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Project Description

The development of agriculture, the distribution
of food, the provision of health services, and the
access to information through educational ser-
vices and other forms of communication in rural
regions of developing countries all heavily de-
pend on transport facilities. Although rail and
water facilities may play important roles in cer-
tain areas, a dominant and universal need is for
road systems that provide an assured and yet
relatively inexpensive means for the movement
of people and goods. The bulk of this need is for
low-volume roads that generally carry only 5 to
10 vehicles a day and that seldom carry as many
as 400 vehicles a day.

The planning, design, construction, and
maintenance of low-volume roads for rural re-
gions of developing countries can be greatly en-
hanced with respect to economics, quality, and
performance by the use of low-volume road
technology that is available in many parts of the
world. Much of this technology has been pro-
duced during the developmental phases of what
are now the more developed countries, and
some is continually produced in both the less
and the more developed countries. Some of the
technology has been documented in papers, ar-
ticles, and reports that have been written by ex-
perts in the field. But much of the technology is

Descripcion del proyecto

En las regiones rurales de paises en desarrollo,
el desarrollo de la agricultura, la distribucién de
viveres, la provision de servicios de sanidad, y
el acceso a informacion por medio de servicios
educacionales y otras formas de comunicacién,
dependen en gran parte de los medios de trans-
porte. Aunque en ciertas areas los medios de fe-
rrocarril y agua desempenan un papel impor-
tante, existe una necesidad universal y domi-
nante de crear sistemas viales que provean un
medio asegurado pero relativamente poco cos-
toso para el movimiento de gente y mercancias.
La mayor parte de esta necesidad se soluciona-
ria con la construccién de camines de bajo vo-
lumen que generalmente moverian Unicamente
de 5 a 10 vehiculos por dia y que pocas veces
moverian tanto como 400 vehiculos por dia.

El planeamiento, disefio, construccion y man-
tenimiento de caminos de bajo volimen para
regiones rurales de palses en desarrollo pueden
ser mejorados, con respecto al costo, calidad, y
rendimiento, por el uso de la tecnologia de ca-
minos de bajo volimen gue se encuentra dispo-
nible en muchas partes del mundo. Mucha de
esta tecnologia ha sido producida durante las
épocas de desarrollo de lo que ahora son los
paises mas desarrollados, y alguna se produce
continuamente en estos palses asi como en los
paises menos desarrollados. Parte de la tecno-
logia se ha documentado en disertaciones, arti-
culos, e informes que han sido escritos por ex-
pertos en el campo. Pero mucha de la tecnolo-
gia no esta documentada y existe principal-
mente en la memoria de aquellos que han desa-

Description du projet

Dans les régions rurales des pays en voie de
développement, 'exploitation agricole, la distri-
bution des produits alimentaires, 'accés aux
services médicaux, 'acces aux matériaux et aux
marchandises, a I'information et aux autres ser-
vices, dépendent en grande partie des moyens
de transport. Bien que les transports par voie
ferrée et par voie navigable jouent un réle impor-
tant dans certaines régions, un besoin dominant
et universel éxiste d'un réseau routier qui puisse

assurer avec certitude et d’'une fagon relative-
ment bon marché, le déplacement des habi-
tants, et le transport des marchandises. La plus
grande partie de ce besoin peut étre satisfaite
par la construction de routes a faible capacité,
capables d’accommoder un trafic de 5 a 10 vé-
hicules par jour, ou plus rarement, jusqu’a 400
véhicules par jour.

L'utilisation des connaissances actuelles en
technologie, qui sont accéssibles dans beau-



undocumented and exists mainly in the minds of
those who have developed and applied the
technology through necessity. In either case,
existing knowledge about low-volume road
technology is widely dispersed geographically,
is quite varied in the language and the form of its
existence, and is not readily available for appli-

the planning, design, construction, and mainte-
nance of low-volume roads. With advice and
guidance from a project steering committee,
TRB defines, produces, and transmits information
products through a network of correspondents in
developing countries. Broad goals for the ulti-
mate impact of the project work are to promote

Vi

cation-to-the-needs of developing countries:

In October 1977 the Transportation Research
Board (TRB) began this 3-year special project
under the sponsorship of the U.S. Agency for In-
ternational Development (AlD) to enhance rural
transportation in developing countries by provid-
ing improved access to existing information on

cffc\/t;vc {se Uf {o) iot;llg ;nfunnaﬁuu ;ll t;llj
economic development of transportation infra-
structure and thereby to enhance other aspects
of rural development throughout the world.

In addition to the packaging and distribution
of technical information, personal interactions
with users are provided through field visits, con-

rrollado y aplicado la tecnologia por necesidad.
En cualquier caso, los conocimientos en exis-
tencia sobre la tecnologia de caminos de bajo
volumen estan grandemente esparcidos geogra-
ficamente, varian bastante con respecto al idio-
may su forma, y no se encuentran facilmente
disponibles para su aplicacion a las necesida-
des de los paises en desarrollo.

En octubre de 1977 el Transportation Re-
search Board (TRB) comenzé este proyecto es-
pecial de tres afios de duracion bajo el patroci-
nio de la U.S. Agency for International Develop-
ment (AlD) para mejorar el transporte rural en
los paises en desarrollo acrecentando la dispo-

nibilidad de la informacién en existencia sobre
el planeamiento, disefio, construccion, y man-
tenimiento de caminos de bajo volumen. Con el
consejo y direccion de un comité de iniciativas
para el proyecto, el TRB define, produce, y
transmite productos informativos a través de una
red de corresponsales en paises en desarrollo.
Las metas generales para el impacto final del
trabajo del proyecto son la promocién del uso
efectivo de la informacién en existencia en el
desarrollo econdémico de la infraestructura de
transporte y de esta forma mejorar otros aspec-
tos del desarrollo rural a través del mundo.
Ademas de la recoleccion y distribucion de la

coup de pays, peut faciliter I'étude des projets
de construction, tracé et entretien, de routes a
faible capacité dans les régions rurales des
pays en voie de développement, surtout en ce
qui concerne 'économie, la qualité, et la perfor-
mance de ces routes. La majeure partie de cette
technologie a été produite durant la phase de
développement des pays que 'on appelle main-
tenant développés, et elle continue a étre pro-
duite a la fois dans ces pays et dans les pays en
voie de développement. Certains aspects de
cette technologie ont été documentés dans des
articles ou rapports écrits par des experts. Mais
une grande partie des connaissances n’existe
que dans 'esprit de ceux qui ont eu besoin de
développer et appliquer cette technologie. De
plus, dans ces deux cas, les écrits et connais-
sances sur la technologie des routes a faible
capacité, sont dispersés géographiqguement,
sont écrits dans des langues différentes, et ne
sont pas assez aisément accessibles pour étre

appliqués aux besoins des pays en voie de dé-
veloppement.

En octobre 1977, le Transportation Research
Board (TRB) initia ce projet, d’'une duré de 3 ans,
sous le patronage de I'U.S. Agency for Interna-
tional Development (AID), pour améliorer le tran-
sport rural dans les pays en voie de dévelop-
pement, en rendant plus accessible la docu-
mentation existante sur la conception, le tracé,
la construction, et I'entretien des routes a faible
capacité. Avec le conseil, et sous la conduite
d'un comité de direction, TRB définit, produit, et
transmet cette documentation a I'aide d’un ré-
seau de correspondants dans les pays en voie
de développement. Nous espérons que le résul-
tat final de ce projet sera de favoriser I'utilisation
de cette documentation, pour aider au dévelop-
pement économique de l'infrastructure des tran-
sports, et de cette fagon mettre en valeur d’au-
tres aspects d'exploitation rurale a travers le
monde.




ferences in the United States and abroad, and
other forms of communication.

Steering Committee

The Steering Committee is composed of experts
who have knowledge of the physical and social
characteristics of developing countries, knowl-
edge of the needs of developing countries for
transportation, knowledge of existing transporta-
tion technology, and experience in its use.
Major functions of the Steering Committee are
to assist in the definition of users and their
needs, the definition of information products that
match user needs, and the identification of in-
formational and human resources for develop-
ment of the information products. Through its

membership the committee provides liaison with
project-related activities and provides guidance
for interactions with users. In general the Steer-
ing Committee gives overview advice and direc-
tion for all aspects of the project work.

The project staff has responsibility for the pre-
paration and transmittal of information products,
the development of a correspondence network
throughout the user community, and interactions
with users.

Information Products

Three types of information products are pre-
pared: compendiums of documented informa-
tion on relatively narrow topics, syntheses of
knowledge and practice on somewhat broader

informacién técnica, se provee acciones reci-
procas personales con los usuarios por medio
de visitas de campo, conferencias en los Esta-
dos Unidos de Norte Ameérica y en el extranjero,
y otras formas de comunicacion.

Comité de iniciativas

El comité de iniciativas se compone de exper-
tos que tienen conocimiento de las caracteristi-
cas fisicas y sociales de los paises en desarro-
llo, conocimiento de las necesidades de trans-
porte de los paises en desarrollo, conocimiento
de la tecnologia de transporte en existencia, vy
experiencia en su uso.

Las funciones importantes del comité de ini-
ciativas son las de ayudar en la definicion de
usuarios y sus necesidades, de productos in-
formativos que se asemejan a las necesidades
del usuario, y la identificacion de recursos de

conocimientos y humanos para el desarrollo de
los productos informativos. A través de sus
miembros el comité provee vinculos con activi-
dades relacionadas con el proyecto y también
una guia para la interaccién con los usuarios. En
general el comité de iniciativas proporciona
consejos y direccion general para todos los as-
pectos del trabajo de proyecto.

El personal de proyecto es responsable de la
preparacion y transmision de los productos in-
formativos, el desarrollo de una red de corres-
ponsales a través de la comunidad de usuarios,
y la interaccion con los usuarios.

vii

Productos informativos

Se preparan tres tipos de productos informati-
vos: los compendios de la informacién docu-
mentada sobre temas relativamente limitados, la
sintesis del conocimiento y préctica sobre temas

En plus de la dissémination de cette docu-
mentation technigque, des visites, des conféren-
ces aux Etats Unis et a I'étranger, et d’autres
formes de communication permettront une inte-
raction constante avec les usagers.

Comité de direction

Le comité de direction est composé d'experts
qui ont a la fois des connaissances sur les ca-
ractéristiques physiques et sociales des pays en
voie de développement, sur leurs besoins au
point de vue transports, sur la technologie ac-
tuelle des transports, et ont aussi de I'expé-
rience quant a l'utilisation pratique de cette
technologie.

Les fonctions majeures de ce comité sont
d’abord d’aider a définir les usagers et leurs be-
soins, puis de définir leurs besoins en matiére

de documentation, et d’identifier les ressources
documentaires et humaines nécessaires pour le
développement de cette documentation. Par 'in-
termédiaire des ses membres, le comité pourvoit
a la liaison entre les différentes fonctions relati-
ves au projet, et dirige I'interaction avec les
usagers. £n général, le comité de direction
conseille et dirige toutes les phases du projet.

Notre personnel est responsable de la prépa-
ration et de la dissémination des documents, du
développement d'un réseau de correspondants
pris dans la communauté d’'usagers, et de l'inte-
raction avec les usagers.

La documentation

Trois genres de documents sont preparés: des
recueils dont le sujet est relativement limité, des
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subjects, and proceedings of low-volume road
conferences that are totally or partially sup-
ported by the project. Compendiums are pre-
pared- by project staff at the rate of about 6 per
year; consultants are employed to prepare
syntheses at the rate of 2 per year. At least one
conference proceedings will be published dur-
ing the 3-year period. In summary, this project
aims to produce and distribute between 20 and
30 publications that cover much of what is
known about low-volume road technology.

Interactions With Users

A number of mechanisms are used to provide in-
teractions between the project and the user

community. Project news is published in each
issue of Transportation Research News. Feed-
back forms are transmitted with the information
products so that recipients have an opportunity
to say how the products are beneficial and how
they may be improved. Through semiannual vis-
its to developing countries, the project staff ac-
quires firsi-hand suggestions for the project
work and can assist directly in specific technical
problems. Additional opportunities for interaction
with users arise through international and in-
country conferences in which there is project
participation. Finally, annual colloquiums are
held for students from developing countries who
are enrolled at U.S. universities.

un poco mas amplios, y los expedientes de
conferencias de caminos de bajo volumen que
estan totalmente o parcialmente amparados por
el proyecto. El personal de proyecto prepara los
compendios a razén de unocs 6 por afo; se utili-
zan consultores para preparar las sintesis a
razén de 2 por ano. Se publicara por lo menos
un expediente de conferencia durante el pe-
riodo de tres anos. En breve, este proyecto pre-
tende producir y distribuir entre 20 y 30 publica-
ciones que cubren mucho de lo que se conoce
de la tecnologia de caminos de bajo volumen.

Interaccion con los usuarios

Se utilizan varios mecanismos para proveer las
interacciones entre el proyecto y la comunidad
de usuarios. Se publican las noticias del pro-

yecto en cada edicién de la Transportation Re-
search News. Se transmiten, con los productos
informativos, formularios de retroaccién para
que los recipientes tengan oportunidad de decir
como benefician los productos y cémo pueden
ser mejorados. A través de visitas semianuales a
los paises en desarrollo, el personal del pro-
yecto adquiere directamente de fuentes origina-
les sugerencias para el trabajo del proyecto y
puede asistir directamente en problemas técni-
cos especificos. Surgen oportunidades adicio-
nales para la interaccién con los usuarios a tra-
vés de conferencias internacionales y naciona-
les en donde participa el proyecto. Finalmente,
se organizan didlogos con estudiantes de pai-
ses en desarrollo que estan inscriptos en uni-
versidades norteamericanas.

synthéses de connaissances et de pratique sur
des sujets beaucoup plus généraux, et finale-
ment des comptes-rendus de conférences sur
les routes a faible capacité, qui seront organi-
sées complétement ou en partie par notre projet.
Environ 6 recueils par an sont preparés par no-
tre personnel. Deux synthéses par an sont écri-
tes par des experts pris a 'extérieur. Les
comptes-rendus d’au moins une conférence se-
ront écrits dans une période de 3 ans. En ré-
sumé, I'objet de ce projet est de produire et dis-
séminer entre 20 et 30 documents qui couvriront
I'essentiel des connaissances sur la technologie
des routes a faible capacité.

