg on the agency.
Common acceptance criteria for a number of states were shown.ifi tabléy18. It should
be noted that some agencies suggest that a lower stability can be specified for base or
subbase materials if the test is performed at the standard 140 ?F (60°C) terfiperature
or a similar stability required for the base or subbase prafided thé test is conducted
at a lower temperature, say 100 °F or 77 °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(@s part@©fithis design method.

Table 22. Selection of asphalt cement content.

Aggrégate Shape and Pgréent Asphalt by Weight
Surface Texture of Dry Aggregate*

Rounded@nd Smdoth

‘I Angular and Rough 6
) Intermediate 5

*Approximate quantltles which may be ad]usted in field based on observation of mix
and engineering judgement.
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Table 23. Determination of quantity of cutback asphalt.’®

P = 0.02(a) + 0.07(b) + 0.15(c) + 0.20(d)

Definition

Percent of residual asphalt by weight of dry aggnegate".

Percent of mineral aggregate retained on No. 50 sieve.

o'l o

Percent of mineral aggregate passing No. 50 and retained on No. 100 sieve, II

Percent of mineral aggregate passing No. 100 and retamed on Naq. 200 sieve.

; Percent of mineral aggregate passing No. 200 sieve.

*Percent cutback can be obtained by referring to table 23 and utilizing the followmg equation:

percent cutback = [percent residual asphalt (p)/(100 - percent solyént)] x 200
Table 24. Emulsified asphalt reqdirements.">

‘Perceht Pounds of Emulsiﬁed Asphalt per 100 pounds of
Passing Dry Soil when Percent Passing No. 10 Sieve is ~

No. 200 <50 60 80 90
Sieve :

10 7.2 7.5 77 7.9 82 8.4
12 - 75 7.7 79 82 84 8.6
I 14 72 75 7.7 79 82 84 1'
16 7.0 7.2 75 77 79 82
18 6.7 7.0 72 75 7.7 79 J
20 6.5 6.7 7.0 72 75 77
22 6.3 6.5 6.7 7.0 72 75
24 6.0 6.3 6.5 6.7 7.0 72
25 | 62 6.4 6.6 _ 6.9 7.1 7.3 |
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Table 25. Hveem design criteria.*¥

I Stabilometer Value

35 . )
less than 0.30 o

The following notes must be made relative to the Hveem design procedure:

. Although not a routine part of this design method @ effort is'made to
: provide a minimum percent air voids of approxiriately 4 percent.
e All criteria, and not stabﬂnty 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 °F (60 °C) should be satisfactory if they meet the criteria when
“tested at 100 °F (38 °C) and afé)placed4 inches'(102 mm) or more below
the surface. This recommendation applies enly o regions having
climatic conditions similar to those prevailing thioughout most of the
United States. Guidelines for applyingthe lower test temperature in
regions having more extrefiie climatic conditions are being studied.

Table 26. Marshall design criteria,*

Traffic Category

No. of Compaction
Blows Each End of
Specimen : 75 50 35
Test Property min. max. min. max.” | min. max.
Stability, all, mixtures,
Ib 750 - 500 - 500 -
N 833 | 2,224 2,224
I Flow, all mixtires, 1 S v ' ‘
0.01 in (025 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 .
N S~ SRR S : == — = ||




The following notes must be made relative to the Marshall design procedure:

. Laboratory compactive efforts should closely approach the maximum
density obtained in the pavement under traffic.

. The flow value refers to the point where the load begins to decrease.

. The portion of the asphalt cement lost by absorption into the aggregate
particles must be allowed for when calculating percent airfwoids.

. Percent voids in the mineral aggregate is not to be calculatedion the
basis of the ASTM bulk specific gravity for the aggregate.

. All criteria, and not stability value alone, must be considefed 1
designing an asphalt paving mix.

. Hot-mix asphalt bases which do not meet the above criteéria when tested

at 140 °F (60 °C) should be satisfactory if they meet the critéria when
tested at 100 °F (38 °C) and are placed 4 inches (102'min) or moré
below the surface. This recommendation applies only to regions having
climatic conditions similar to those prevailing throdghout most of the
United States. Guidelines for applying the lowef test temperature in
regions having more extreme climatic conditions are beifig studied.

Cutbgc}g Agpnglg

Design procedures for mlxtures stabilized with cutbacks have been
standardized by the Asphalt Institute.!®) A sumimary outline of the design methods
for both Hveem and Marshall test{procedures are shown in figure 50. Details of the
mixture fabrication, curing, and\tésting procedures an be found in reference 13.
Design criteria are shown in tables 27, 28, and 29, The critical elements of the above-
suggested procedure are confrol of the mixing temperature, volatile content at.
compaction, method of guring prior {0 testing, test temperature, and water
susceptibility test. It should be noted that the test temperature is 77 °F (25 °C) and
not the 140 °F (60 °C) normally asspeiated with Hveem and Marshall testing of -
asphalt cement-stabilized materials.

Emulsified Asphalt

Design, procedures for mixtures stabilized with emulsions have also been
prepared for Flvéem 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 progedures outlined by the Asphalt Institute. 1) 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

116




water susceptibility test. As with cutback mixtures, testing for emulsified mixes is
conducted at 77 °F (25 °C) in both methods. Furthermore, in the Hveem method, the
Resistance R-value and Cohesiometer C-value are obtained rather than the
Stabilometer S-value.

. cumEAT
! ROOM
TEMPERATURE
. FOR 24
MX AND PERPORM HOURS
- CONPACT STABTY et Wi s =
— "t L) oM s L cHECK
o L Ll el (e RO fel AT el ATOTMM . cATEAA
MR WOGHT- ALY . CUREAT ¥ TABLE 38
. AT VOUMNE TAAE S CONTENT ROOM
conTRNT REATIONOHPS -
: oM
HOURS
4DAYSIN
Y7FwaTER
SELECT ki
SELECT ANMOUNT OF ESTABUSH
TYPE OF CUTBACK MONG &
CUTBACK g TABLE MOLDING =
TARE [ 2] T EMPERATURES
o8 ORCKE REF.
PERFORM
MUB.
STABUTY
- LooamcbTEn
MX AND PERFORM - TEST @ da¥
COMPACT STARUTY cPTIM HOLD &
R W TESTS & onwt | SES CHEcK
-~ PROCEDURE - KNEADING - CALCULATE - CONTENT AT CPTRAM } CRITERA
COMPACTOR WEIGHT- TALE S ASRALT TABLE 38
(BASPMALT VOUME er. CONTENY
CONTENT) RELATIONSHPS "
PERFORM
sSwelL
TEST
. . . \ ) .
Figure 50. Selection procedufe for asphailt cements.
e N
::;&':ﬂ . VACUUM DETERMNE PAVEVENT
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Figure 51. Selection procedure for cutbacks.
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Table 27. Suggested criteria for cutback asphalt mixes."®

Stabilometer value

Test Requirement

|
|

i

Moisture Vapor Susceptibility 20 min
(Stabilometer value)
Swell - 0.30 in max.

(0.76 mm max.)

Table 28. Marshall design criteria for paving mixtures
containing cutback asphalt.t®

Degree of Curing

Percent solvent evaporated
Maintenance Mixtures
Paving Mixtures

Test Property Minimtim

Number of Hammer Blows

‘l Hand Compactor

75

Percent Air Voids in Cdmpacted Mix
Percent Voids in Mingral Aggregate (VMA)

IW Stability, Ib (N7 °F 252C)

Maintenafice Mixtures
Paving Mixtures

500 (2224)
750 (3336)

Flow, units'of 0,01 in (025 mm)

Percent Stability Retention

After 4 days in water at 77 °F (25
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~ Table 29. Minimum percent voids in mineral aggregate.®®

i USA Standard | Nominal Maximum Particle |
Sieve No. Size, in
I No. 16 0.0469 235
|  Nos 009 21 l
Ne.a | - 0187 18
3/8in o375 | 16 |
1/2in 0.500 15|
3/41in 0.750 14 II
1in 1.0 13|
H 11/2in 15 12
e T ~ , .
21/2in

7 SUMMARY

~ While stabilization has@een cofiductéd using all types of asphalt products, the '
most common forms are the emulsion and the eutback materials. Because asphalt
stabilization is accomplished primarily through'thie coating and waterproofing action
of the asphalt films surrounding the §6il or aggregate particles, the construction
requirements play a signifiéant role in determining the suitability of this form of
stabilization. Both fine afid coarse grained fnaterials can be stabilized. Because of
difficulty in obtaining complete coating, high plastmty materials are difficult to
construct. Soils with high amounts of fines require significantly more asphalt for
complete coatingfand stabilizations#inay be more economical with another stabilizer.
Generally the PI should be less that 10, and' the fines less than 25 percent to assure
proper gonstruction can be achieved. ‘

Exampi¢ Froblem

Theduse 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. Samiples of the soil have been obtained, from which the following was found:

100
90
82

Percent passing 3/8-in sieve
Percent passing No. 4 sieve
Percent passing No. 10 sieve

nonon
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45
30
15
12

9
20

9

Percent passing No. 40 sieve

Percent passing No. 80 sieve

Percent passing No. 200 sieve

Material smaller than 0.05 mm (silt clay combined)
Material smaller than 0.002 mm (clay)

Liquid Limit

Plastic Index

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 86il 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 anddable 23 can beused to
determine the approximate quantity of cutback required. The anticipated aggregate
temperature at the time of construction is expected to be 80 °F (27 °C).(Table 20
indicates that this soil can best be stabilized with a ME-800. \The equafion contained
in table 23 will allow for the engineer to estimate the'quantity of cutb@ck. Plotting
the results of the soil gradation on aggregate grading charts indicate the following:

a=50b=25 ¢=10andd =15

Thus the percent residual asphalt by weight of dry aggregate is 7.25 (from table 23).
The amount of MC-800 will be 7.25/0.800r 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 critefia presented in‘fables 27, 28, and 29.

Emulsiondtabilization

Flgures 46 and 47 and fable 21 can be used to select the type and grade of
emulsion. Figuresi46 and 47 suggest that a cationic emulsion will be best suited for
this siliceous soil. “Table 21 indicates that a CSS-1 or a CSS-1h emulsion are preferred.
A €SS-Thiwillbe 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.
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 Table 30. Design criteria for emulsified asphalt-aggregate mixtures.

Test Property | Base Mixtures Surface Mixtures
“ REISTANCE R, Value Early Cure (23 hrs) 70 min. “N. A.
at73 +5°F Fully cured and water
~ immersed (72 hrs) : 78 min. N. A.
STABILOMETER $ | N. A. 80 min.
Value at 140 + 5 F
COHESIOMETER C Early Cure (23 hrs) 50 min. N. A.
Value at 73 + 5 °F Fully cured and water 4 ' :
immersed (72 hrs) 100 min. N. A.
- COHESIOMETER C N. A 100 min.
Value at 140 + 5 , .
Agregate Coating (%) : 50 min. 75(min.

Table 31. Emulsified asphalt-aggregate mixture design critefia
based on Marshall procedures."*

Test Property Minimdiig, | Maximum
Stability, Ib (N) at 72 °F (22.2 °C)

Paving Mixtures 500 (2224) -
Percent Total Voids

Compacted Mik (granular mixes, no
requiremerit for sand) 2 8

Percent Stability Loss

After 4 days soak at 724F (22.2 °C) - 50
Percent Absorbed Moisture ’

After 4 days soak at 72 °F (22.2 °C)
Aggregate Coating, percent
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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 isi\the early
1950’s. From its initial application in private and low volume roads, the matérial 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@round the
- world. The material has also been approved for use by both the Federal Highway
Administration (FHWA) and the Federal Aviation Administration (FAA), Itis
currently used in the construction 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 mixtufes are used on an
annual basis in pavement construction. I

In-service pavements built with LFA mixtures, or lime-cemeént-fly@sh-
aggregate (LCFA) mixtures, have base thicknesses which range from 4 to 6 in (100.to
150 mm) for light duty parking facilities, 496 to 40'in.(150 t0 250 mm) for medium
and heavy duty pavements, and up to 30-in (750 mm} foithe very heavy duty -
pavements. A wearing surface is always used with these matérials. The wearing
surface can be either a bituminous surface treatmeni, for light duty pavements, or hot
mix asphalt concrete ranging ffom 2 t6 6'in (50 to 150 mm) in thickness for medium
and heavy duty pavements. : '

2. TYPES OF FLY ASH

Fly ash is the partigulate 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 mgans such as eyclonic or bag house collectors or with electrostatic
precipitators. The'ollected fly ash is a very finely divided, powdery substance,
comp@sed primarily of silica and alumina, but also containing oxides of iron, calcium,
magnesium and sulfur as secondary ingredients.'?

The chatacterisficdof the fly ash are largely determined by the type of coal
burned, thetype of combustion equipment utilized, type of air quality control
equipment, and the method of handling the fly ash. Estimates of fly ash
characterisfies can be made prior to plant "start-up"; however it is important that the
physical-chémical properties of the fly ash be determined after the plant has reached
a relatively steady state operation.
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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'probléms. .
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 tequire ;
further processmg These fly ashes must be crushed to a reagdnably fine statesbefore
they can be used in mixes (see the discussion of fly ash finefiess below). Conditioned
fly ashes which do not take on a set are chemically and physically stablé 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'ségregatéiby pdtticle size and
may react chemically. These factors can result in fly ashwhich will'niot produce a
product as uniform or as desirable as fly ash whigh,is storéd in the dry or
conditioned state. As a rule, pond ashes aréynot suitable for use in lime-fly ash mixes
except as mineral fillers.

Specifications for drydfly ashdoruselin 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, buhjis 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 fl§ ashiis a moshcritical factor in the reactivity of fly ash,
most specifications for ¢rushed fly ash spesify a fineness in the following range for
production control:

Siéve Size - ‘ Percent Passing
1/2 in (12.2 mm) 100

3/8 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).
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3. SOIL, LIME-FLY ASH REACTIONS

~ Reactions which occur in lime-fly ash-water systems are quite complex.
Several studies have provided basic information pertalmng 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 ettringite."® Low-sulfate sulfoaluminatgs,may also
be formed under favorable conditions.

, The amorphous glassy component in the fly ash provides the consfituent

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(@H);and MgO) and
the fly ash constituents. Since these reactions are also affected(by time and
temperature, the curmg time and curing conditions have a significanf effect on the
properties of the mixes.

The reactivity of fly ash from various sources is quite variabléggFor this reason,
fly ash from each source should be carefully tested for reactivity before approved for
use in LFA and LCFA mixes. Monitoring programs sheuld be set up to establish the
uniformity of the fly ash from each source. Sgveral studiesihaye established some
basic properties of fly ash which are at least indicative of the fly ash
reactivity.(?1%13L1%) These 1nclude

* Increased percentage of fly ash passingthe No. 325 (45 m) sieve, which
increases the pozzolanic acfivities of fly ash®®

Increased surface arga®V

Increased SiO, cbntent??13

Increased Si; + R,0, contenf(R ='Ca** or Mg**)®"

Increased SiO, ¥ Al,O, content®

Low carbon content?

Low 1688 on ignition™

Increased alkaline content®™"

Minnicket. al. emphasized that "no single test on ﬂy ash will predict the
performance of that iaterial in compositions in which it is used", but that "it is far
more preferdble to combine factors or develop multiple factors in makmg
performarice predictions,"®*?