Interaction avec les usagers

Un certain nombre de mécanismes sont utilisés
pour assurer l'interaction entre le personne! du

projet et la communauté d’'usagers. Un bulletin
d’'information est publié dans chague numéro de
Transportation Research News. Des formulaires
sont joints aux documents, afin que les usagers
aient 'opportunité de juger de la valeur de ces
documents et de donner leur avis sur les
moyens de les améliorer. Au cours de visites
semi-annuelles dans les pays en voie de déve-
loppement notre personnel obtient de premiére
main des suggestions sur le bon fonctionnement
du projet et peut aider a résoudre sur place cer-
tains probléemes techniques spécifiques. En ou-
tre, des conférences tenues soit aux Etats Unis,
soit a I'étranger, sont I'occasion d’'un échange
d'idées entre notre personnel et les usagers.
Finalement, des colloques annuels sont or-
ganisés pour les étudiants des pays en voie de
développement qui étudient dans les universités
américaines.
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Overview

Background and Scope

Compendium 7: Road Gravels states that low-
volume roads are constructed mostly of soils.
When these soils are coarse granular materials
at the proper gradation, a road surface that-has
a load-bearing capacity can be constructed
using mechanical or granular stabilization. The
proper blend of particle sizes produces an inter-
locking effect, or mechanical strength, when it is
properly compacted at or near optimum mois-
ture content.

Coarse granular materials, or gravels, are not
always available within an economic haul dis-
tance of a road construction site, especially in
many developing areas of the world. When a
simple track is constructed with in situ material,
the problem of inferior materials can be solved

by closing the road during periods when it is
structurally unsound due to excessive moisture
content, i.e., during the rainy season. During the
dry-season;road-users-grope their-way - through
clouds of dust, following ruts and avoiding
potholes because of the difficulty in maintaining
a reasonable running surface at a justifiable cost
on a road constructed of inferior material.

These conditions are accepted by the road
user when the traffic volume is low. However, as
the traffic increases — especially if the traffic is
commercial in nature, i.e., trucks and buses try-
ing to operate at a profit—added pressure is
placed on the roadbuilder to improve the riding
characteristics and all-weather capability of the
roadway.

Vista General

Antecedentes y alcance

En el Compendio 7: Gravas se dice que |os
caminos de bajo volumen se construyen
mayormente de suelos. Cuando estos suelos
son de material granular tosco en la correcta
graduacion, se puede construir una superficie
de camino con capacidad de carga utilizando la
estabilizacion mecanica o granular. La mezcla
correcta de tamanos de particula produce un
efecto de engranaje, o resistencia mecanica,
cuando se compacta correctamente con
humedad éptima o casi ¢ptima.

Los materiales granulares toscos, o0 gravas,
no siempre se encuentran a distancias
econdmicamente factibles para su transporte

hasta la zona de construccion, especialmente
en muchas de las areas en desarrollo a través
del mundo. Cuando se construye un sendero
sencillo con materiales in situ, para solucionar el
problema de los materiales inferiores se puede
clausurar el camino durante los periodos
cuando es estructuralmente defectuoso debido
a excesiva humedad, es decir, durante la época
de lluvia. Durante la época de sequia, l0s
usuarios pasan por grandes nubes de polvo y
sobre roderas y baches porque es dificil man-
tener una superficie de rodamiento razonable a
un costo justificable en un camino construido
con materiales inferiores.
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Expose
Historique et objectif

Dans le recueil no. 7, nous avons formulé que
les routes a faible capacité sont, la plupart du
temps, des routes de terre. Quand cette “terre”
est constituée par des matériaux granuleux
grossiers, de granulométrie adequate, on peut
obtenir, a l'aide de la stabilisation mécanique,
une route dont la surface aura une bonne capa-
cité de portance. La compaction d'un mélange
adéquat de grains de dimensions différentes,
résulte en un phénomene d’accrochage ou ré-
sistance mécanique, quand ce mélange est

compacté a, ou presqu'a, sa teneur en eau op-
timale.

|Les matériaux granuleux grossiers, ou gra-
viers, ne se trouvent pas toujours a une distance
de transport économique, surtout dans les pays
en voie de développement. Quand il s'agit d'une
simple piste de terre construite de matériaux in
situ, on peut résoudre le probléme de la gualité
inférieure de ces matériaux en interdisant I'ac-
cés a cette piste durant la saison des pluies,
quand I'humidité excessive la rend dangereuse.
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Improving road surfaces made from inferior
material is neither inexpensive nor simple. It is
accomplished by the addition of some alien
material or combination of materials that react
chemically with the native soil to improve its
physical properties. The selection of the chemi-
cal additives, commonly called stabilizers or

binders, differs depending.on the classification
of the native soil to be stabilized.

Rationale for This Compendium

Many additives can be used to chemically
stabilize soils. Some additives — for example,

molasses, salt, fly ash, phosphates, and lignin
sulfonate — are products of local industries.
These additives are of limited interest because
their use is restricted to those small areas where
they are available at a reasonable cost. Although
their use should certainly be investigated by
highway engineers who have access to such
products, Compendium 8.is.concerned with -
more widely available stabilizers, i.e., lime, ce-
ment, and asphaltic or bituminous products.
Chemical stabilization involves a series of
problems. All must be solved successfully to
construct a suitable roadway. Because of the
number and variety of these problems, many

El usuario acepta estas condiciones cuando
el volimen de transito es bajo. Sin embargo,
cuando el transito aumenta — especialmente si
es comercial, es decir, camiones y autobuses
utilizados con fines lucrativos — se presiona al
constructor de caminos para que mejore las
caracteristicas de rodamiento y la capacidad
para toda temporada del camino.

No es barato ni simple mejorar las superficies
de camino hechas de material inferior. Se realiza
anadiendo algun material ajeno o combinacién
de materiales que reaccionan quimicamente
con el suelo nativo para mejorar sus pro-
piedades fisicas. La seleccion de estos aditivos
quimicos, llamados estabilizadores o aglu-
tinantes, depende de la clasificacién del suelo
nativo a estabilizarse.

Exposicion razonada para
este compendio

Hay muchos aditivos que se pueden utilizar
para estabilizar los suelos quimicamente. Al-
gunos aditivos — por ejemplo, melaza, sal,
ceniza volatil, fosfatos y sulfonato de lignina —
son productos de industrias locales. Estos pro-
ductos son de interés limitado ya que su utiliza-
cion se limita a aquellos lugares donde se
pueden obtener a costo razonable. Sin duda al-
guna deben ser investigados por aquellos in-
genieros que tienen acceso a tales productos,
pero el Compendio 8 se interesa en los estabili-
zadores obtenibles en cualquier lugar, es decir,
cal, cemento, y productos asfalticos o
bituminosos.

Pendant la saison séche, les usagers de la piste
avancent a tatons a travers des nuages de
poussiere, en suivant les orniéres, et en es-
sayant d'eviter les nids de poule, tout cela car il
est difficile de garantir une surface de roulement
adéquate pour un prix justifié, quand cette piste
est construite en matériaux de qualité inférieure.

L'usager acceptera ces conditions si la circu-
lation est trés modeste. Par contre, quand la cir-
culation augmente, particulierement si celle-ci
devient commerciale, c’est a dire inclut des ca-
mions et des autocars essayant d’opérer & pro-
fit, la situation change et on va faire pression sur
les responsables du réseau routier pour obtenir
une route praticable en toutes saisons et ayant
une bonne qualité de roulement.

L'amélioration des routes construites avec des
matériaux de qualité inférieure, est une opéra-
tion qui n‘est ni simple, ni peu onéreuse. Cette
opération consiste a ajouter un ou plusieurs ma-
tériaux, de fagon a obtenir une réaction chimi-
que quand ils sont mélangés au matériau in situ,
qui améliorera ses propriétés physico-

mecaniques. La sélection de ces adjuvants
chimiques dépend de la classification du sol
que 'on veut stabiliser chimiquement.

Objet de ce recueil

On peut utiliser toute une gamme d’adjuvants
pour effectuer la stabilisation chimique des sols.
Certains d'entre eux peuvent étre les produits
d'industries locales, tels que la mélasse, le sel,
les cendres volantes, les phosphates, le ligno-
sulfite de sodium (sous-produit de la fabrication
de la pate a papier). Ces adjuvants sont d'un in-
terét limité car leur utilisation est restreinte aux
endroits ol on peut se les procurer a des prix
raisonnables. Bien que, dans ces conditions,
I'utilisation de ces produits devrait certainement
étre considérée par les ingénieurs routiers, nous
allons examiner dans ce recueil, les stabilisants
les plus usuels que I'on peut trouver partout: la
chaux, le ciment, et les produits bitumineux.

La stabilisation chimique des sols implique
une série de problémes que I'on doit résoudre




engineers have had unpleasant experiences
with soil stabilization projects. This compendium
identifies and offers solutions to some of these
concerns.

The first problem relates to the identification of
the soil or soils to be stabilized on a given proj-
ect. Because various soils react differently with

engineers who attempt to make use of these
tests should watch for the following:

1. Any test procedure should be read care-
fully to determine whether the percentages ref-
erenced are by volume of dry material or by dry
weight of material. A further precaution to be
taken with bituminous cutback or emulsified

gach stabilizer, poor identitication of solls-leads
to the improper selection of a stabilizing agent.
Furthermore, a few soils cannot be stabilized
with any degree of assurance using any of the
conventional stabilization methods. Once the soil
has been identified, the stabilizing material can
be determined.

A second problem is determining the amount
of stabilizing agent to use. Various laboratory
tests are outlined in the selected texts to deter-
mine the needed admixture rates. Inexperienced

material is to check whether the percentage
specified (either by weight or volume) is for the
entire material as applied or only for the asphal-
tic cement portion of the material.

2. The soils used in the test procedures must
be representative of the soils in the field. The
test results are not transferable to other soils.

3. The stabilizing agent, the water used, and
the curing temperature affect the test results.
They should be consistent throughout the testing
procedures, and they should be representative

En la estabilizacién quimica hay una serie de
problemas que deberan resolverse antes de
poder construir un camino adecuado. A causa
de la gran cantidad y variedad de problemas,
muchos ingenieros han tenido malas experien-
cias con relacion a los proyectos de estabiliza-
cion de suelos. Este compendio identifica y
ofrece soluciones para algunos de estos
problemas.

El primer problema se relaciona con la iden-
tificacion del suelo o suelos a estabilizarse en un
determinado proyecto. Ya que cada suelo reac-
ciona diferentemente con cada estabilizador, la
mala identificacion de los suelos causa una in-
correcta seleccion del agente estabilizador.
Ademas, algunos suelos no se pueden es-
tabilizar de modo seguro con los métodos con-
vencionales. Una vez identificado el suelo, se
puede determinar el material estabilizador.

Un segundo problema es la determinacion de
la cantidad de agente estabilizador a utilizarse.
En los textos seleccionados se explican varios
ensayos de laboratorio utilizados para determi-
nar las cantidades necesitadas de aditivos. Los
ingenieros de poca experiencia gue tienen in-
tencién de utilizar estos ensayos deberan
ocuparse de los siguientes detalles:

1. Todos los procedimientos de ensayo debe-
ran leerse cuidadosamente para determinar si
los porcentajes a los cuales se refieren son por
volimen de material seco o por peso seco de
material. Ademas, con respecto al material
bituminoso fluidificado (“cutback”) o emul-
sificado, se debera averiguar si el porcentaje
especificado (por peso o volumen) es para todo
el material tal como se aplique, 0 Unicamente
para la parte de cemento asfaltico.

2. Los suelos que se utilicen en los ensayos
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avec succés si l'on veut aboutir a une qualité de
roulement convenable. A cause du nombre et
de la diversité de ces problemes, beaucoup
d’'ingénieurs ont été soumis a des expériences
désagréables lors de projets de stabilisation
chimigue. Dans ce recueil nous allons essayer
d'abord d'identifier ces problémes, puis de leur
trouver des solutions.

Le premier de ces problémes est relatif a
l'identification du sol ou des sols a stabiliser.
Comme différents sols réagissent différemment
avec chaqgue stabilisant, une mauvaise identifi-
cation d'un sol conduit & une sélection inexacte
d'un stabilisant. En outre, il existe quelques sols
qui ne peuvent pas étre stabilisés en utilisant les
méthodes conventionnelles de stabilisation. Une
fois que le sol est identifié on peut déterminer le
stabilisant a utiliser.

Un deuxiéme probléme concerne la quantite
de stabilisant nécessaire. Plusieurs essais en la-
boratoire, pour la détermination du dosage ap-
propri¢ des adjuvants sont esquissés dans les
textes choisis. Les ingénieurs peu familiarises
avec ces essais devront faire trés attention aux
points suivants:

1. On doit lire trés attentivement les instruc-
tions avant de commencer l'essai, pour détermi-
ner si les dosages se référent au volume de ma-
tériau sec ou au poids de matériau sec. De plus,
avec les bitumes fluidifiés (naguére appelés les
cut-backs) ou avec les émulsions de bitume, il
faut vérifier si ce dosage, pondéral ou volumé-
trique, se rapporte au matériau dans son en-
semble tel qu'il va étre appliqué, ou seulement
pour la partie ciment asphaltique du matériau.




of the material and conditions encountered in
the actual construction of the road.

4. The test procedures used should realisti-
cally represent the construction techniques
available in the field, especially the mixing and
compaction operations.

5. The test results found in the laboratory will

~ be more favorable than test results from the

Xiv

finished field product.

The proper application of the stabilizing agent
in the field presents a third problem. The field
engineer must also know if the percentage to be
applied is by weight or by volume. The uniform
application of the additive is very difficult unless
specialized equipment is used. However, the
proper rate of application is often a problem
even with specialized equipment.

A fourth problem concerns the proper mixing
of the stabilizing agent and the soil. This prob-
lem may also involve the preparation of the soil
before the application of the stabilizer. Heavy
clays must be pulverized before proper mixing
can take place. If a granular material is to be
added to an in situ material, it must be
thoroughly blended before introducing the addi-
tive. The use of different types of construction
equipment to mix various stabilizers with soil is
fully explained in the selected texts. However, no
amount of explanation will assist the engineer
who tries to shortcut the mixing procedure to in-
crease production rates.

A fifth problem is the proper use of water. A
soil undergoing chemical stabilization does not
react to moisture in the same way as a soil being
mechanically stabilized, because the water is in-

deberan ser representativos de los suelos en el
campo. Los resultados de ensayo no son trans-
feribles a otros suelos.

3. El agente estabilizador, el agua que se
utiliza, y la temperatura de curado, afectan los
resultados de ensayo. Deberdn ser consistentes
durante todos los procedimientos de ensayo y
deberan representar el material y condiciones
que realmente se encontrarén en la construc-
cion del camino.

4. Los procedimientos de ensayo que se utili-
cen deberan representar, en forma realistica, las
técnicas de construccion disponibles en el
campo, especialmente las operaciones de
mezclado y compactacion.

5. Los resultados de ensayo del laboratorio
seran mas favorables que los resultados de en-
sayo del producto terminado del campo.

La correcta aplicacion del agente es-
tabilizador en el campo es el tercer problema. El
ingeniero en el campo debera saber también si
el porcentaje a aplicarse es por peso o volumen.
Es muy dificil aplicar el aditivo uniformemente, a
menos que se utilice equipo especializado. Fre-
guentemente la aplicacién del aditivo es un
problema aunque se tenga este equipo.

Un cuarto problema es el mezclado correcto
del agente estabilizador y el suelo. Esto puede
exigir la preparacion del suelo antes de la apli-
cacion del estabilizador. Las arcillas pesadas
deberan pulverizarse antes de poder mezclarse
correctamente. Si se agrega material granular al
material in situ, éste debera mezclarse bien
antes de aplicar el aditivo. En los textos selec-
cionados se explica cémo utilizar los distintos
tipos de equipo de construccion para mezclar

2. Les essais en laboratoire doivent étre faits
sur des échantillons représentatifs des maté-
riaux que I'on va utiliser dans la construction rou-
tiere, prélevés directement et de fagon adéquate
dans les gites ou les emprunts, car les résultats
des essais ne peuvent pas étre transférés d’'un
sol a un autre.

3. Le stabilisant, 'eau, et la temperature de la
cure, influencent les résultats des essais. Donc,
il est important de les garder constants durant
les essais, et de s’assurer gu'ils soient représen-
tatifs des matériaux et des conditions tels qu'ils
seront sur le chantier, lors de la construction de
la route.

4. Les méthodes d'essais employées de-
vraient refléter, de fagon réalistique les procé-
deés que I'on va utiliser sur le chantier, surtout en
ce qui concerne le malaxage et le compactage.

5. Les résultats des essais faits en laboratoire

seront plus favorables que les résultats des
mémes essais faits sur des échantillons prélevés
sur la route une fois gu’elle a été construite.

L'application du stabilisant en chantier pose
une troisieme probleme. L'ingénieur routier doit
savoir si le dosage de stabilisant est calculé en
poids ou en volume. Il est trés difficile d'obtenir
une couche uniforme d’enduit sans avoir recours
a des engins spécialisés. Méme avec ceux-ci,
une vitesse d'application adéquate n'est pas
toujours facile a obtenir.

Un quatrieme probléme est causé par le mé-
lange du stabilisant et du matériau. Ce probléme
peut aussi mettre en jeu la préparation du maté-
riau avant I'addition du stabilisant. Les argiles
lourdes doivent étre pulvérisées avant le ma-
laxage. Si I'on doit ajouter des granulats au
matériau in situ, il faut prendre la précaution de




volved in the chemical reactions of most chemi-
cal stabilization processes. Quite frequently the
optimum moisture content may not give the
densest mix or the strongest end product. The
rules-of-thumb that are often used to determine
the proper moisture content for mechanical
stabilization may result in failure of a chemically
stabilized-material.-Because the-wateris-in-
volved in the chemical reaction, certain im-
purities in the water may also inhibit proper
chemical stabilization.

A sixth problem focuses on the compaction of
the stabilized material. Each stabilizing agent
requires its own compaction technique. Chemi-
cal stabilization is time dependent. The neces-
sary compactive effort, the optimum moisture

content, and the maximum dry density vary de-
pending on the time lag between application
and compaction. Cement-soil stabilization is
most sensitive to compaction time delay. The
strength of the finished soil-cement product de-
creases very rapidly as the time between mixing
and compaction increases. Increasing the mois-
ture-content during the mixing-operation-some-
times will reduce the loss of strength due to this
delay. Many engineers, however, do not fully
appreciate the critical nature of the mixing-
compaction timing of soil-cement.

A seventh problem is the curing of the
stabilized material. While the cation exchange
and flocculation-agglomeration reactions occur
very rapidly in lime stabilization, all other chemi-

los diversos estabilizadores con el suelo. Sin
embargo, no hay explicacion que valga si el in-
geniero trata de acortar los procedimientos de
mezclado para aumentar la velocidad de pro-
duccion.

El quinto problema es el uso correcto del
agua. Un suelo que se esta estabilizando
guimicamente no reacciona a la humedad de la
misma manera que un suelo que se esta es-
tabilizando mecéanicamente, ya que el agua
toma parte en las reacciones quimicas de casi
todos los procesos de estabilizacion quimica.
Frequentemente la humedad 6ptima no da
como resultado ni la mezcla mas densa ni el
producto resultante mas resistente. Los métodos
empiricos que muchas veces se utilizan para
determinar la cantidad correcta de agua en la
estabilizacion mecanica podrian resultar en el

fracaso de un material estabilizado
guimicamente. Asimismo, ya que el agua toma
parte en la reaccion quimica, ciertas impurezas
en el agua pueden inhibir la correcta estabiliza-
cion guimica.

Un sexto problema es la correcta compacta-
cién del material estabilizado. Cada agente es-
tabilizador requiere su propia técnica de com-
pactacion. La estabilizacion quimica depende
del tiempo. El esfuerzo necesario de compacta-
cion, la humedad éptima vy la densidad seca
maxima varfan segun la demora entre la aplica-
cién y la compactacion. La estabilizacion de
cemento y suelo es la méas sensitiva a esta de-
mora. La resistencia del producto resultante
disminuye rapidamente a medida que se au-
menta el tiempo entre el mezclado y la compac-
tacién. Si se aumenta el contenido de humedad

bien les mélanger avec celui-ci avant d'intro-
duire I'adjuvant. Le mode d’emploi de plusieurs
engins pour mélanger les différentes sortes de
stabilisant, est expliqué en detail dans les textes
choisis. Cependant aucune explication, si dé-
taillée soit-elle, ne pourra venir a I'aide de l'ingé-
nieur routier qui va essayer de prendre un rac-
courci dans cette opération pour soit-disant
augmenter la vitesse de production.

Un cinguieme probleme a considérer est celui
de I'eau. Un matériau en train de subir un traite-
ment chimique, ne réagit pas de la méme facon
a l'eau gu'un sol qui subit la stabilisation méca-
nigue, car I'eau elle méme est associée aux
réactions chimiques de la plupart des procédés
de stabilisation chimique. Souvent la teneur en
eau optimale peut ne pas résulter en le mélange
le plus dense ou le matériau final le plus solide.
Les moyens empiriques qui sont souvent utilisés
pour déterminer la teneur en eau nécessaire
pour la stabilisation mécanique peuvent avoir

pour résultat la rupture d'un matériau stabilise
chimiquement. Le fait que 'eau est un des
agents réactifs peut aussi signifier que si I'eau
est impure, la stabilisation chimique ne se fera
pas correctement.

Le sixieme probleme concerne le compactage
des matériaux stabilisés. Chaque stabilisant
exige sa propre technigue de compactage. La
stabilisation chimigue se fait en fonction du
temps. L'effort de compactage, la teneur en eau
optimale et la densité séche maximale varient
selon les délais entre 'application et le compac-
tage. La stabilisation au ciment des sols est par-
ticulierement affectée par les délais de compac-
tage. La résistance du sol-ciment décroit au fur
et a mesure que le temps entre le malaxage et le
compactage s'accroit. En augmentant la teneur
en eau durant le malaxage on peut quelque-
fois réduire la perte de résistance causée par
ces retards. Cependant, beaucoup d'ingénieurs
ne sont pas assez conscients de la nature cru-
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cal reactions described in the selected texts
continue over a considerable period of time
along with a continued strengthening of the end
product. Curing techniques vary from material to
material. The recommendations given in the
selected texts should be followed to ensure that
the stabilization project will not be damaged by
premature use. ; B

An eighth problem is the maintenance of the
stabilized material. The selected texts indicate
that chemically stabilized soils are primarily
used as base courses. One reason for this is
that the chemical stabilization imparts structural
strength to the soil, but it does not necessarily
improve its ability to withstand the abrasive ef-
fects of traffic. Another reason is that chemical

stabilization does not, by itself, ensure that the
stabilized soil will be impervious. Thus, several
of the selected texts recommend that all chemi-
cally stabilized soils receive at least a prime coat
of bituminous material. This material will assist in
curing and also will protect the stabilized soil
from traffic and water.

The number and magnitude of the problems..
described here illustrate the engineering difficul-
ties inherent in the chemical stabilization of soils.
Many low-volume road engineers do not have
the opportunity to become expert in the art of
chemical soil stabilization. The costs involved
and the avoidable mistakes made in the past
usually cause inexperienced engineers to con-
sider chemical soil stabilization as a last resort.

durante la operacion de mezclado, esto a veces
reduce la pérdida de resistencia debida a la
demora. Sin embargo, son muchos los in-
genieros que no entienden totalmente la critica
importancia de la regulacion del tiempo entre
mezclado y compactacién de suelo-cemento.
Un séptimo problema es el curado del mate-
rial estabilizado. Mientras que el intercambio de
cation y las reacciones de floculacion-
aglomeracion ocurren rapidamente en la es-
tabilizacion con cal, todas las otras reacciones
gue se describen en los textos seleccionados
contintan durante un periodo considerable de
tiempo junto con un aumento continuo de resis-
tencia en el producto resultante. Las técnicas de
curado cambian de material a material. Se de-
beran seguir las recomendaciones en los textos
seleccionados para evitar dafio por el uso pre-

maturo del proyecto de estabilizacion.

El octavo problema es el mantenimiento del
material estabilizado. Los textos seleccionados
indican que los suelos estabilizados se utilizan
primordialmente para capas de base. Una de
las razones es que la estabilizacion quimica le
da resistencia estructural al suelo pero no
necesariamente mejora su resistencia alos efec-
tos desgastadores del transito. Otra razén es
que la estabilizaciéon quimica por si sola no
asegura que el suelo sea impermeable. Por esta
razon los textos seleccionados recomiendan
gue a los suelos estabilizados se les dé por lo
menos una capa de imprimacion de material
bituminoso. Este material ayudaré en el curado y
protejerd el suelo estabilizado del transito y del
agua.

La cantidad y magnitud de los problemas

ciale de l'intervalle malaxage/compactage des
sol-ciments.

Un septieme probléme concerne la cure du
matériau traité. Les réactions cationiques et de
coagulation/agglomération se produisent trés
rapidement dans le traitement a la chaux, mais
les autres réactions chimiques qui sont décrites
dans les textes choisis continuent a se produire
pendant un temps considérable, et a augmenter
la résistance du matériau traité. Les méthodes
de cure sont différentes selon les matériaux. Les
recommandations données dans les textes
choisis devraient étre suivies trés attentivement
pour s'assurer que I'opération de stabilisation ne
soit pas ruinée par une circulation prématurée.

Le huitieme probléme a considérer concerne
I'entretien des matériaux traités. Les textes choi-
sis indiquent que les matériaux stabilisés chimi-
guement sont utilisés principalement comme
couche de base. Une des raisons pour ce choix

est que le traitement chimique augmente la ré-
sistance fondamentale du sol mais n'améliore
pas nécessairement sa capacité de résistance a
I'effet abrasif de la circulation. Une autre raison
est que la stabilisation chimique par elle-méme
n'assure pas l'imperméabilité du sol traité. Par
conséquent, plusieurs textes choisis recom-
mandent que tous les sols traités chimiquement
regoivent un enduit d'imprégnation hydrocar-
boné. Ce traitement hydrocarboné facilitera la
cure et protégera le sol stabilisé des effets de
I'eau et de la circulation.

Le nombre et 'ampleur des problémes dont
nous venons de parler démontrent les difficultés
inhérentes a la stabilisation chimique des sols.
L'ingénieur qui construit des routes a faible ca-
pacité n'a pas toujours l'opportunité de devenir
un expert en 'art de la stabilisation chimique
des sols. Les frais en jeu, les erreurs qu’'on au-
rait pa éviter, sont les raisons pour lesquelles les



However, soil stabilization, when done properly,
can be a viable option for the road designer and
builder.