In addition to the primary reaction between lime and the fly ash, the lime may
also react wiith 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, Lime Stabilization.
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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 mixture. Sintilar 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 improvefthe propertiesof fine
grained soils and soil aggregate mixtures. The mechanismi by which this
improvement is achieved and the degree of improvement is grefifly affécted by the
mineralogy and the fineness of the soil. While therethave beéit'a number of
successful applications in which natural fine grained soils have been(ireated with
lime and fly ash, the technology for use of this method of treatmenit is not sufficiently
developed to permit a generalized statement©fithe effect of the treatment on the
soils. Some general considerations for selection of 8bil, type for treatment are given
below.

The methods useddor placing the,\LFA and,LCFA mixtures vary and can have
some effect on performance of the materialy, LFA"or LCFA mixtures which
incorporate fine- or coarse-grained aggregatesican be mixed in-place, but are
generally plant-mixed and _shippedito the site for better uniformity."® LFA and
LCFA mixtures with natural soils aré\generally mixed in-place using dry lime and
dry fly ash, though s@me research has ifwestigated the use of lime-fly ash slurry
pressure injection (LEASPI) to stabilize active clay soils with some success.®

Fly aslies are normally uéed 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
thesfine 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. Ibis 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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mixtures 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 soilsswithilime
and fly ash can be found in reference 145.

Because of the number of variables involved, and the state of technology, each
lime-fly ash-soil mixture must be carefully evaluated for properti€siand
characteristics. ‘

Aggregates

Aggregates which have been successfully used in\LFA mixtures Cover a wide
range of types and gradations, including®ands, gravels, crished stones, and several
types of slag. (See references 129,130,131,146 throughi151).. Aggregates should be of
a gradation such that, when mixed with limie, fly ash and water, the resulting mixture
is mechanically stable under compaction equipmént 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 thCh are free from soft Or, dlsmtegrated pleces

Fine gramed aggrégate mixtures have generally produced materials of greater
durability than coarse grained mixtureés. However, mixtures with coarser aggregate
gradations are genefally ‘hore mechanically stable and may. possess higher strength at
an early age. With fime, however, siixtures with fine-grained aggregates may
ultimately develop strengths whicli equal or exceed those obtained with coarse
grained aggregates. The key to the ultimate strength development lies in the lime-fly
ash matriorather than the aggregate. Newly released guide specifications and ASTM
C593 do not'have,a gradation requirement, but rely solely on the actual cured
strength.*? Typical ‘Apgregate gradations which have been specified for use in LFA
mixtures ar® shown in table 32. Some optimum gradation ranges for well-graded
agbglregates are given in table 33. Other typical requlrements for aggregates appear in
table 34
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Table 32. Typical aggregate specifications for LFA mixtures.

Percent Passing (by weight)
Sleve Siue Illinois Pennsylvania = |  Ohio
2in - 100 100 100
15in 100 - — -~
1in 90-100 --- -— -~
3/4in - 52-100 70-100 ——
1/2 in 60-100 - - 50-85
3/8in - 36-70 58-100 e
No. 4 40-70 24-50 45-80 35-60
No. 8 - -- - 1545
No. 16 - 10-30 25:50 10-35
No. 40 0-25 . — P
No. 50 - - A 3-18
No. 100 -en -— 6-20 -—
No. 200 0-10' 0-10 -— 1-7
0-15?
! Gravel, ? Crushed Stone and Slag,

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

Percent passing (by weight)
Sleve Designation '
(ﬁuare %ninzt A B C
2in 11 R (R
15in - 100 —
1in 55-85 70-95 100
3/4in 50-80 55-85 70-100
No. 4 40-60 40-60. 40-65
No. 40 10-30 10-30 15-30
No. 200 5-15 5-15 5-15
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Table 34. Other typical requirements for aggregates.

Property | Tilinols | Pennsylvania | Ohio | FAA
Sodium Sulfate Soundness (AASHTO- <25% <20% <15% | <12%
T104) .

Los Angeles Abrasion (AASHTO-T9%) | <45% <55% - 2
Plasticity Index _ <9 <6 - <6
Liquid Limit \ - <25 - <25

5. TYPICAL PROPERTIES OF LIME-FLY ASH STABILIZED SOILS"

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

. Thorough mixing is essential for an LFAymixture téydevelop its maximum
possible strength. The time required to achieve @uniformly blended product
depends upon the type and efficiency of the available mixing equipment, mixture
proportions, and to some extenf,)on the ingredients themselves.

~ Because of the combined effects of time and temperature on the strength
development of LFA mixture§ 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 gingle vatiable called a degree-day.’™ Procedures for
establishing reasonable cut-off datesf0r construction based on the degree-day concept
are contained in NCHRP Syntheses 37.13% ’ ‘

Whileeuring at low temperatures retards the reaction process of LFA
mixtures, and almostentirely stops the reaction below 40 °F (4 °C), reduced
temperatures of even fiéezing of the mixtures have no apparent permanent
detrimental gffects on the chemical properties of the constituents."*!% 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.

This continuing pozzolanic
process can manifest itself in a
phenomenon called autogenous
healing, which is one of the

- properties of LFA mixtures and
is discussed later in this
section.161571%) There are a
number of recorded cases where
distressed areas caused by
improper loading of LFA
pavements during the early cure
stages have healed with time.
This can only occur however, if 1pa= 080 10°Po Fr80(CR)
there are sufficient quantities of
unreacted lime and fly ash
available to provide the
necessary reaction components.

COMPRESSIVE STRENGTH (fJ.psi .

Figure 54)Curing tillie effect on strength of LCFA
mixtures at various temperatures.

Admixtures

In an effort to accelerate development of €arly strength and improve the short-
term durability characterigfics of LFA mixtures, thereby permitting extension of the
construction period latér into the fall, admixtures have been added to accelerate or
complement the lime-fly ash reactibns. Most of the work in this area has been with
chemicals in liquié suspension or ifi powdered form. :

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

Cértain 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.
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Compressive Strength 0 1 |

(100 yr.) 1088

i B)

Properly designed LFA
mixtures compacted to a high hLmhy.
relative density and properly 20 | Stoghe
cured may ultimately develop
compressive strengths well in : misen  {
excess of 3,000 psi (20,680 kPa). Stongths
Materials cured for seven days ‘
at 100 °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. ; “o 50 |-

1500 —

COMPRESSIVE STRENGTH, psi

Flexural Strength % o % 5 10,000

LFA mixtures, like alt 1psi= 680 10P AGE IN FIELD, DAYS
granular and/or cementitious
materials, are significantly
stronger in compression thafi'ifi
tension. Thus, the tensilé strength is a'ritical indicator of quality. Because pure
tensile strength is diffictlt to measug® in these types of mixtures, an effective
alternate method of@valuating the tensile capacity is through a determination of the
flexural strength, oF 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
fléxuralite compressive strength for most LFA mixtures is between 0.18 and 0.25. An
average valueof 0.20 for the ratio is a good, conservative, engineering estimate of the
flexural strength, ashis,illustrated in figure 54.9¢?

Figure 53. Effect of age on compressive strength.

| 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 129,162 through
167). These include a strength
loss 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-
thaw (128130,162,165,168)

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 1wi.ssx10%ra

from 0.5 to 2.5 x 10° psi (3.4 to
17.2 x 10° 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 relationiship
using moment as a stress
indicator and curvature as a
strain indicator. The expécted
range of E values for d specific
LFA mixture is a function of
several factors, inparticular the
aggregate charatteristics Suich as
particle hardness and gradation,
the,degree of compaction and
the extént and type oficuring of
the mixture (8ee references 147,
162,169,170/171).
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-~ FUEXURE
1600 |— )
® 00 - ]
[- 8
: ) _
T 100
o
Z o0 4
=
o 800 i
- ,_JL‘X_L._____:
‘00 =/ /S =TT N
- : WixB___ o=
200 . o mmemm TS TEE ‘=*_ﬁx3 |
’ L 30 p ” )

CURING(TIME, DANS

Figure 54. Flexural andcompressive
stréngths of LFA mixtures cured
at ambient temperature.
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Figure 55. Moment-curvature relationship for
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Autogenous Healing

Autogenous healing is the “ T |
ability of LFA mixtures have to healor - :
re-cement across cracks by a self-
generating mechanism, as illustrated in q [ =
figure 55. The degree to which = _—
autogenous healing occurs is z
dependent upon many factors, E 0w —
including: 2 T ~o
* The age at which the mixture 2 wi-/ & < Conchod e 1 oy <
- cracks. y4 [ —
* The degree of contact of the P |
fractured surfaces. o 1 £ | 1
» The curing conditions. ’ "N *
¢ The availability of reaction i- et DAYS ACRELEAATED CURING (100'F) (38'C)
. %?;ﬁ&?igsgiggnfm' Figure 56. Effects of fracture’on strength

of LEA 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 elefents than other materials which
develop. this characteristic to alesser exfént'(see references
129,158,162,163,164,168,174).