Discussion of Selected Texts

that limit the use of these soils. The text discus-
ses the normal application percentages of the
various stabilizers and the minimum or maximum
proportion of fines required by each stabilizer. It
also outlines some of the laboratory tests that
can be used to evaluate the suitability of soils for
stabilization and to determine the strength of
stabilized. soils

The first text.comprises two.excerpts from Low
Cost Roads; Design, Construction and Mainte-
nance (UNESCO, 1967; English translation,
1971). The first excerpt describes soil stabiliza-
tion using cement, lime, and bitumen. It presents
a general description of soil types that are suita-
ble for stabilization and of the physical factors

The second excerpt describes the construc-
tion of the roadway. It stresses the shaping of
the roadway base because the surface of the
base determines the smoothness of the thin
bituminous surface applied over stabilized base
materials on low-volume roads. It also describes

aqui presentados nos dan una idea de las difi-
cultades ingenieriles inherentes en la estabiliza-
cion quimica de suelos. Muchos ingenieros de
caminos de bajo volumen no tienen la opor-
tunidad de convertirse en expertos de este arte.
Por razén de los costos y las equivocaciones
que se podrian haber evitado en el pasado, los
ingenieros de poca experiencia consideran la
estabilizacién guimica como ultimo recurso. Sin
embargo, la estabilizaciéon quimica correc-
tamente realizada puede ser una opcion viable
en el disefio y construccion de un camino.

Presentacion de los textos seleccionados

El primer texto se compone de dos extractos
de Low Cost Roads; Design, Construction and
Maintenance (Caminos de bajo costo; diseno,
construccion y mantenimiento) (UNESCO, 1967;

traduccién al inglés, 1971). El primer extracto
describe la estabilizacion del suelo utilizando
cemento, cal, y betin. Presenta una descripcion
general de tipos de suelo que son aptos para la
estabilizacion y los factores fisicos que limitan el
uso de estos suelos. El texto habla sobre los
porcentajes normales de aplicacion de los di-
versos estabilizadores y la proporcion minima o
maxima de finos requerida por cada es-
tabilizador. Resume algunos de los ensayos de
laboratorio que se pueden utilizar para evaluar
la aptitud de los suelos para la estabilizacion y
para determinar la resistencia de suelos es-
tabilizados.

El segundo extracto describe la construccion
del camino. Se da importancia a la formacion de
la base del camino, ya que la superficie de la
base determina la uniformidad de la fina super-
ficie bituminosa que se aplica sobre materiales

ingénieurs inexpérimentés considérent le traite-
ment chimigue des sols en dernier recours.
Malgré tout, le traitement chimique des sols peut
étre une option viable lors de la conception et
de la construction des routes.

Discussion des textes choisis

Le premier texte est en realité deux extraits du
livre Low Cost Roads; Design, Construction and
Maintenance (Routes dans les pays en voie de
développement; conception, construction et en-
tretien) (UNESCOQO, 1967, traduction anglaise,
1971). Le premier décrit la stabilisation ou trai-
tement chimigue des sols a l'aide de ciment, de
chaux, ou de produits bitumineux. Ce texte pre-
sente une description générale des genres de
sols propices a ce traitement, et les facteurs
physiques qui limitent 'emploi de ces sols. Les
dosages utilisés normalement, et la proportion
minimale ou maximale d'éléments fins requis par

chaqgue stabilisant, sont indiqués. Certains es-
sais en laboratoire, qui sont utilisés pour juger
des possibilités de stabilisation d'un sol et de-
terminer sa résistance apres le traitement, sont
expliqués.

Le second extrait décrit la construction de la
route. On met 'emphase sur le profilage de la
couche de base parce que la qualité de la sur-
face de cette couche déterminera la régularité
de 'enduit hydrocarboné mince qui constitue le
revétement de surface appliqué sur les maté-
riaux stabilisés des routes a faible capacité. Le
procédé de compactage est décrit, et le rapport
entre I'énergie de compactage, la teneur en eau
optimale et la densité seche maximale, est ex-
pligué. Le texte passe en revue les diverses fa-
con de mesurer la densité seche in situ pour dé-
terminer le taux de compactage. Des directions
guant au nombre, genre et location des essais
nécessaires pour contrbler le compactage sont
présentés.
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the process of compaction and explains the rela-
tionship among compactive effort, optimum
moisture content, and maximum dry density. The
text discusses the use of field-density tests to
determine the amount of compaction. It presents
guidelines for the types, numbers, and locations
of tests required to control the compaction oper-
ation.

search Board, 1971). It describes the Soil
Stabilization Index System (SSIS) developed for
the U.S. Department of the Air Force. This sys-
tem assists engineers with limited experience in
soil stabilization.

The text presents a series of flow charts that
can be used in selecting the type and amount of
stabilizer for a.given soil. These charts.include

This text also addresses the major compo-
nents of the construction of stabilized soils in
both mix-in-place and premixed construction.
Special emphasis is placed on the proportioning
of the stabilizer and its proper mixing with the
material to be stabilized.

The second text, Soil Stabilization: A Mission
Oriented Approach, is a report that appeared in
Highway Research Record 351 (Highway Re-

both chemical stabilization and mechanical
stabilization; both alternatives should be
evaluated before any decision is made. The
SSIS deals with lime, portland cement, bitumi-
nous materials, and combinations of these
materials. The soils criteria used in the system
require determination of relatively simple soil
properties.

Other inputs to the system include (a) use fac-

de base estabilizados en caminos de bajo vo-
limen. También describe la operacién de com-
pactacion y explica la relacién entre el esfuerzo
compactivo, la humedad éptima, y la densidad
seca maxima. El texto habla sobre los ensayos
de densidad realizados en el campo para de-
terminar la compactacion. Presenta una gufa
para los tipos, nimeros y ubicaciones de en-
sayos gue se necesitan para controlar la opera-
cion de compactacion.

Este texto también habla sobre los com-
ponentes principales de la construccion de
suelos estabilizados, mezclados in situ tanto
como premezclados. Se da especial importan-
cia al proporcionamiento del estabilizador y su
mezclado correcto con el material a es-
tabilizarse.

El segundo texto, Soil Stabilization: A Mission
Oriented Approach (Estabilizacién del suelo:
un enfoque practico), es un informe que
aparecio en Highway Research Record 351
(Archivo de Investigacion Vial 351, Highway
Research Board, 1971). Describe el sistema de
indice para la estabilizacion del suelo (SSIS) de-
sarrollado para el Departamento de la Fuerza
Aérea de los Estados Unidos de Norte América.
Este sistema asiste a los ingenieros con poca
experiencia en la estabilizacién de suelos.

El texto presenta una serie de diagramas que
se pueden utilizar en la seleccion del tipo y can-
tidad de estabilizador para un suelo deter-
minado. Estos diagramas incluyen la estabiliza-
cién quimica y mecanica; se deberan evaluar
ambas alternativas antes de llegar a una deci-

Les composants les plus importants pour la
construction de sols stabilisés soit sur place, soit
en centrale, sont examinés. On met I'emphase
sur le dosage du stabilisant et le mélange de ce
stabilisant avec le matériau a traiter.

Le deuxieme texte, Soil Stabilization: A Mis-
sion Oriented Approach (Stabilisation des sols:
une approche systématique), est un rapport
paru dans le Highway Research Record 351
(Highway Research Board, 1971). Ce rapport
decrit le Soil Stabilization Index System (SSIS)
qui a été développé pour le U.S. Department of
the Air Force. Ce systéme a été congu pour aj-
der les ingénieurs dont I'expérience est limitée
quant a la stabilisation des sols.

Une série de tableaux est présentée pour la
sélection du stabilisant et son dosage pour les
différents sols. Ces tableaux sont a la fois pour
la stabilisation mécanique et la stabilisation chi-
migue puisque les deux alternatives doivent étre

considerées avant la décision finale. Le SSIS
traite de la chaux, du ciment portland, de maté-
riaux hydrocarbonés et de combinaisons de ces
matériaux. Les critéres de sols utilisés dans ce
systéme éxigent une détermination des caracté-
ristiques des sols assez simple.

Les autres données que I'on peut entrer dans
ce systeme comprennent: (a) facteurs d'utilisa-
tion (couche de base ou couche de forme) (b)
facteurs climatologiques y compris les tempéra-
tures et les chdtes de pluie (c) facteurs de cons-
truction y compris le matériel disponible et le
temps de construction et (d) les conditions re-
quises de performance in situ du sol stabilisé.
Aprés avoir entré ces données, on peut obtenir:
(a) le stabilisant a utiliser, (b) le dosage du stabi-
lisant, (c) les sols qui ne se prétent pas a la sta-
bilisation, et (d) I'élimination de la possibilité de
stabilisation a cause des conditions climatiques
ou du manque de matériel adéquat.




tors (subgrade or base), (b) environmental fac-
tors including both rainfall and temperature, (c)
construction factors including the type of
equipment and the time available, and (d) field
performance requirements for the stabilized soil.
The output from the system includes (a) the
stabilizer to use, (b) the amount of stabilizing
material 1o Use, (¢).the soils.unsuitahle for..
stabilization, and (d) the elimination of the pos-
sibility of stabilization due to climatic conditions
or lack of appropriate equipment.

It must be stressed that this system is not a
substitute for structural pavement design. Fur-
thermore, some of the output is airfield oriented.
The complete list of references used to compile
this system is included in the selected text. This

list will assist the reader in identifying the data
that were developed directly for highway con-
struction practices.

The third text is State of the Art: Lime Stabili-
zation (Circular 180, Transportation Research
Board, 1976). This report represents the state
of the art in lime treatment based on a com-
prehensive analysis of current practice and the
literature. It contains four major areas of informa-
tion — soil-lime reactions, properties and charac-
teristics of lime-treated soils, soil-lime mixture
design, and lime-stabilization construction.

Lime stabilization can be divided into two
separate reactions: Cation exchange and
flocculation-agglomeration occur quite rapidly
when soil and lime are thoroughly mixed, and

sién. EI SSIS trata con la cal, el cemento Port-
land, los materiales bituminosos, y las com-
binaciones de estos materiales. Los criterios
utilizados en el sistema requieren la determina-
cion de propiedades relativamente simples de
los suelos.

Otros datos de entrada utilizados por el
sistema incluyen (a) factores de uso (subrasante
o base), (b) factores del medio ambiente, in-
cluyendo la lluvia y la temperatura, (c) factores
de construccion, incluyendo el tipo de equipo y
el tiempo disponible, y (d) los requisitos de ren-
dimiento en el campo del suelo estabilizado.
Los resultados proporcionados por el sistema
incluyen (a) el estabilizador que se debe utilizar,
(b) la cantidad de material estabilizador que se
debe utilizar, (c) los suelos que no son apro-
piados para la estabilizacién, y (d) la elimina-
cion de la posibilidad de estabilizacion debida a
condiciones climaticas o falta de equipo apro-
piado.

Debera subrayarse que este sistema no
reemplaza el disefio estructural del pavimento.

Ademas, algunos de los resultados propor-
cionados son para uso en campos de aviacion.
Se incluye en el texto seleccionado la lista com-
pleta de referencias que se utilizé para compilar
este sistema. Esta lista ayudara en la identifica-
cién de los datos que se desarrollaron es-
pecificamente para las préacticas de construc-
cion vial.

El tercer texto es State of the Art: Lime Stabili-
zation (El estado del arte: estabilizacion con cal,
Circular N° 180 del Transportation Research
Board, 1976). Este informe representa el estado
del arte en el tratamiento con cal, basado en un
andlisis comprensivo de practicas actuales y
literatura técnica. Contiene cuatro areas prin-
cipales de informacién —las reacciones entre la
cal y el suelo, las propiedades y caracteristicas
de los suelos tratados con cal, el disefio de
mezclas de cal y suelo, y la construccion con
estabilizacién con cal.

La estabilizacion con cal se puede dividir en
dos reacciones separadas: El intercambio de
cation vy la floculacion-aglomeracion ocurren

Nous appuycns cependant sur le fait que ce
systéme ne peut remplacer le calcul des chaus-
sées. De plus, certains des résultats sont orien-
tés vers la construction des champs d'aviation.
La liste compléte des références utilisées pour
compiler ce systéme est incluse dans le texte et
aidera le lecteur a identifier les données se rap-
portant directement a la construction routiére.

Le troisieme texte est State of the Art: Lime
Stabilization (Etat de la guestion: stabilisation a
la chaux) (Circular 180, Transportation Re-
search Board, 1976). Ce rapport présente I'état
de la question sur le traitement a la chaux, en
prenant pour base une analyse d'ensemble des
méthodes actuelles et de la littérature technique.
[l contient quatre sujets principaux: réactions en-

tre le sol et la chaux, propriétés et caractéristi-
ques des sols traités a la chaux, le calcul des
mélanges sol/chaux, et la construction avec le
traitement a la chaux.

Le mode d'action de la chaux peut étre divisé
en deux parties: un échange cationigue accom-
pagné d'une réaction de floculation/aggloméra-
tion, qui se produisent trés rapidement guand la
chaux et le sol sont mélangés intimement, et des
réactions pouzzolanigues sol/chaux qui sont
fonction du temps et sont influencées principa-
lement par les propriétés du sol en train d'étre
traité.

Quand on leur adjoint de la chaux, pratique-
ment tous les sols fins démontrent une diminu-
tion de leur plasticité, une amélioration de leur
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soil-lime pozzolanic reactions are time depen-
dent and are influenced primarily by the natural
properties of the soil being stabilized.

Practically all fine-grained soils exhibit de-
creased plasticity and improved workability and
volume-change characteristics when mixed with
lime. However, not all soils exhibit improved
strength, stress-strain, and fatigue characteris-.
tics. The properties of lime-soil mixtures depend
on many variables. The most important variables
are (a) soil type, (b) lime type, (c) lime percen-
tage, and (d) curing conditions, including time,
temperature, and moisture. More important,
however, is the fact that these variables are in-
terdependent. The effect caused by a change in
a given variable depends on the levels of the
other variables.

The major objective of the mixture design pro-
cess is to establish an appropriate lime content
for construction. Design-lime contents generally
are based on an analysis of the effect of varying
lime percentages on selected engineering prop-
erties of the soil-lime mixture. It is important to
note that different design-lime contents for the

-~ same soil may-be-established depending-on-the

objectives of the lime treatment, i.e., pavement
structure or subgrade and the mixture design
procedure chosen. Mixture design procedures
should be flexible enough to allow the exercise
of judgment when unusual stabilization objec-
tives are contemplated.

There are essentially three recognized lime
stabilization methods — in-place mixing, plant
mixing, and pressure injection. In-place mixing

rapidamente cuando el suelo y la cal se
mezclan a fondo, y las reacciones puzolanicas
de suelo y cal dependen del tiempo y son in-
fluenciadas principalmente por las propiedades
naturales del suelo que se esta estabilizando.

Casi todos los suelos de grano fino, cuando
se mezclan con cal, demuestran una reduccion
de plasticidad y mejoria en manejabilidad y en
las caracteristicas de cambio de volimen. Sin
embargo, no todos los suelos demuestran
mejoria en las caracteristicas de resistencia,
esfuerzo-deformacién, y fatiga. Las propiedades
de las mezclas de cal-suelo dependen de
muchos factores variables. Los factores mas
importantes son (a) tipo de suelo, (b) tipo de cal,
(c) porcentaje de cal, y (d) condiciones de
curado, incluyendo el tiempo, temperatura, y
humedad. Aun més importante es el hecho de
que estos factores dependen el uno del otro. El
efecto causado por un cambio en un factor de-
terminado depende de los niveles de los otros
factores.

El objetivo principal del proceso de disefio de
la mezcla es el de establecer un contenido
apropiado de cal para la construccion. Los
contenidos de cal de disefio se basan general-
mente en un analisis del efecto de porcentajes
variables de cal sobre ciertas propiedades in-
genieriles de la mezcla de cal-suelo. Es impor-
tante observar que se pueden establecer distin-
tos contenidos de cal de disefio para el mismo
suelo, dependiendo de los objetivos del
tratamiento con cal, es decir, estructura de
pavimento o subrasante, y el procedimiento es-
cogido de disefio de mezcla. Los procedimien-
tos de disefio de mezcla deberan ser lo suficien-
temente flexibles para permitir el uso del juicio
profesional cuando se tienen objetivos excep-
cionales de estabilizacién.

Hay esencialmente tres métodos reconocidos
de estabilizacion con cal —mezclado in situ,
mezclado en planta, e inyeccién a presion. El
mezclado in situ puede subdividirse en tres
métodos: (a) mezclado de la cal con los

maniabilité et de leurs caractéristiques de gon-
flement. Cependant, tous les sols ainsi traités ne
montrent pas nécessairement une amélioration
de leurs caractéristiques de résistance, tension-
deformation et fatigue. Les propriétés des mé-
langes sols/chaux sont fonction de beaucoup de
variables. Les plus importantes sont: (a) le genre
de sol, (b) le genre de chaux, (c) le pourcentage
de chaux, et (d) les conditions de la cure
(temps, température et humidité). Plus important
encore est le fait que ces variables sont fonction
'une de l'autre, et que l'effet causé par le chan-
gement d'une variable donnée est fonction du
degré de sensibilité des autres variables. L'éta-
blissement de critéres pour le mélange chaux/
sol est éxpliqué. L'objectif principal en ce

cas, est de trouver le dosage approprié de
chaux pour la construction. Les critéres de choix
des chaux sont basés sur une analyse de l'effet
de différents pourcentages de chaux sur certai-
nes propriétés routieres du mélange sol/chaux. Il
faut signaler ici que différents critéres de choix
pour le méme sol peuvent étre nécessaires se-
lon I'objectif du traitement a la chaux, c'est a
dire si I'on va utiliser le mélange pour la fonda-
tion ou le revétement, et selon la méthode de
mélange choisie. Les méthodes de mélange de-
vraient d’ailleurs étre assez souples pour per-
mettre I'exercice du jugement professionel
guand on envisage le traitement a des fins inha-
bituelles.

Essentiellement, il existe trois méthodes de




may be subdivided into three methods: (a) mix-
ing lime with the existing materials already a part
of the construction site or pavement, (b) off-site
mixing in which lime is mixed with borrow and
the mixture is then transported to the construc-
tion site for final manipulation and compaction,
and (c) mixing in which the borrow-source soil is

pansive black or dark gray clay) can be effec-
tively improved using lime as a stabilizer. How-
ever, black cotton soil is particularly difficult to
pulverize. This paper describes a number of
methods that have been tried in the field to
achieve an economical and effective pulveriza-
tion method. It shows that an acceptable degree

hauled.to the construction site and.processed. ..
This section attempts to describe and sum-
marize modern soil-lime construction proce-
dures and equipment.

The fourth text, Field Studies on the Pulveriza-
tion of Black Cotton Soil for the Construction of
Stabilized Soil Road Bases, was published in
Highway Research Record 315 (Highway Re-
search Board, 1970). It stresses the importance
of properly pulverized soil as a prerequisite for
proper soil stabilization. Black cotton soil (ex-

of ‘mll\/pri7minn can.he.attained nqing ;}grim 1=
tural machinery, if the soil is within certain mois-
ture content limits.

The fifth text is excerpted from Soil-Cement: A
Material of Construction for Road and Airfield
Pavements (Building and Road Research Insti-
tute, Ghana Academy of Sciences, 1967). This
text states that the combination of soil with ce-
ment under controlled conditions of moisture
and density produces a material of distinct phys-
ical and engineering characteristics. These

materiales existentes que ya forman parte de la
zona de construccion o el pavimento, (b)
mezclado de la cal con suelo de préstamo en
una ubicacion fuera de la zona de construccion,
transporte de la mezcla hasta la zona de con-
struccion para la manipulacion final y la com-
pactacion, y (¢) mezclado en que el suelo de
préstamo se transporta hasta la zona de con-
struccion donde es procesado. Esta seccidn in-
tenta describir y resumir los procedimientos y
equipo modernos en la construccion con cal y
suelo.

El cuarto texto, Field Studies on the Pulveriza-
tion of Black Cotton Soil for the Construction of
Stabilized Soil Road Bases (Estudios de campo
sobre la pulverizacion de suelo “black cotton™
para la construccion de bases de camino de
suelo estabilizado), fué publicado en Highway
Research Record 315 (Archivo de Investigacion
Vial 315, Highway Research Board, 1970). Sub-
raya la importancia de una correcta pulveriza-

cién del suelo como requisito previo a su es-
tabilizacion. El suelo “black cotton” (arcilla ex-
pansiva negra o gris oscura) puede mejorarse
eficazmente utilizando la cal como estabilizador.
Sin embargo, el suelo “black cotton” es par-
ticularmente dificil de pulverizar. El informe des-
cribe varios métodos que se han utilizado en el
campo para obtener un método de pulveriza-
cion econémico y eficaz. Demuestra que se
puede obtener un grado satisfactorio de pul- X
verizacion con maquinaria agricola si el suelo se
encuentra dentro de ciertos limites de contenido
de humedad.

El quinto texto fué extraido de Soil-Cement: A
Material of Construction for Road and Airfield
Pavements (Suelo-cemento: un material de
construccion para pavimentos de caminc y
aeropuerto, Building and Road Research Insti-
tute, Ghana Academy of Sciences, 1967). Este
texto afirma que la combinacién de suelo con
cemento bajo condiciones controladas de

stabilisation a la chaux: le mélange en chantier,
le mélange en centrale, et l'injection de cartou-
ches de chaux. Le mélange en chantier peut
étre fait de trois fagons: (a) on mélange la chaux
au matériau existant et faisant déja partie de la
route, (b) on mélange la chaux au matériau
d’emprunt et ensuite on transporte le mélange
au chantier pour la construction finale et le
compactage, et (¢) on transporte le matériau
d’'emprunt jusqu’au chantier et on le traite a la
chaux selon le procédé utilisé en (a). Les mé-
thodes de traitement a la chaux, ainsi que le ma-
tériel utilisé a ces fins, sont passés en revue
dans la derniére partie de ce texte.

Le quatriéme écrit, Field Studies on the Pul-
verization of Black Cotton Soil for the Construc-

tion of Stabilized Soil Road Bases (Etudes sur le
chantier de la pulvérisation des terres noires
pour la construction de couches de base en sol
stabilisé), fut publié dans le Highway Research
Record 315 (Highway Research Board, 1970).
Cette communication met 'emphase sur la né-
cessité de pulvériser correctement le sol au pré-
alable pour obtenir une stabilisation convenable.
Les terres noires (argile expansive noire ou gris
foncée) peuvent étre améliorées efficacement
quand on utilise la chaux comme stabilisant.
Cependant, les terres noires sont particu-
lierement difficiles a pulvériser. Cette communi-
cation décrit un certain nombre de procédeés qui
ont été utilisé en chantier pour effectuer une pul-
vérisation efficace et économique. Il est démon-




properties depend on four main factors: (a) the
nature of the soil, (b) the proportion of soil, ce-
ment, and water in the mixture, (c) the compac-
tive energy used for the molding of the soil-
cement, and (d) the physical conditions, such as
the curing temperatures and age of the soil-
cement mixes.
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The text discusses such properties of soil-
cement as volume changes, thermal expansion,
permeability, and strength characteristics. It
emphasizes the necessity of a soil survey of the
site in the planning of a cement stabilization
project and presents the criteria for selecting
soils that are suitable for cement stabilization. It
describes the important factors in the stabiliza-
tion of soil with cement, including the moisture-

density relationship and the durability of the soil-
cement mix. It defines soils requiring special
treatment such as organic soils and soils con-
taminated with sulphates. The text also discus-
ses the stress-strain characteristics of soil-
cement. It analyzes the major factors affecting
the strength of soil-cement mixtures, such as the

~influence-of the cement;-the-effect-of-age,and-

the effect of curing temperatures.

The text describes the design of road and air-
field pavements using soil-cement. It evaluates
the basic concepts of design considering soil-
cement as a rigid material and as a flexible
material. It concludes that design, using either
concept, is overly conservative because soil-
cement — basically a flexible material — shares

humedad y densidad produce un material de
caracteristicas distintivas fisicas e ingenieriles.
Estas propiedades dependen de cuatro factores
principales: (a) la naturaleza del suelo, (b) las
proporciones de suelo, cemento, y agua en la
mezcla, (c) la energia compactiva utilizada para
el moldeo del suelo-cemento, y (d) las con-
dicienes fisicas, tales como las temperaturas de
curado y la edad de las mezclas de suelo-
cemento.

El texto examina algunas propiedades de
suelo-cemento tales como cambios de volumen,
expansion termal, permeabilidad, y carac-
teristicas de resistencia. Subraya la necesidad
de una investigacion del suelo de la ubicacion,
en el planeamiento de un proyecto de es-
tabilizacion con cemento, y presenta los criterios
para la seleccion de suelos adecuados para la
estabilizacion con cemento. Describe los fac-
tores importantes en la estabilizacion del suelo
con cemento, incluyendo la relacién humedad-

densidad y la durabilidad de la mezcla de
suelo-cemento. Define los suelos que necesitan
un tratamiento especial, tales como los suelos
organicos y suelos contaminados con sulfatos.
El texto también examina las caracteristicas de
esfuerzo-deformacion del suelo-cemento.
Analiza los factores principales que afectan la
resistencia de mezclas de suelo-cemento, tales
como la influencia del cemento, el efecto de la
edad, y el efecto de las temperaturas de
curado.

El texto describe el disefio de pavimentos de
camino y aeropuerto utilizando el suelo-
cemento. Evalda los conceptos basicos de di-
seno considerando el suelo-cemento como un
material rigido y como un material flexible. Con-
cluye que el disefio, si se utiliza cualquiera de
estos dos conceptos, es demasiado restrictivo
ya que el suelo-cemento — bésicamente un
material flexible — posee algunas de las carac-
teristicas de un material rigido.

tré que 'on peut arriver a un degré de pulvérisa-
tion satisfaisant en utilisant du matériel agricole,
si la teneur en eau du matériau est entre certai-
nes limites.

Le cinquiéme texte est extrait de Soil-Cement:
A Material of Construction for Road and Airfield
Pavements (Le sol-ciment: un matériau de cons-
truction pour routes et pistes d’aérodromes,
Building and Road Research Institute, Ghana
Academy of Sciences, 1967). Ce texte affirme
que la combinaison de sol et de ciment, sous
certaines conditions contrélées d’humidité et de
densité, résulte en un matériau aux caractéristi-
ques physiques et de construction trés précises.
Ces caractéristiques sont en fonction de (a) la
nature du sol, (b) les proportions de sol, ciment
et eau dans le mélange, (c) 'énergie de com-

pactage utilisée pour le moulage du sol-ciment,
et (d) les conditions physigues, comme la
température de cure et 'dge des mélanges sol-
ciment.

Le texte discute certaines propriétés des
sols-ciment telles que: les variations de volume,
l'expansion thermique, la perméabilité et les ca-
ractéristiques de résistance. On met 'emphase
sur la nécessité de faire une reconnaissance sur
les lieux guand on envisage la stabilisation au
ciment, et les criteres de choix des sols qui se
prétent a ce traitement sont présentés. Les fac-
teurs importants dans le traitement des sols par
le ciment sont le rapport entre 'humidité et la
densité, et la durabilité du mélange sol-ciment.
Les sols qui ont besoin d'un traitement spécial
sont les sols organiques et les sols contaminés




some of the characteristics of a rigid material.
The text presents the criterion for mix design.
It also describes soil-cement construction
methods, including both mix-in-place and
plant-mix construction. It includes tables on typ-
ical equipment requirements for different types
of mixing machines and the steps in construc-
tion procedures for different types of mixing
equipment. The text also includes a detailed
section describing quality control in the field for

soil-cement construction. Scientific control in the
field should involve subgrade conditioning;
selection of soil; checking the quality of cement
and water; mix proportion; and mixing, laying,
compacting, and curing processes.