Fatigue

Like all paving matérials, LFA mixtures can fail under repeated loading at
stress levels considerably less than thé ultimate stress required to cause failure in a
single load applicatiofi, This,is illustrated in figure 57. However, because of
autogenous healing ¢haracteristics, 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 damage being caused by the repeated
loads.“““yLinless fatigue failure occurs during the first few days of loading, it is
not normally‘a faetor in the performance of these pavements, when properly
designed. :
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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 58.1%162 For
most calculations, Poisson’s ratio
for LFA mixtures can be taken
as between 0.10 and 0.15
without appreciable error.

Coefficient of Thermal
- Expansion

Hardened LFA materials,
like all stabilized paving
materials, are subject to
dimensional changes with
changing temperature. The

coefficient of thermal éxpansion

of LFA mixtures is influenced
primarily by the dggregates and
the moisture content of the
materials, as is* illustrated in
figure 59. Typical values for the

coefficientare about the same as -

for concrete at'the same
moisture cantent, or
approximiately 6 to 10 x 10
inches per inch per degree
Fahrenhgit (see references 149,
156, 157, 162). This similarity
has a serious implication for the
construction of pavement bases
using these mixtures, with

STRESS RATIO*

NUMBER OF CYCLES TO FRACTURE

Figure 57. Fatigue relationship for LFA mixture.

,m —
N
LY

STRESS N PERCENT OF ULTIMATE

0 R] 2 3 4
POISSON'S RATIO

Figure 58. Poisson’s ratio for
various stress levels.
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newer guide specifications requiring sawmg for crack control, and joint sealing in the
asphalt surface.!®

Leaching Potential of Fly 1T ] R I R m— l 771
Ash - ' '
o = Gaturated specimens 1
) € «8.0x 10..
The leachmg p otential for o m=-— u:uwmod specimens 1

fly ash used in soil stabilization
should be determined because of
the possibility that heavy metals
from the ash could migrate to
groundwater systems.'

Research efforts have

investigated the leachability of ok
the two predominant types of fly B \ _
ash; subbituminous fly ash and ¢ V .

€, .sex10®

Cycle period, 48 hours

A '\
AN i
1

CHANGE IN LENGTH, infin
o
~N
N
/)
| i

lignite fly ash./”'™ In two - v -
studies conducted by the A WA ™ 4
Louisiana Department of 4 o o oWy 2 .

Transportation and

Development, fly ash-soil .

mixtures were leached following th -2 8
the E.P.A. multiple extraction

procedure and analyzed by x“l:;egure 59. Change in length of cured LFA
Inductively Coupled Argon R s
Plasma Spectrometry (ICAP).
Table 35 lists the elements of both the lignite and the subbituminous ﬂy ashes, and
the quantities of each elemerif found in‘edch ash type. Also presented in table 35 are
the percentages of the elerfients which were leached from soil-fly ash mixtures which
were prepared using a fly ash-soil rafio of 30:70. '

ZTEMPERATURE, °F

T=h(FR

Neither of the two fly ashes evaluated produced levels of heavy metals in
excess of the Resouree Conservation and Recovery Act (RCRA) Standards, though
bothPreduced heavy metal concentrations exceeding the National Interim Primary
Drinking Water (PDW) Standards with some elements. The elements whjch exceeded
PDW standards fomeach fly ash type are: o

Lignite Subbituminous
Arsenic Arsenic
Cadmium Cadmium
Manganese Iron
Lead
Manganese
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Table 35. Bulk Amlysié and Leachability Potential of
Lignite and Subbituminous Fly Ashes.

! Heavy sietals

| Lignite Fly Ash Subbituminous Fly Ash
| ; Percent Leachate | Percent
Bulk Analysis from 30:70 Bulk Analysis |
1 » (n\i“lilligx'am per Ash:Soil (milligram per 30:70 Ash:Soil
Aluminum
f ! Arsenic® 150 4.30 150.00 3.20
| Cadmium® 3 15.00 1.60 56.30
| Calcium 7,100 100.00 314720.00 > 100.00
| Copper? 140 0.00 220.00 0.00
 tron 61,300 < 0.01 28,240,00 0.04
Lead® 100 0.10 118.00 240
Magnesium 630 100.00 181.00 > 100.00
Manganese® 900 5.30 150.00 9.10
Molybdenum | 20 750 25.00 7.20
Nickel 80 0.80 65.00 5.60
" Phosphorous 350 1.70 5,750.00 055
" Potassium 9,300 020 7,290.00 250
[ siticon 68,400 2.70 225,410.00 0.80
Zinc 60 0.00 153.00 0.00 ||

_ Though no detrimental effects are expected as a result of fly ash stabilization,

further fesearch should be done in this area. The leachability of heavy metal
elements from'BFA 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 a 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

tities (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 gveight 10ss criteria are
specified by the Illinois Department of Transportation and the FAAfas 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 LEAvand LCFA Mixtures

B ——

: Minimum Maximum Weight §
| Comptessive Loss’, percent
Agency Strengfh, psi

ASTM C 593 ' 400 -—
Illinois Department of Transportation 400 10
Ohio Department of Transportatidn 400 10

Pennsylvanid Department of Transportation | not specified 14

Federal Aviation Administration 400 14 N

' Alfter, 12 cycles of {reéeze thaw - ASTM D560, 1 psi = 6.89 x 10° Pa

The a2@sidual strength approach emphasizes that a sliding scale of quality
should be specified, depending on the field service conditions anticipated for the
mixture.?® 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
proportions of lime (cement), fly ash, and aggregate. A flow diagram for the mix

design procedure for LFA and

LCFA mixes is shown in figure
60. The design mixture must
satisfy three criteria:

* Possess adequate
strength and durability
for its designated use,

* Be easily placed and
compacted, and

* Be economical.

~ 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 sgurce
and vary the binder
components. 151164

The quality of LFA and
LCFA mixtures, a8 measured by
thiéin strength and durability, is
closely rélated to the guality of
the cementitiousymatrix'in the
mixture. This mattix’can be
defined@s the lime plus the fly
ash and that portion of the

ESTIMATE FLY ASH
CONTENT TO FILL
VOID8 IN AGGREQGATE

EVALUATE FLY ASH
FORREACTMITY
AND GRADATION

AT THE ESTIMATED OPTIMUM
MOISTURE CONTENT, DETER-
MINE FLY ASH CONTENT TO
PRODUCE MAXIMUM DRY DENITY
OF THE FLY ASH-AGGREGATE MIX

e
ACCEPTABLE

| A

l

USING OPTIMUM FLY ASH
CONTENT, DETERMINE
OPTIMUM MOISTURE CONTENT
OF FLY ASH-AGGREGATE MIX

AT OPTIMUM MOISTURE CON-
TENT, RECHECK MIXES OF
FLY ASH CONTENTS AT 3%
ABOVE AND BELOW OPTIMUM

SATSFACTORY. l

NOT SATISFAGTORY

L

[ EVALUATE LIME ASTM

PREPARE LFAMES AT
OPTIMUMFLY ASHAND
MOISTURE CONTENTS WITH
212, 3 12 AN LIME

——{ ]

| CURE 7 DAYS @ 100°F {360)

|

J | =

| EVALUATE STRENGTH AND DURABILITY

|

|

ACCEPTABLE
ASTM G563

SPECIFY
J0B MIX

| NOT ACCEPTABLE I

I REJECT MX |

Figure 60. Mixture flow diagram.

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.’*® 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 reaction.'*
Also, sand aggregates with single-sized particles and sands devoid of minus No. 200-
sized particles may require high fly ash content to serve as a filler or void reducer as
well as a pozzolan in the mixture (see references 151, 160, 164, 170).

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
achieve 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 maximums@ensity.
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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Figure 61. Variation of maximum density and compressive strength for LFA

The proper proportions of lime to fly ash, or lime to cement to fly ash, must
be based omylaboratory 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
develgpmentdn the'mikture. Lime to fly ash ratios of 1:2 to 1:7 have been evaluated
and founddacceptable, but most mixtures have a ratio of about 1:3 or 1:4 for reasons
of economy and quality.*” '

~ 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@trength for LFA
mixtures.

at 100 °F (38 °C)], and testing for strength, durability, and the rate of strength
development. This last test requires curing at varidus temperatures for varying time
periods. Durability requirements for theselmaterials are given in ASTM C 593.

‘When lime, cement, and fly asliffequirements have been established, the
designated mix must be adjusted to compensate for eenstruction variability. The
amount of adjustment needed'is related to thellevel of quality control provided by
the producer. For typical operations, the lime plus fly ash content should be
increased by about 2 percenféige points, and the lime content by about 0.5 percent.!”?

In some instances, a less strd¢tured approach to mix design is used, and
typical mixture preportions are evaluated for adequacy and quality. As a guide to
selecting appropriate compenent ratios, the four mixtures shown in table 37 have .
provided highly sérviceable mixtures for normal construction operations.

Laboratory Testing Program

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.

isture- ity Relationship. Moisture-density 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 compactive efforts in common use are
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summarized. In each case, 4-in (102-mm) diameter by 4.6-in (117-mm) high, 1/30-cf

(9.4 x 10‘-m’) molds are used.

Itis 1mportant to note that compacted density has a very significant effect on
the cured strength of LFA and LCFA mixtures. Strength or durability criteria based
on one compactive effort cannot be applied to mixtures prepared in accordance with
procedures using other compactive efforts for demgn

Compressive Strength Tests. Standard Proctor-sized specimens (4-ifi f117-mm]

hlgh) 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 norpilly scalped
from the aggregates and discarded. -For fine-grained aggregate mixture§, such as
those containing fine sand, 2-in (51-mm) diameter by 4-in (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.

- Crushed Stofie
82 - 87.5

| Fly Ash 10 {14 10.-18 | 15-30 15-35 |
[ Lime? 25 -4 25:5 | 3-5 3-5
Sieve Size (b) Aggregate Gradation - Percent Passing -

1in 10 | 100 100 100
3/4ifl 904100 90-100 | 100 100
1/2in 60 - 85 60-85 | 100 100
No. 4 50-75 | 50-75 | 90-100 [ 90-100
No. 40 10 - 20 7-15 | 20-40 10 - 40
ﬂNo.loo 2-5 3-6 0-3 0-2

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

Procedure
Designation

Compactive
Effort'

Illinois Department of Transportation - 10/18/3/ 25
§ Ohio Department of Transportation -~ ASTM C593 10/18/3/25
Pennsylvania Department of Transportation PTM 106 - 5.5/12/3/25
[ Federal Aviation Administration FAATo11 | 10/18/6/25

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

It is essential to maintain a closely controlled environfiient dufing the &iring
of LFA and LCFA mixtures because both time and temperature ha¥e a profound
effect on the strength and durability of these mixtures., Curing donditions (time in
days and curing temperature) should always be specified along with the strength
data. The standard curing conditions for these materials\are 7 dayssand 100 °F (38
°C). For evaluation of the rate-of-strength development; other times and
temperatures are specified, such as 28 days at 70 °F,(21 °C), 7 days at 50 °F (10 °C), 14
days at 72 °F (22 °C) and 2 days at 130 °F (54,°C). The imethod for converting various
times and temperatures to equivalent degree-days is explained in reference 134.

Durability Tests. Three prdceduresthave been extensively utilized for
evaluating the freeze-thaw durability of LFA and LCFA mixtures. The freeze-thaw
brushing procedure included in"ASTM D560 1§ basically modeled after the soil-
cement procedure (AASHTQ,T136-70), Application to practical situations is
problematic because the/femperature ¢onditions utilized in the ASTM D560 procedure
do not simulate field ¢onditions.™ The "weight loss" factor determined in the
AASHTO procedure has no physical significance in terms of basic engineering
properties (strengtly, stiffniess, etc.) ,

Automati¢ freeze-thaw testing equipment which accurately simulates field
¢onditions has beer developed which more closely approximates the expected field
conditiondi®® _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
presenteddin reference 131.

The vacuum saturation test procedure now in ASTM C593 is a rapid technique
(approximhately one hour). The justification for using the vacuum saturation is the
excellent correlation between the compressive strengths of vacuum saturation
specimens and freeze-thaw specimens.’' The procedure has been incorporated
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Into a recommended practice for base stabilization prepared th the American Coal
Ash Association (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 & 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 inherentgwariability
and consistency. The handling and curing of this mixture closely followg those for ),
lime or cement stabilization. Adequate compaction is necessary, and maiftenance of
adequate water content for curing are critical to ensure complete developmient of
strengths as determined in the laboratory, and low temperatures shomld be avoided/
The mix design procedures with lime-fly ash is more involveddbecause the proportion
of lime to fly ash must be determined, and then the percentage of thé limesfly 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 widespread application
in the United States because most agencies prefer to utilize one stabilizerand avoid
the handlingwand 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 effectiveness'of the
other in treating a particular aspect or characteristic of a given soil. Fof 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 forsecondary
roads and residential streets. Since portland cement cannot be#asily mixed Wwith
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 siich 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 cofibinatigfiistabilizers, there are four
combination stabilizers which are predominant and thiis,are given the most
consideration. These are:

. Lime-cement

. Lime-asphalt

. Lime-emulsified asphalt

. Cement-emulsified asphait.

Some of the remaining combinations whichhare used throughout the world include:

Rice hiisk, ash (RHA)-lime-cement?”®

RHA - Jime®™

Cinder ash-lime®™”

Gypsum-granulated blast furnace slag-cement-lime('”,
LD convertér slag-lime™

These last fivé 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
chloride.’®"" 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 plastlcnty Cement can then be mixed
with the lime-modified soil to provide rapid strength gain. q

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

Details of cement and cement reactions are discussed in Chdpter 5, While
cement is difficult to use alone for heavy clays or highly plastie@oils, lime can be
used to initiate cation exchange and flocculation-agglomeration reactions which
produce immediate changes by reducing the plasticity and improviiig 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 thaf 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 mixifighin a plant, while more fluid materials may be mixed in-
place with soﬂ-aggregate materials. Although stabilization has been quite effective
with many soils, a major problem if\a decreased resistance to moisture with some
mixtures and thisdnflugnce is more marked with increased temperature.*

Combifiations of lime afid asphalt have been effective in relieving moisture
problems. The addition of lime helps prevent stripping at the asphalt-aggregate
interfaee and increases, the stability of the mixture. This reduction of stripping
potential midintains 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 & 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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strength and water resistance of the lime-asphalt stabilized material can be far greater
than simply the sum of the two binding actions of lime and asphalt taken
separately."® A further observation is that lime improves the workability of some
soil-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 keéy
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 eémulsion
breaks. Curing is the continued process of removing the emulsion water through
evaporation. Thus, curing can only continue until such time as 4 surfacéiis placedy It
curing is not allowed to continue to completion, final strength/may neveér be
achieved. Elevated mixture temperatures and introduction of warious additives into
the emulsion represent the results of research efforts to irftrease tdpid strength gains.
Rapid early strength gain lessens the negative impact of prémature sealisfs of the -
mixture. ' ‘

In recent investigations, hydrated lime ok portland gement 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 accelerateddy the ddditionof cement.” Figure 63, from the
Terrel and Wang study, shows thabwhen an emulsified asphalt mixture is uncured, it
behaves essentially like an untreated granular matérial (i.e., My is stress dependent).
After varying amounts of curing, the material becomes less stress dependent and
more like asphalt concrete. HFigure 64 illustrates how small amounts of portland

cement can enhance the ealy modulus.gair for emulsified asphalt mixtures.