The sixth text, Variation in Laboratory and
Field Strengths of Soil-Cement Mixtures, ap-
peared-in-Transportation Research-Record 560
(Transportation Research Board, 1976). It
evaluates the effect of variations of laboratory

El texto presenta los criterios para el disefo
de la mezcla. También describe métodos de
construccion con suelo-cemento incluyendo el
mezclado in situ y el mezclado en planta. In-
cluye tablas sobre el equipo tipicamente
utilizado con diversos tipos de maquinas de
mezclado, y las etapas en los procedimientos
de construccion con diversos tipos de equipo
de mezclado. El texto también incluye una sec-
cion detallada que describe el control de
calidad en el campo para la construccién con
suelo-cemento. El control cientifico en el campo
deberia incluir el acondicionamiento de la sub-
rasante, la seleccion del suelo, verificacion de
la calidad del cemento y agua, la proporcién del
mezclado, y los procesos de mezclado, coloca-
cion, compactacion y curado.

El sexto texto, Variation in Laboratory and
Field Strengths of Soil-Cement Mixtures (La va-
riacion en las resistencias de mezclas de
suelo-cemento en el laboratorio y en el campo),
aparecio en Transportation Research Record
560 (Archivo de Investigacion Vial 560, Trans-

portation Research Board, 1976). Evalua el
efecto de variaciones de los procedimientos de
diseno en el laboratorio y compara las resisten-
cias verdaderas en el campo con las resisten-
cias de disefio en el laboratorio. Concluye que
pueden ocurrir inconsistencias en el disefio de
laboratorio si no se adhiere cuidadosamente a
factores como moldeo, temperatura, hidratacion,
y tiempo de fabricacion. Asimismo, concluye
que el mezclado in situ de cemento y suelo
puede producir una variacién de 5 por ciento
del contenido tedrico de cemento.

El séptimo texto, Changes in the Characteris-
tics of Cement-Stabilized Soils by Addition of
Excess Compaction Moisture (Cambios en las
caracteristicas de suelos estabilizados con
cemento por la adicion de excesiva humedad
de compactacion), aparecié en Highway Re-
search Record 315 (Archivo de Investigacion
Vial 315, Highway Research Board, 1970). In-
dica que la humedad de compactacion de los
suelos estabilizados con cemento normalmente
se especifica como la humedad 6ptima para ob-

par les sulfates. Les caractéristiques “tension-
déformation” des sols ciments sont aussi di-
scutées. Les facteurs les plus importants qui in-
fluencent la résistance des sols-ciments sont
analysés: l'influence du ciment, I'effet de I'age,
et l'effet de la température de la cure.

Ce texte décrit aussi la conception de routes
et de pistes d’aérodrome & I'aide de sol-ciment.
Les concepts de base de calcul en utilisant le
sol-ciment comme un matériau rigide ou un ma-
tériau souple sont évalués. On conclut que les
meéthodes de calcul de I'un ou 'autre concept
sont trop modérées, car le sol-ciment qui est au
fond un matériau souple, partage quelques ca-
racteristiques d'un matériau rigide.

Les critéeres pour le calcul du mélange sont
présentés. Les méthodes de construction du
sol-ciment sont décrites et comprennent le mé-
lange en chantier et le mélange en centrale. Il y
a un tableau sur l'equipement nécessaire pour

différentes sortes de machines mélangeuses, et
un autre qui éxplique pas a pas la marche a sui-
vre pour la construction en se servant de ces
machines mélangeuses. Une section détaillée
sur le contrble de qualité en chantier est incluse.
Ce contréle doit comprendre: la préparation du
sous sol; le choix du sol et la vérification de la
qualité du ciment et de I'eau; le dosage du mé-
lange; et les procédés de malaxage, de répan-
dage, de compactage et de cure.

Le sixieme texte, Variation in Laboratory and
Field Strengths of Soil-Cement Mixtures (Varia-
tions de la résistance des mélanges sols-ciment
selon les essais au laboratoire et sur le chantier)
a été publié dans Transportation Research Rec-
ord 560 (Transportation Research Board,

1976). Ce texte évalue I'effet des variations qui
existent entre les méthodes d'essais des labora-
toires et compare la résistance actuelle obtenue
sur le chantier & la résistance obtenue lors des
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design procedures and compares actual field
strengths with laboratory design strengths. It
concludes that inconsistency can occur in
laboratory design if factors such as molding,
temperatures, slaking, and fabrication time are
not closely adhered to. The text further con-
cludes that in-place mixing of cement with soil
can-show-a.variation of =5 percent.from-the
theoretical cement content.

The seventh text, Changes in the Characteris-
tics of Cement-Stabilized Soils by Addition of

Excess Compaction Moisture, was reported in
Highway Research Record 315 (Highway Re-
search Board, 1970). It indicates that the com-
paction moisture of cement-stabilized soils is
usually specified as the optimum moisture con-
tent to obtain maximum density according to the
standard Proctor test. In some instances
maximum-density-may not correspond-to
maximum strength. If compaction of the soil-
cement mix is delayed, the relationship between
compaction moisture and the strength and den-

tener la densidad méxima de acuerdo con el
ensayo Proctor. En algunos casos la densidad
maxima podria no corresponder a la resistencia
maxima. Si se demora la compactaciéon de la
mezcla de suelo-cemento, la relacién entre la
humedad de compactacion y la resistencia y
densidad del suelo-cemento también cambia.

El texto llega a la conclusion de que la pér-
dida de resistencia y durabilidad del suelo-
cemento causada por una demora en la com-
pactacion puede reducirse considerablemente
en muchos casos con la adicion de excesiva
humedad de compactacion. La resistencia de
marga aluvial y marga arenosa mezcladas con
cemento se incrementd en un 40-50 por ciento
con la adicion de un 2-4 por ciento de excesiva
humedad cuando se demord la compactacion.
La marga aluvial arcillosa y el limo estabilizados
con cemento y compactados después de de-
moras, demostraron poca mejoria en resistencia
y durabilidad cuando se afiadié excesiva

humedad de compactacion. Sin embargo, si
mejoraron las margas aluviales arcillosas con la
adicion de excesiva humedad sin demora en
compactacion.

El texto indica que la cantidad de excesiva
humedad que se requiere para maxima resis-
tencia y durabilidad depende del tipo de suelo y
el tiempo de demora entre mezclado y compac-
tacion. Excesiva humedad mejora la lubricacion
de los agregados granulares de suelo después
de demorarse la compactacion, con un aumento
subsecuente de la densidad seca. La humedad
excesiva mejora las propiedades de las mezclas
de suelo-cemento de grano fino compactadas
sin demora, porque aumenta la hidratacion del
cemento.

El octavo texto fué extraido de Bituminous
Bases and Surfacing for Low Cost Roads in the
Tropics (Bases y revestimientos bituminosos
para caminos de bajo costo en los trépicos,
Transport and Road Research Laboratory, G.B.,

essais en laboratoire. En conclusion, des varia-
tions peuvent exister dans les résultats des es-
sais en laboratoire si on n'adhére pas étroite-
ment aux facteurs de moulage, température, ex-
tinction et temps de construction. Pour terminer,
le mélange en chantier du sol-ciment peut diffé-
rer de 5 pour cent du dosage théorique du ci-
ment.

Le septieme texte, Changes in the Character-
istics of Cement Stabilized Soils by Addition of
Excess Compaction Moisture (Modification des
caractéristiques des sols-ciments par addition
d’eau excédentaire pendant le compactage), a
été publié dans le Highway Research Rec¢ord
315 (Highway Research Board, 1970). Il est in-
digué que la teneur en eau de compactage pour
les sols traités au ciment est d'ordinaire la teneur
en eau optimale pour obtenir une densité maxi-
male selon 'essai Proctor. Cependant, dans cer-
tains cas, la densité maximale ne résulte pas en
la résistance maximale. Si le compactage du
sol-ciment est retardé, le rapport entre la teneur

en eau de compactage et la résistance et
densité du sol-ciment, changent.

La perte de résistance et de durabilité qui ré-
sulte d’'un d’'un délai de compactage, peut étre
réduite considérablement si I'on ajoute un excé-
dent d'eau au moment du compactage. La rési-
stances des sols-ciment de marne limoneuse et
de marne sableuse est augmentée de 40 & 50
pour cent quand on ajoute 2 a 4 pour cent d'ex-
cedent d'eau quand la compaction est retardée.
Par contre la marne argilo-limoneuse et les
silts traités au ciment et compactés aprés un dé-
lai ne montrent guére d’amélioration en rési-
stance et durabilité quand on leur ajoute un ex-
cédent d'eau. Cependant, si I'on ajoute cet ex-
cedent d'eau et que I'on compacte immédiate-
ment, leur résistance et durabilité se trouvent
grandement améliorées.

Le texte indique que la quantité d’excédent
d'eau exigée pour obtenir la plus grande rési-
stance et durabilité, dépend du genre de sol et
de la periode de temps entre le malaxage et le



sity of the soil-cement also changes.

The text concludes that the loss in strength
and durability of soil-cement resulting from a
delay in compaction can be significantly re-
duced in many instances by the addition of ex-
cess compaction moisture. The strength of silty
loam and sandy loam soil-cements was in-
“creased by 40to 50 percent by adding 2104
percent excess moisture when compaction was
delayed. Cement-stabilized silty clay loams and
silts compacted after delays showed little im-
provement in strength and durability with excess
compaction moisture. However, the silty clay
loams were significantly improved in strength
and durability by the addition of excess compac-
tion moisture with no delay in compaction.

The text indicates that the amount of excess
moisture required for maximum strength and
durability depends on the soil type and the delay

time between mixing and compaction. Excess
moisture improves the lubrication of granular
soil aggregates after delays in compaction with
a subsequent increase in dry density. Excess
moisture improves the properties of fine-grained
soil-cement mixes compacted without delay by
increasing the amount of cement hydration.

- The-sighthtext-is-excerpted-from-Bituminousg
bases and surfacings for low-cost roads in the
tropics (Transport and Road Research Labora-
tory, U.K., 1977). It describes full-scale experi-
mental trials supported by laboratory research,
which have prompted proposals of acceptance
criteria for bitumen-stabilized sand bases for
light-to-medium traffic. It stresses the fact that
the success of bituminous soil stabilization de-
pends on the correct selection of both the type
and grade of bituminous binder. Selection of the
process itself involves a consideration of other

1977). Describe ensayos experimentales
realizados en escala natural y apoyados por in-
vestigacion en el laboratorio, gue han instigado
propuestas de criterios de aceptacion para
bases de arena estabilizadas con betun para
transito liviano-mediano. Subraya que el éxito de
la estabilizacién bituminosa del suelo depende
de la correcta selecciéon del tipo y clasificacion
de aglutinante bituminoso. La seleccion del pro-
ceso mismo exige la consideracion de otros fac-
tores, tales como el tipo o tratamiento del mate-

rial, la planta, y el medio ambiente. Menciona
que los valores minimos del CBR (California
Bearing Ratio) empapado, que normalmente se
utilizan como criterio para la estabilizacion de
cal y cemento, presentan problemas en el di-

“sefo de la estabilizacidn bituminosa de suelos.

Esto es porque las mezclas bituminosas reac- XXV
cionan viscoelasticamente y son susceptibles a

la temperatura. El informe recomienda que el

disefio de las bases estabilizadas con betin
dependa de la estabilidad de la mezcla, y

compactage. Un excédent d'eau augmente la
lubrification des agrégats de matériau granuleux
apres les délais de compactage, avec une
augmentation subséquente de la densité séche.
L'excédent d’eau améliore les caractéristiques
des mélanges sols-ciment a grains fins qui sont
compactés immédiatement en augmentant I'hy-
dratation du ciment.

Le huitiéme texte est tiré de Bituminous bases
and surfacings for low-cost roads in the tropics
(Bases et revétements hydrocarbonés pour rou-
tes économiques des tropiques, Transport and
Road Research Laboratory, U.K., 1977). Il décrit
des essais expérimentaux a grande échelle, ap-
puyés par la recherche en laboratoire, gui ont
permis de proposer des criteres de réception
pour les couches de base en sable stabilisees
avec un liant hydrocarboné pour les routes a
circulation faible ou moyenne. L'emphase est
mise sur le fait que la réussite du traitement aux
liants bitumineux dépend de la sélection appro-

priées de la classe et de la nature de ce liant. Le
choix du porcédé de stabilisation lui-méme im-
plique I'examen d'autres facteurs tels que le
genre de matériau et de traitement, la fabrication
et les conditions climatiques. Il est noté que les
valeurs CBR minimales aprés imbibition qui sont
normalement utilisées comme criteres pour le
traitement & la chaux ou au ciment, présentent
des problémes dans le calcul du traitement aux
liants bitumineux. Ceci provient du fait que ces
materiaux bitumineux sont susceptibles, c'est a
dire que leur viscosité varie en fonction de la
température. Le calcul des bases stabilisées
aux liants bitumineux dépend de la stabilité du
mélange. Ce rapport suggére comme valeurs
minimales pour les routes a faible circulation:

Stabilité Marshalla60°C .......... 100 kg
ou
Stabilité Hubbard-Field a 60° C .. .. 300 kg

Le neuviéme texte, Performance Study of
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features, such as material type or treatment,
plant, and environment. It notes that the
minimum soaked California Bearing Ratio (CBR)
values, normally used as a criterion for lime and
cement stabilization, present problems in the
design of bituminous soil stabilization. This is
because bituminous mixtures behave viscoelas-

-~ tically-and-are temperature susceptible. The re-

port recommends that the design of bituminous-
stabilized bases depend on the stability of the
mixture and suggests these minimum values for
lightly trafficked roads:

Stability, Marshall at 60°C ...... ... 100 kg
or
Stability, Hubbard-Field at 60° C ... 300 kg

The ninth text, Performance Study of Asphalt
Road Pavement with Bituminous-Stabilized-
Sand Bases, was published in Transportation

Research Record 641 (Transportation Research
Board, 1977). It describes the construction of an
experimental road using aeolian (windblown)
sand stabilized with bitumen material as a base
course. Several bituminous stabilizers were
used, i.e., two cutback bitumens, a cationic
bitumen emulsion, and cutback tar. The cutback
bitumens and the emulsion were each incorpo- -
rated in at least two different percentages. Also,
a 15 percent (by volume) calcareous filler was
added to the windblown sand before addition of
the bituminous binders in some of the test sec-
tions. The setting up of the bitumen-sand mix-
tures on the road was studied over a period of 2
years under a light sand seal before a 30-mm-
thick asphalt-concrete surface was placed.