Emulsion mixtures that might not cure o usable strength in a reasonable length of
time (say, because of €ool, damp weather) can be improved through the use of
cement or lime. S¢hmidt and Graf aléo demonstrated high moisture resistance of
emulsified asphalt mixtures pretreated with lime or cement slurries."® Addition of
lime gicement to emulSified asphalt mixtures would probably result in higher
modulus valiies and provide better resistance to water at all stages of curing.

3. SELECTION OF STABILIZER CONTENT

The'gelection 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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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 process suggested in figure 65. In general, combination
stabilizers are best utilized for soils that have more than 25 percent passmg 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 t©
applying the dominant stabilizer. Normally the quantity of the first stabiligér applied
will be less than the second. Approxlmate quantities of combinations ar¢ discussed '

below.

SV
mne P:sgl‘t USE SINGLE
No. 200 SIEVE| STABILIZER
ADD LIME 00
Pha> 30 UNTIL
" : Pl < 30 CEMENT
PASSING
| No. 200 SIEVE — —
EMULSIFIED
PTREY p U0
PERFORM
ATTERBERG =
LIMITS _
. ASPHALT
ADO LIME
UNTIL
Pl < 6
ADD
EMULSIFIED
ASPHALT

Figure 65. Selection of combination stabilizers.
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Approxlmate Quantnues :

Lmlgﬁgm_g_ Since cement cannot be easily mixed with plastnc clays, 1 to 3
percent of lime (by weight) can be first incorporated into the soil before about 3 to 10
t cement is added. The amount of lime and cement added depends on the
of soil. Because of the different reactions, more hydrated lime is required than
quicklime in the: hme-cement mixture to achieve the same end result.

lee-Asghalt 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 niixtures. In
general, 1 to 3 percent of lime (by weight) can be used with 4 to 7 per¢ént asphalt'(by
weight of asphalt) in the mix for soil stabilization purposes.

Lime-Emulsified Asphalt. The addition of a small amiount of dime to
emulsified asphalt mixes at the time the asphalt emulsion i§ added to th€ aggregate
has a profound effect on the rate of strength developmént as wéll as the ultimate
strength level attained. About 1 to 3 percent lime (by Weight) €an be cbmbined with -
4 to 8 percent emulsified asphalt (by weight of residual ‘@sphalt) in‘the mix.

Cement-Emulsified Asphalt. The addition of §iall @mounts 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 fo the same mix without cement.
Care must be taken not to iricorporafe tooimuch ¢ément; a ratio of cement emulsion
on the order of 1 to 5 (based on reésidual asphalt) appears appropriate to ensure
adequate early stiffness without €xcessive embrittlement, or early break in the
emulsion.

Detailed Testing

The quantify of stabilizer to be utilized should be determined by means of
suitable laboratery tests. ‘These atfémpt to simulate field conditions of weathering
and other durability processes and include a strength determination.

Cyulic freeze-thaw or wet-dry actions are the major durability factors that must
be considered for, some ¢ombination stabilizer mixtures. The extent of freeze-thaw
and wet-dry action iSydependent 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.
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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 AASHTO 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)
Jowa freeze-thaw test®?

Automatic freeze-thaw test®

e o ¢ o o o

Further details on these and other tests discussed in this section candbe found in L
Chapter 3. -

- . The techniques for evaluating strength characteristics of lime-
asphalt stabilized matenals depend upongthe soil.type. For fine-grained materials.
these would be absorption tests and Hubbard-Field fests. Fox coarse-grained (gravel,
gravel-sand) materials, tests would include tiié\California Bearing Ratio tests and
triaxial tests. Durability tests for lime-asphalt stabilized materials are similar to those
listed for lime-cement stabilized materialsn, A list ©fitests is given below (further
details on these tests can be found ifl Chapten3:

Absorption test (ASTM € 128) (Fine-grained)

Hubbard-Field test(Fine-grained)

California Be@ring Ratio test (ASTM D 1883) (Coarse-gramed)
- Triaxial test (ASTM D 3397) (Coarse-grained)

Vacuum,satutation test"® (ASTM C 593)

Iowa (freeze-thaw test(®

Aufomatic freeze-thaw test®

e ® o o e o o

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

. Hveem stabilometer test (ASTM D 1560)

. Resilient modulus test (ASTM D 4123)
. Vacuum saturation test’ (ASTM C 593)
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* - lowa freeze-thaw test?”
e Automatic freeze-thaw test®

4.  LIMITATIONS AND PRECAUTIONS
Climatic and/or Construction Limitations

Lime-stabilized soils are relatively slow curing and require some wari
weather to harden p roPerly. Cement hydration also ceases when temperafiirésare
near or below 40 °F."® Lime-cement stabilization therefore should nof be carriedhout
in dold weather. As a general rule, lime-cement stabilization should not be attempted
when the soil temperature is below 40 °F (5 °C) and there is little prospect of the
weather improving in the next day or two. During cold weathéf€onditions, lime-
cement stabilized soils should be protected by a suitable co¥éring of hay, straw or
other protective material to prevent freezing for a period of 7 dayé aften placement
and until they have hardened.

If heavy vehicles are allowed on the lime-cement stabilized soil prior to a 7 to
10-day curing period, damage to the stfucturalglayer may occur. However, light
vehicles may be allowed on the stabilized material With thie expectation that any
damage that is incurred will be sub]ected to autogenous healing as the curing process
contmues‘"’s’ Thxs autogenous healing is depefident on four factors:

Initial curing period before inducementiof flaws
Length of curingperiod after inducement of flaws
Curing conditions

Levels of stabiliZing agents

e o e o

The amount of autogefnous healing seems to be most dependent on the second factor,
the length of the giiring period after inducement of the flaws. This is also related to
the initial curing period in that thé 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'lifie-cement stabilized bases require a wearing surface of at least a
bituminousdeal ¢oat,, An unprotected lime-cement stabilized base has poor resistance
to the abfasive 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 °F (5 °C) 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 shouldnot 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 funoff.
Also, a longer breaking and curing time should be anticipated during pefiods of high
humidity. Temperatures preferably should be above 60 °F (16 °C). During hot, dry-
weather conditions, it is advantageous to moisten the soil prior to_the applxcatxon of
emulsion.

v Heavy vehicles should not be allowed on lime-émulsified asphalt or cement-
emulsified asphalt stabilized soils prior to a 7 to 10 day curing périod in ofder to
avoid damage to the structural layer.

ASafety Precautions

In using lime, contact with quicklime or prolonged cortact of hydrated lime
with moist skin can cause burns or skin rritation. “Adequate protective clothing for
workers is necessary for lime-émulsifiéd and cement-emulsified asphalt stabilization
operations. - Care must also be takeh When heated, asphalit cement is used as a
stabilizing agent.

5. OTHER COMBINATIONS

In addition to the predominant/£ombination stabilizers discussed in the
preceding pages, §eéveral alternativelcombinations have been identified as effective
stabilization material§ around the world. A brief discussion is given here on some of
thes¢ combinations.