The text describes (a) the details of the exper-
iment, (b) the materials used, (c) the techniques
of construction, (d) the laboratory control during

sugiere los siguientes valores minimos para
caminos con volumen liviano de transito:

Estabilidad, Marshall a 60° C
0
Estabilidad, Hubbard-Field a 60° C . 300 kg

El noveno texto, Performance Study of Asphalt
Road Pavement with Bituminous-Stabilized-
Sand Bases (Estudio de rendimiento de
pavimento de asfalto con bases de arena es-
tabilizadas con betun), fué publicado en Trans-
portation Research Record 641 (Archivo de In-
vestigacion Vial 641, Transportation Research
Board, 1977). Describe la construccion de un
camino experimental utilizando arena edlica
(soplada por el viento), estabilizada con material
bituminoso, como capa de base. Se utilizaron
varios estabilizadores bituminosos, es decir, dos
betunes fluidificados (cutback), una emulsion

bituminosa catidnica, y alquitran fluidificado. Los
betunes fluidificados y la emulsion fueron incor-
porados cada uno en por lo menos dos porcen-
tajes distintos. Ademas, se anadié un relleno
calcéarea de 15% (por volimen) a la arena edlica
antes de anadir los aglutinantes bituminosos en
algunas de las secciones de ensayo. El esta-
blecimiento de las mezclas de betlun-arena
sobre el camino se estudié durante dos afios
bajo un sello liviano de arena antes de colocar
una superficie de asfalto-hormigén de 30 mm de
espesor.

El texto describe (a) los detalles del ex-
perimento, (b) los materiales utilizados, (c) las
técnicas de construccion, (d) el control de
laboratorio durante la colocacion de las capas
de base experimentales, (e) los estudios de
campo realizados después de completarse la
capa de base y después de la colocacién del
pavimento, (f) las conclusiones hechas al final

Asphalt Road Pavement with Bituminous-
Stabilized-Sand Bases (Etude du comporte-
ment des chaussées en asphalte avec base de
sable stabilisé aux liants hydrocarbonés), fut pu-
blié dans le Transportation Research Record
641 (Transportation Research Board, 1977). La
construction d’une route expérimentale dont la
couche de base est faite de sable éolien stabi-
lisé aux liants bitumineux est décrite. Plusieurs
stabilisants bitumineux ont été utilisés: deux bi-
tumes fluidifiés ou cut-backs, une émulsion ca-
tionique et du goudron fluidifié. Les cut-backs et
I'emulsion cationique ont été réspectivement mé-
langés a au moins deux dosages différents. De
plus, dans certaines sections de la route, on a

ajouté 15 pour cent (volume) de filler calcaire au
sable éolien avant I'adjunction des liants bitu-
mineux. Le comportement de prise des
melanges sable/bitume recouverts d'une mince
couche de sable, a été étudié pendant deux
ans, avant la pose finale d’'un revétement de 30
mm de béton asphaltique.

Le texte décrit (a) les détails de I'étude, (b) les
matériaux utilisés, (c) les méthodes de construc-
tion, (d) les examens de contréle au laboratoire
pendant la construction des diverses couches
de base expérimentales, (e) les études sur le
chantier aprés la construction de ces couches
de base, et aprés avoir revétu la chaussée, (f)
les conclusions de cette étude, et (h) I'extrapola-




the laying of the experimental base courses, (e)
the field studies carried out after completion of
the base course and after the placing of the
pavement, () the conclusions drawn from the
study, and (h) the extrapolation of performance
results to heavier traffic conditions.

The construction method, known as the wet-
sand process of bituminous stabilization, in-
cluded the addition of water to the sand and

-sand-filler blend before the additon of the binder
to increase the density and shear strength of the
finished product. The arbitrary compaction of
this wet sand (moisture content approximately
10-12 percent before stabilizing with binder)
also improved the inherently poor stability of the
dry sand. As a result, the stabilization plant was

able to move over the sand bed at the required
speed without undue slippage. The optimum
condition for compaction of the stabilized mate-
rial was determined by means of a vane-shear
apparatus.

Bibliography

The selected texts are followed by a brief bib-
liography containing reference data and
abstracts for 24 publications. The first nine de-
scribe the selected texts. The other 15 describe
publications related to the selected texts. Al-
though there are many articles, reports, and
books that could be listed, it is not the purpose

del estudio, y (h) la extrapolacion de los resul-
tados de rendimiento a condiciones de transito
de mayor volumen.

El método de construccion, que se conoce
como el proceso de arena mojada de es-
tabilizacién bituminosa, incluye la adicion de
agua a la arena y la mezcla de arena-relleno
antes de afiadir el aglutinante, para aumentar la
densidad y resistencia al esfuerzo cortante del
producto terminado. La compactacion arbitraria
de esta arena mojada (cuyo contenido de
humedad es aproximadamente 10-12 por ciento
antes de la estabilizacion con el aglutinante)
también mejor¢ la estabilidad pobre inherente
de la arena seca. Como resultado, la planta es-
tabilizadora pudo trasladarse sobre la base de

arena a la velocidad requerida sin excesivo res-
balamiento. La condicién éptima para la com-
pactacion del material estabilizado fué deter-
minada por medio de una veleta.

Bibliografia

Los textos seleccionados son seguidos por una
breve bibliografia que contiene los datos de re-
ferencia y abstractos para 24 publicaciones. Los
primeros nueve describen los textos selec-
cionados. Los otros 15 describen publicaciones
que se relacionan a ellos. Aungue hay muchos
articulos, informes, y libros que se podrian nom-
brar, no es el propdsito de esta bibliografia con-

tion des résultats obtenus a des conditions de
circulation plus intense.

LLa technique utilisée pour la construction,
connue sous le nom de “wet sand process”
(procédé au sable humide) demande I'adjunc-
tion d'eau au sable et au mélange sable/filler
avant I'adjunction du liant pour augmenter la
densité et la résistance au cisaillement du maté-
riau final. Le compactage, arbitrairement décidé,
de ce mélange de sable humide (teneur en eau
d'a peu prés 10-12 pour cent avant stabilisation
avec le liant) améliora aussi la stabilité, plutot
meédiocre, du sable sec, et permit de pouvoir
faire avancer I'enrobeur automoteur-auto-
chargeur a la vitesse désirée sans que les roues

gliésent a vide. La condition optimale de com-
pactage du matériau stabilisé a été determinée
a l'aide de I'appareil a palettes.

Bibliographie

Les textes choisis sont suivis d'une bréve biblio-
graphie contenant des données de réferences
et des analyses de 24 publications. Les neuf
premieres décrivent les textes choisis. Les au-
tres quinze décrivent des publications apparen-
tées au theme des textes choisis. Bien qu'il y ait
beaucoup d'autres articles, rapports et livres qui
pourraient étre inclus, I'objectif de cette biblio-
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of this bibliography to contain all possible refer-
ences related to the subject of this compendium.
The bibliography contains only those publica-
tions from which a text has been selected or
basic publications that would have been
selected had there been no page limit for this
compendium.

tener todas las referencias relacionadas con el

tema de este compendio. Contiene Unicamente
aquellas publicaciones de las cuales se selec-

ciond un texto o las publicaciones bésicas que

se hubieran seleccionado si no hubiera un limite
al nimero de paginas para este compendio.
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graphie n'est pas d'énumérer toutes les référen-
ces possibles ayant rapport au sujet de ce re-
cueil. Donc, cette bibliographie, telle qu’elle, se
rapporte seulement aux publications dont nous
avons choisi des extraits, ou aux textes de base
gue nous aurions choisis aussi, s'il n'y avait pas
de limites gquant au nombre de pages de ce re-
cuelil.



Selected Texts

This section of the compendium contains
selected pages from each text that is listed in
the table of contents. Rectangular frames are
used to enclose pages that have been
reproduced from the original publication. Some

compendium are outside the frames and appear
in the middle left or middle right outside margins
of the pages. Page numbers that are given in the
table of contents and in the index refer to the
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NOTE: The deleted material does not
pertain to chemical stabilization.

4.42.3 Stabilised soil (cement, lime and bitumen)

Soil stabilisation offers one of the best forms of base construction
for use in tropical and sub-tropical countries. A wide variety of
soils may be used. Apart from organic soils and some other rather
rare soils that because of chemical contamination react unfavour-
ably with cement and lime, the only physical factors limiting the
use of soils for stabilisation are:

(i) thatit must be possible to break the soil to a fine tilth in order
to mix in the stabiliser, and
(ii) that the soil should have an adequately stable grading.

A suitable criterion is that the coefficient of uniformity should
be greater than 5 and preferably greater than 10. The coefhicient
of uniformity is the ratio of the sieve size through which 609%,
of the material passes to the sieve size through which 109, of the
material passes.

The important characteristic of stabilisation with cement and
lime is that the relatively high strengths that may be obtained with
dry compacted soils are retained by the mixtures when they be-
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come wet. The mixtures, particularly with cement, may attain
strengths considerably in excess of those of the compacted dry soil.
High strengths are not necessarily an advantage since they are
accompanied by shrinkage and cracking to relieve internal stresses.
Thus the proportion of cement or lime required normally ranges
between 3 and 79, by weight of the dry soil,1°

With lime stabilisation, clay minerals are necessary in the soil
for the stabilisation reaction to proceed. A usetul working limit is
that the soil should contain at least 159, of fines passing the 425 yumn
(BS. 36) sieve and have a plasticity index of at least 109,. Cement
may be used to stabilise both plastic and non-plastic soils.

The suitability of soils for stabilisation with cement or lime is
Judged on the results of laboratory tests. The simplest test is a
simple wetting and drying test to judge whether mixtures retain
their strength when wetted. Quite useful results can be obtained
by subjective assessment using hand and eye. A form of this test
has been recommended by the Portland Cement Association and
adopted as standard by the American Society for Testing and
Materials. !

In testing the strength of stabilised soils the C.B.R. test is widely
used for testing gravelly soils whereas the unconfined compression
test is often used with finer textured soils. Both tests are often made
atanage of seven days comprising three days moist curing followed
by four days immersion in water. Since the strength of stabilised
soil mixtures is critically dependent on temperature, where strict
comparability between results is needed the temperature should
be maintained constant (4 2°C) during these seven days. The
curing temperature selected in tropical countries will normally be
between 25°C and 35°C, the precise level being that at which it is
possible to maintain an even temperature in a laboratory without
refrigeration.

Guiding criteria for laboratory tests are as follows:

() C.B.R. Test. A.C.B.R. value of 80-1009 at the density to

which the soil will be compacted in the ficld.

(b) Unconfined Compression Test. Criteria arc more uncertain
lying probably between 350 and 1700 kN/m?2 (50 and 250
Ib/in?) with the same qualification on the density of test
specimens. Fig. 4.3 shows 12 13 the relation between C.B.R.
and unconfined compressive strengths for a wide range of
soils and it is suggested that the unconfined compressive
strength requirement for the different soils can be taken as
that corresponding to a C.B.R.. of 1009,
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In all but very dry areas it is important to examine the effects of
moisture on the stabilised materials by testing specimens that have
been immersed in water. Specimens should be prepared at the
maximum dry density obtained in the BS. compaction test,
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F1G. 4.3. Relation between C.B.R. and unconfined compressive strength for soil-cement mixtures.

2:5 kg (5-5 Ib) rammer method since this is usually close to the
density achieved in the field. Alternatively, a series of tests at a
range of densities should be undertaken so that the strength at
field density may be interpolated.

The stabiliser content indicated from the test may have to be
adjusted from a knowledge of how etfectively the stabiliser will be
spread and mixed with the soil in the field. With hand spreading,
amounts of cement of less than 8 kg/m? (15 1b/yd?) or of hydrated
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lime of less than 6-5 kg/m? (12 1b/yd?) for a 15 cm (6 in) thick base
are difficult to distribute uniformly.? With most soils the stabiliser
requirement will be of the order of 11 kg/m? (20 Ib/yd?) for a
15 cm (6 in) thick base and amounts exceeding 16 kg/m? (30 Ib/yd?)
are usually uneconomical. To perform the mixing operation
effectively, plant should be capable of pulverising the soil so that
759, of all material other than stone or gravel will pass the 4-75 mm
(f% in) sieve when mixing is complete®. If soils mixed with these
proportions of stabiliser fail to harden satisfactorily they are not
necessarily unsuitable for stabilisation. It may be possible to over-
come the difficulty by modifying the stabilisation process and ex-
pert advice should be sought.

Bitumen finds its main use in stabilisation with sandy soils. Its
function is in supplying the cohesion that is lacking in such non-
plastic soils. Best results in the field are achieved with well-graded
sands in which the proportion of material passing the 75 pum
(BS. 200) sieve does not exceed 109, and is non-plastic. The
cheapest method is to employ the sand without drying or heating.
In wet areas this is accomplished by using up to 29, of hydrated
lime as an adhesion agent in conjunction with a cut-back bitumen
containing special acids to react with the lime!S. In dry areas
where the natural moisture content of the sand is low, a normal
cut-back bitumen or bitumen emulsion may be used. With some
sands, it may be necessary to use heated sand with a harder bitumen
to obtain sufficient stability.