Rice Husk Ashy(RHA)-Lime-Cement

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\ Nigeria reported that RHA can be added to lateritic soils (described as
"ferrugmous, vesicular, unstratified and {)orous material with yellow ochres caused
by high iron content) with good success."7® 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 efficient and more cost effective.

Rice Husk Ash-Cinder Ash-Lime

Both RHA and cinder ash have been added to lime-stabilized 86ils in an effort
to improve the strength characteristics of the soils and to reduce the ¢ost of the
stabilization process. Research conducted in India reported thatiadditionof 8 pefcent
RHA or cinder ash to a 5 percent lime-soil material increaséd the CBR values 45 to 50
percent over the addition of just 5 percent lime."” Addition of tliese "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 furiiice Slag-Cement-Lime

Research in Japan was carried out usifig two types of soil (cohesive and sandy)
and various combinations of cementghydrated lime, gypsum and granulated blast
furnace slag as stabilizers"™ Usihg différent combinations and different amounts of
each stabilizing agent, Hasabael al were able to identify the formation of ettringite, a
cement, in the reaction products as one of the eontributing 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 alse 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

LI converterslag is another "waste" 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 stabilization 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 ability to attract and hold mmsture, and to provnde a reduction
in void space in the compacted material. fe

In sohd form it is dehquescent and absorbs moisture dlrectly from the air..
When it is in liquid state, it continues to absorb water from its surroundings, resnstmg
evaporation. This continued attraction for water provides the principal behefit used
in stabilizing unsurfaced aggregate roads. A major problem in these roads is the
maintenance of integrity from dusting. As the compaction moisture evaporates, the
soil binder dries out and is removed. Careful gradation control is needed fo maintain
a natural moisture content in the aggregate. The addition of thé'calcilim chlotidedi

“the aggregate provides a material that maintains a moisture lével 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 moistute condition during
maintenance operations. Increased stren@ths maghalso be realized by the action of the
salt/water combination in the pores of the aggregate.

Application Rates

Quantities may vary slightly with applieation purpose and gradation, but
typical application rates for the flaked calcium'¢hloride 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 reducedyiin fhe range of 0.25 pounds per square yard per inch of
material."®®

Suitable matérials

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 valuéshere would be 5 percent, with typical values in the range of 10
percent for a base colirse, and 20 percent for a wearing surface.
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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 most widely used to improve initial strengths in thé @mulsion 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 rehabilitationglférnatives

or material preparation processes such as soil stabilization, must be evdluated in the
context of the cost effectiveness of one alternative or process over anothér. Such a
cost effectiveness study should consider the life cycle costs of the pavement.

This Chapter contains information describing costs asgociated with soil
stabilization. To assist the engineer in performing economi¢ analyses, a gimplified
economic analysis method is described which illustrates the'step§ an engineer should
follow to perform a suitable economic analysis of roadway network to dllocate his

monetary resources in an optimum manner.

' ’ Table 39. Costs Assocnted w1th Soil
2. COST DATA Stabilization

The cost information presented’in
table 39 was obtained from one
midwestern state and is intended\only
to provide an indication of different Lirtle stabilization subgrade 025
stabilization costs. If costsif6i these
activities are available from local
agencies’ historical records, they shéuld Cement stabilization base 1.60
be substituted apprépriately.

STABILIZATION ACTIVITY | § per
COSTS SY-IN

Cement stabilized subgrade 0.60

Asphalt stabilization base | 1.60
Lime-fly ash stabilization A 1.40

3. . ECONOMIC)ANALYSIS

Cold m-place recyclmg

A'life-gycle cost analysis should
be the dominant fagter 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
topic.18%#19L19% The NCHRP synthesis on "Life-Cycle Analysis of Pavement" by D. E.
Peterson i§ the most comprehensive document available and is recommended for
future information. ) :
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The following cost elements must be considered for both new construction and
rehabilitation:

. Initial construction (of new construction or rehabilitation).
. Future maintenance and rehabilitation.
*  Future salvage value.

Life-cycle costs can be expressed in terms of their "present worth (BW)" or
their "equivalent uniform annual cost (EUAC)". ! The present worth method
converts all future costs to their equivalent present costs using a selectéd discount
rate. The converted future costs can be combined with the initial construction ¢gst to
give a total present worth cost over the analysis period. The equivalent uniform
annual cost method converts this present worth to an equivalent annualcost over the
analysis period.

Analysis Period

The analysis period refers to the time over which the ééenomid analysis is to
be conducted. The analysis period for new pavement design 1s'typically twenty to
forty years, as specified in the 1986 AASHTQiGuide. For rehabilitation work, the
analysis period will usually be shorter, such asten to twenty or more years. An
analysis period of at least ten years is recommended for rehabilitation so that future
costs are reasonably considered.

~ Performance and Design/Period

The performance period is the time between the beginning of the life of an
alternative and the time##hén major rehabilitation will be required. The performance
period may or may nét equal the design period. The design period is how long the
pavement is supposed to last. Feiexarriple, a pavement may be designed for 20
years, but due tofactors not adequately considered in the design such as unexpected
high rate of in¢rease in tfuck 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
tehabilitation alternatives being considered have performed under similar conditions
of climateand 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
should 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 '

o o o o

It should be noted that construction and rehablhtatlon alternatives with large
initial costs and low maintenance or user costs are favored by low interestirates.
Conversely, high interest rates favor strategies that combine low initial‘€osts with
high maintenance and user costs. No general recommendations can bg given for this

value at present

A discount rate of 8 percent has been used in this dxscusslon together witlta
20-year analysis period for the example presented below, afid does‘not génstitute any
recommendation. Present worth factors and capital recovery 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 worthiand the uniform
annual cost methods are illustrated below. Costs are estimated in terms, of dollars
per square yard; however, costs in terms of dollars per lane-mlle are also a

 convenient unit.

Life-cycle costs procedures mayinet be pretise since reliable data for
maintenance, subsequent stages of construction, salvage value, and pavement life are
not always available and it is‘uSually necessaty to apply engineering judgement to
make reasonable estimates. Despite these difficuities, life-cycle cost analysis is
believed to provide the bestipotentialto obtain the greatest service from a pavement
construction or rehabilitation project ‘at the lowest possible costs.

Example Problei'

A nine-mile pavement section is to be constructed in central Texas. Two
pavement sections hiave 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 €rushed stonébase, and 2 inches of asphalt concrete surfacing. Overlays are
scheduled®n a 7-year cycle (table 41). Plan 2 consists of constructing & pavement
containifig 6 inches of lime stabilized subgrade, 8 inches of asphalt treated base, and

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

The following cost estimates were utilized for the initial construction:

. Lime stabilization - $0.25 per yd*in.
*  Asphalt stabilization - $0.80 per ydin.
. Crushed stone base - $0.50 per yd*-in.
. Asphalt concrete - $1.00 per yd%in..

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

From both a present worth and uniform annual cost bagis with ar 8 pereéit

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 lifé, maifitenafice costs,

rehabilitation costs, and discount rates were made. Fok example, if a lower discount
rate were utilized, Plan 2 would be favored over Plan'l., 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®f Plandhever 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 galculatibn'sheet for a fehabilitation alternative. The
present worth and capital recovery factor values cafi be substituted as required.
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Table 40. Present Worth and Capital Rééovery Factors

PRESENT WORTH FACTOR

| CAPITAL'RECOVERY FACTOR |

161

INTEREST RATE(%) - - INTEREST RATE(%)
6 7 | -6 | 7 -
1 o 1.06000
3 08900 | 0873 08573 | 054544 | 055309 | 4056077
3 083% | 08163 | 07938 | 037411 | 038105 | 038803
4 0.7921 0.7629 07350 | 028859 | 029523 |\ 030192 H
. 5 | o7 | omso | oesos | 02370 | 4D24385 | o2sedal
o | 6 | ozoso | oeses | 06302 | 020336 | 020080 | @163z
7 06651 | 06227 | 05835 | oa76ma | 0fssss | 019207
| s | oscra | oss20 | os408 | 016100\ o1erar | oa7acn |
[ o | oso9 | osa39 | <002 Jpoaaroz’ |\ 015349 | 0.16008
10 05584 | 05083 | 04637 | 0135870 014238 | 014903 |
f 11 | o528 | 04751 [ 04289 “[ho012679 | 013336 | 0.14008 l
12 04970 | Dsad | 089 | Ohe2s | o129 | o132r0 |
13 | odess | 04180 | 03677 W 011296 | 011965 | oazes2 |
I 14 | o423 Jfwwaers | 03405 | o108 | o1ess | 02130 |
I 15 | oazd | ose2a | Omis2 | 010296 | 010979 | 011683 n
16 0393 \ | 03367) | 02019 | 009895 | 010586 | 011298 | -
17 4\ 03714 [no03166 | 02708 | 009544 | 010243 | 00963 |
18 - 0.3505 0.2959 02502 | 0.09236 0.09941 0.10670
19 0.3305 02765 | 02317 0.08%2 | 00975 | 0.10413 u
20 | 02584 02145 008718 | 009439 | 0.10185 Jl




Table 41. Economic Analysis of Plan 1

COST,DOLLARS PER rxsssﬁ%wonm PRESENT WORTH
SQUARE YARD FACTOR, 8% DOLLARS
7.50 initial construction |
1
2 0
3 0.07 routine maintenance 0.7938 0.056 _
4 0.10 routine maintenance 07350 0074 | "
5 0.12 routine maintenance 0.6806 , : 0.082
6 ~ 0.12 routine maintenance 06302 | 0.076
7 1.8 2-inch overlay ~ 05835| 1.050
8 ‘ ‘ 05403
9 _ 0.5002
10 | 007 routine maintenfnée 0.4632 10,032
I ¥ 0.10 routine maintenance ‘ 0.4289 0.043
12 0.12 routinie maintenance 0.3971 0048
13 0.12 rodtihe majditenance 0.3677 0044
14 1.8 2-inch overlay 0.3405 0.613
[ 15 | | 03152
II 16 | 02919
17 0.07 routine maifilenance 02703 0.019
18 0.10 routine maintenance 0.2502 0.025
19 | 0.12 routif@bintenance 102317 0.028
20 0.12 routine maintenance 0.2145 0.026
TOTAL =) 1233 | TOTAL = 9.716
\ UMIFORM ANNUAL COST =  PRESENT WORTH x CAPITAL RECOVERY FACTOR

9.716 x 0.10185

0.990
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Table 42. Economic Analysis of Plan 2

(T

compoutert | womrd |
_‘ v FACTOR, 8% '
9.90 initial construction 1.0000 . :
[ 2 |
| E 07938 1
4 0.7350 H
5 0.6806 )
6 0.6302 -
-7 0.5835
Il 8 0.07 routine maintenance 05403 . 0,038
-9 0.5002
10 0.10 routine maintenance 04632 0.046
11 | 04289
12 0.12 routine maifitenance 0.3971 0.048
13 0.3677 'I
14 0.12 routine maintenarce : 0.3405 0041
15 | 03152 |
16 0.12 routirle maintenance 02919 0.035 "
“ 17 ‘ 0.2703 )
18 0.12 routine maintenante 0.2502 © - 0.030
.19 0.2317
20 0.12 routine maintenance 02145 - - 0.026 -

- TOTAL = 10.67

UNIFORM ANNUAL COST =

TOTAL

[}

—
f=4
ot
R

PRESENT WORTH x CAPITAL RECOVERY FACTOR

10.160 x 0.10185

= 1.035
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Table 43. Calculation Form for Economic Analysis

PRESENT PRESENT

'COST, DOLLARS PER
YEAR SQUARE YARD FA?%I{IT_% " DOLLARS
INITIAL
COST
1
2
3
—
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20

TOTAL = TOTAL =
UNIFORM ANNUAL COST = PRESENT WORTH x CAPITAL RECOVERY
FACTOR
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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 wheréby the
purchasing agency such as the State Highway Agency (SHA) makes cerfain that the
material it is purchasing for use in its pavements meets the specifications established
for that material. Quality control, often termed process control J@sting 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 gxpecte@l matérials that
will meet the established specifications for that material.4 Quality/©€ontrol festing
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 féquirements'that are not normally
encountered during the more common types of €onstruction conducted during the
construction of a pavement project. Life, eement, asphalt, and lime-fly ash are
discussed here, being the main stabilizatiort 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 personmel.

2. SCOPE

Chapter 3 of Volume Il preserited detailed laboratory procedures to be used to
determine optimuin stabilizer contents to ensure adequate strength or-durability in
the finished product. ) Additionally, individual chapters provide detailed
cofisiderations to be cbserved during the construction of each stabilizer type. Quality
confrol inthe field cannot be achieved if the field personnel do not understand the
engineering functioniof 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 II 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 b€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 construiction
sequence. This sequence, as detailed elsewhere is very simildf for all stabilization
procedures, mainly:

Pulverization and/or scarification of the €andidaté material
Application of the correct stabilizer amount

Uniform mixing of the stabilizer

Time sequencing of the operatiort

Compaction

Curing

The different stabilizéradditives used may tequire 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 rfiost commonly performed on aggregates or low plasticity material
which can be efaluated with gradation testing for compliance Pulverization for
mixing is normally controlled by the percent passing the #4 sieve, which can be easily
evélliated in the field as required.

Stabilizer Amount

Lifie, 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.

182




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'teéguired 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 timingmiéhbe so lengthy
that the water content is evaporated before the mixture is cofipacted. The water
content must remain at optimum at the time of compaction. Asphdlt stabilization
with cutbacks or emulsions requires a different timing sequénced The mixing must
continue until the cutbacks begin to evaporate, or the emulsion begins 0 break as
indicated by the change in color from brown to black. this mixing périod is termed
aeration, and is essential to the production of ahigh quality bituminous stabilized
material. Aeration should continue until the mixturesbecomes tacky. '

Compaction

Density should be carefully £ontrolled 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, cementgand limeésfly ash should begin immediately after the
mixing. Delays of morefthan several days will damage the materials and require
their removal. Asphalt stabilizationfcannot 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,
andlime-flyz ash stabilized materials. Moist curing involves the application of light
amoulits'of water to the surface of the compacted material to prevent evaporation of
the watér in the mixture. Care must be taken with lime stabilization not to allow the
mixture {6 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 of ppen surface are recommended. When the
layer is a structural layer, and/or the environment is not conducive, the@urface 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 hefe représent thetests
necessary to evaluate the composition and quality of the maférials and the
stabilization process. Given the speed of current construction proéedures, the
specifications should very clearly indicate what tests ai€\going o be taken, how often
they will be taken, and how they will be used to establish qualifys, It i€ fiot sufficient
to take tests on a haphazard manner with inconsistent samipling schiedules. The use
of statistics to evaluate the test results ane relate them to the entire production is
mandatory to keep testing in line with consttuction"andyprovide accurate
determinations of quality of production.

Many of the tests des¢tibed il Chapter 3, andihere, can be used in a statistical
sampling program to evaluate the guality of mixture. The specific tests and their
frequency must be established to maintain thelow-cost nature of soil stabilization,
but provide the required level of assuxance that the desired product is being
produced. The SHA musf accept the faet that some bad material will be produced
-and used in their pavenient. Likewise, thé)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 of neitherparty will be happy with the product.

There are'a number of statistical based quality control plans currently in use.
Mdiiypsates are using such plans for their bituminous production, and while
stabilizatiomyis not as rigerous as asphalt concrete production, the essential elements
of the process afesthe samie. An adequate statistical quality control procedure should
recoghize the foliowing:

. 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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