Generally the proportions of bitumen required range between
4 and 69, by weight of dry sand, the higher proportions being
necessary with fine sands. Recent experience has indicated that
with well-graded sands, adequate cohesion and stability may be
obtained with bitumen contents as low as 29,,.1°

All stabilised soils require the protection of a bituminous sur-
facing. If not so protected, they are likely to be rapidly abraded by
traffic. With cement- and lime-stabilised soils the first bituminous
treatment is generally a prime-coat of fluid cut-back bitumen.
This prime coat may also function to assist in the curing of the
stabilised soil by inhibiting the evaporation of moisture.
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6.4 SHAPING

The riding quality of a road surface depends on the smoothness of
the upper surface of the pavement and it is this quality which
determines the comfort or discomfort experienced by the road
user. A poorly finished surface gives an uncomfortable ride, in-
creases the maintenance cost both for the road itself and for the
vehicles travelling over it and increases hazards by allowing puddles
to form during periods of rain.

Although shaping is desirable at all stages of road construction,
particular attention should be given to the shaping of the surface of
the subgrade, sub-base, base and surfacing layer. In road-building,
succeeding layers are placed in a loose state on top of the pre-
viously compacted layer and any incqualities in the depth of loose
material placed leads to an uneven surface. Rectification of this
unevenness is often a time-consuming operation and in many
instances is wasteful of material, since 1t is thoroughly bad practice
to attempt to scrape off the high spots and distribute the material
in thin layers in the hollows, especially on base layers. Such thin
layers of material do not bond effectively with the mass of the base
layer and will subsequently peel off under trathe.

Thin bituminous surfacings are the norm in developing coun-
tries and the riding quality must be built into the base layer. The
motor grader is widely used to shape natural gravel and soil
whether stabilised or not and is rapidly superseding manual
methods. With harsh base materials of large particle size, such as
crushed stone, spreading may be carried out by spreader boxes or
by paver, but hand finishing may still be needed.

The motor grader is virtually indispensable nowadays both
for road construction and for maintenance, its uses ranging from
spreading and shaping pavement and embankment layers, and the

“trimming of cutting and embankment slopes, to the digging of
ditches. A skilled operator 1s essential when high standards ot finish
are required and unskilled operation can appreciably diminish its
usefulness.

In towns and cities, road surtaces must generally be finished to
precise levels in relation to footpaths and adjacent property. On
rural roads the surface must be built to precise levels on bridge
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approaches; elsewhere it is of no great consequence if final surface
levels differ by 5to 7 cm (2 or 3 in) from the design levels. The im-
portant consideration is to provide a true running surtace of good
riding quality and with the correct cambers and superclevation on
bends. Standards of finish for the different layers of construction
are indicated in Table 6.1. These standards are not difficult to
achieve and, if they are combined with adequate design and care
in compacting the ditferent layers of construction, will provide
roads that keep a good riding quality for many years.

Table 6.1 RECOMMENDED STANDARDS OF FINISH ON PAVEMENT LAYERS

Maximum depression under 3 m (10 ft)
Surface of layer straight-edge .

mm in

Subgrade 50 2

Sub-base 25 1

Base 13 ¥
Base with thin bituminous surfacing

fless than 25 mm (1 in) thick] 10 3

Surfacing 10 3

On roads with the single or multiple bituminous surface
dressings generally used in developing countries, particular care is
necessary in shaping the surface of the base.

The following technique has been used successfully on gravel
bases. The spread and processed loose layer of material is shaped
before compaction starts. The initial compacting passes are given
by light rollers, pncumatic-tyred rollers operating at low tyre
pressures being very suitable, so that the surface of the layer is not
distorted. Compaction by heavy rollers follows and then the final
grading (sometimes called scalping).® Lastly a coverage with a
smooth-whecled roller is given to close the surface. Using such a
sequence of operations, surface finishes complying with the above
recommendations can be consistently attained?.

6.5 COMPACTION

The aims in compacting soil and other materials in road building
are:

1"
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(a) to increase the strength of the material and thus obtain the
best use from it as a component in the road structure,

(b) to reduce within tolerable limits subsequent compaction
under traffic, i.e. to prevent the road structure from being
distorted and possibly damaged by differential compaction
under traffic.

The process of compaction consists essentially of packing the
particles of scil or other material closer together and expelling air.%
Compaction is measured quantitatively in terms of dry density,
1.e. the weight of solid material per unit of bulk volume.

The state of compaction achieved is determined by the amount
and character of the energy applied and the moisture content of the
material. With a given compactive effort there exists for each soil,
as shown in Fig. 6.4, a moisture content termed the ‘optimum
moisture content’ at which a maximum dry density is obtained.
As the compactive effort increases so the maximum density is in-
creased and the optimum moisture content decreases. The effects
of moisture content on compacted density can be appreciated by
considering the water as a lubricant. As the moisture content in-
creases, the lubrication given by the water causes the soil to soften
and become more workable. This results in higher dry densities
and lower air contents. As the air content becomes less, the water
and air in combination tend to keep the particles apart, and pre-
vent any appreciable decrease in air content. The total voids,
however, continue to increase with the moisture content, and
hence the dry density of the soil falls.

An essential feature of the compaction process is thus to adjust
the moisture content of the material so that the compacting plant
can be fully effective. Soils as they are obtained from the excavation
may contain sufficient moisture for compaction. It is important
for compaction to be done before drying takes place. With ex-
pericnce, squeczing a lump of soil in the hand can provide a simple
test to indicate whether the material to be compacted is in a
moisture content range suitable for compaction.® 3 At the opti-
mum moisture content, the lump so formed can be broken into
two pieces without crumbling yet it is not sufficiently plastic to
squecze between the fingers or more than lightly stain the hands.
The data from standard specimens made in the laboratory are a
better guide. With experience, the moisture content of soils can be
controlled within quite close limits by such methods. In addition,
regular measurements of the densities achieved should be made so
that consistently high standards of compaction will be achieved.®
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Smooth-wheeled, pneumatic-tyred, vibrating and sheepsfoot
rollers are commonly used on road works. On large embank-
ments'on which heavy equipment is used this equipment alone can
often give sufficient compaction provided it is routed systematically
over the whole arca being constructed.

The various types of roller operate most cffectively under
ditferent conditions but all are capable of achieving good states of
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F16. 6.4. Effect of different amounts of compaction on dry density of sandy clay soil.

compaction on a wide range of materials. Smooth-wheeled and
pneumatic-tyred rollers are all-purpose pieces of plant although
the heavier vibrating rollers can now be considered in this category
also. Vibrating plates, grid and sheepsfoot rollers and the lighter
vibrating rollers are less versatile but it is always well worthwhile
to moatch the compaction plant to the job in hand especially on
large works where maximum economy can accrue.

13
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Data are available indicating the performance of compaction
equipment with different soils and base materials over a range of
moisture conditions.” ® 10 Fig 65 shows typical compaction
curves for commonly used items of compaction plant compacting
a plastic clayey soil and a well-graded gravel-sand-clay base
material. In general terms smooth-wheeled rollers are most useful
in drier conditions compacting material spread in thin layers and
for surface finishing operations; pneumatic-tyred rollers are more
appropriate in wetter conditions and on thicker layers, and the
self-propelled variety is especially useful in compacting bituminous
surface dressings. Vibrating rollers and plates are seen to advantage
on more granular well-graded materials, particularly on base
courses. Over-stressing of the layer being compacted should be
avoided; with well-graded material the range of moisture content
can be critical and a spongy unstable condition can develop if it is
exceeded.? With uniformly-graded cohesionless soils compaction
pressures must be low initially and be increased gradually as the
bearing capacity of the material improves.

In works of any magnitude rigorous control of the compaction
process is always desirable and in-situ density determinations,
normally using the sand replacement method, are added to the
simple control techniques outlined above.! 12 13 More rapid and
sophisticated methods of measuring density and moisture content
are at present being developed using radioactive sources. Particular
care is required in calibration if these methods are to give accurate
results'®. The required state of compaction is normally specified
relative to a laboratory compaction test. To obtain a reliable
average value of the dry density achieved, at least 6-10 in-situ
determinations must be made and the laboratory compaction test
must be carried out on exactly the same material. With unstabilised
materials this is casily achieved since the laboratory tests can be
carried out on the soil extracted from the density holes.

The amount of testing required to control the density will be
determined by the magnitude of the works and by the nature of the
material and its position in the road structure. To determine a
reliable average figure, sampling points should be confined to an
area where materials are substantially the same and which has been
subjected to the same construction sequences under similar weather
conditions. For example, on stabilised base construction, in-
dividual areas processed are commonly about 100-300 m (100-
300 yd) long and in each such area the average state of compaction
would be determined. About six dry density determinations would
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be appropriate for the smaller areas, increasing to ten on the larger.
Similarly, on earthworks the material placed daily would often
form a useful unit for measurement but on large contracts five dry
density determinations for every 765 m?® (1000 cu. yd) placed
would be appropriate. !4

Of greater importance than the amount of testing is the location
of test points. While the location of these at chainage pegs is admini-
stratively simple it is liable to lead to optimistic results, since the
pattern of testing will often result in greater care being taken with
compaction at the known test locations. Test points should, there-
fore, be selected at random; simply drawing or casting lots for test
locations would be quite appropriate.

Table 6.2 AVERAGE STATE OF RELATIVE COMPACTION THAT CAN BE CONSISTENTLY
OBTAINED UNDER NORMAL WORKING CONDITIONS

Minimum average relative

Description of layer compaction attainable* Standard laboratory
: o) compaction tests 1213
‘o

Earthworks and subgrades

95 (with moisture control)
85 (without moisture control)

BS. 1377, 1967. Test 11
and ASTM.D. 698-64T

Base and sub-base layers:

Granular and lime- 100 BS. 1377, 1967. Test 11 and
stabiliscd materials or ASTM.D 698-64T
95 BS. 1377, 1967. Test 12 and.
ASTM.D. 1557-64T
Cement- stabilised
materials 95 ASTM.D. 558-57

Average ficld dry densicy x 100
Maximum dry density n laboracory
compaction test

* Average relauve compaction = per cent

As with all operations it is essential that the levels of compaction
specified are realistic and the tolerances required for work in the
field recognised. Table 6.2 summarises the states of compaction
that are commonly specified in pavement and subgrade layers and
which have been shown to be attainable in practice in climates
ranging from moist temperate to arid tropical. It is particularly
important to recognise that with cement-stabilised materials, delay
between mixing and compaction may result in lower values of
relative compaction being obtained than would be expected with
the same soil without stabiliser.!* Standard laboratory compaction
tests making allowance for this phenomenon are available!? and
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provide a measure by which the state of compaction of cement-
stabilised materials can be judged.

6.6 QUARRIES, DRILLING, BLASTING AND
CRUSHING

Stone is needed at some stage in almost all forms of road con-
struction and potential quarry sites which can provide the quan-
tities required should be located at an early stage. Geological
surveys will be of assistance in locating stone deposits and indicating
the type of rock likely to be available. A new quarry should be
carefully planned to take full advantage of the terrain in construct-
ing access roads and siting crushing and associated plant; ditterences
in levels can provide gravity loading of the quarry products.
Overburden and debris should be cleared from working areas and
all-weather access provided.

Quarry operation requires skilled personnel and careful adher-
ence to safety regulations. Drilling is normally done by rock drills
operated by compressed air. Improved performance of operation
will be achieved by the use of tungsten carbide bits which should
be kept correctly sharpened. Modemn blasting techniques using
short time delay fuses, the delay being of the order of 10~1000 ms.
(1 ms = 0-001 sec), enable large quantities of rock to be broken
out with good fragmentation and minimum ground disturbance.!®
Blasting with short time delay fuses enables a large number of
charges to be blasted virtually simultaneously, thus producing
sutficient rock to match the weekly output of the quarry. Earlier
methods of blasting involved the intermittent firing of smaller
numbers of charges with considerable delay to other operations.

After blasting, the rock is crushed to sizes required on the road.
The size and type of crushing plant will depend on several factors:
the type of rock, the amount required and the specified gradings.
The output of crushing plant should be assessed bearing in mind
the amounts of stone likely to be required; too large a plant will
involve heavy capital expenditure and only operate for short
periods; too small a plant, however, will be unable to meet re-
quirements on schedule and work may well be delayed.

The minimum requirement to produce chippings of reasonable
shape and size is a plant with two-stage crushing, the first to reduce
block stone from 20-30 cm (9-12 in) to 5-8 ¢m (2-3 in) and the
second to produce chippings from the 5-8 cm (2-3 in) stone. The

17
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“crushed stone will be stockpiled prior to use on the road and care

should be taken to avoid mixing the various sizes and contamination
with soil or other materials. Every effort should be made to remove
the dust from crushed stone which is to be used for bituminous
surface treatments. Even a small quantity of dust can affect adhesion
between the stones and bituminous binders.

6.7 STABILISED SOILS
6.7.1 SPREADING AND MIXING OF STABILISED SOILS

Road bases consisting of natural gravels or soils of low plasticity
and stabilised with small proportions of cement or hydrated lime
have been described previously and are widely used in developing
countrics, especially in tropical and sub-tropical areas. Mix-in-
place methods are generally used to incorporate cement and lime
mto the natural soil. Mix-in-place may be used with bitumen but
premix plants are more commonly used.

When the mix-in-place method is used, the required amount of
stabiliser is spread on the surface of the soil to be stabilised and then
mixed in. In the premix method, the correct proportions of
stabiliser and soil are mixed and then laid on the subgrade to the
required depth.

6.7.1.1  Spreading or proportioning the stabiliser

In mix-in-place construction the bags of cement or hydrated lime
are spotted on the layers of soil to be processed, split open and the
stabiliser distributed over the surface by hand (Fig. 6.6). It is
essential that this spreading should be carried out carefully since
any lack of uniformity will be reflected in the finished base.’ Bag
spotting should be arranged so that each bag is located at the centre
of an area which is as near a square as practicable and for the usual
quantity of stabiliser, 11 kg/m?/15 cm base thickness (20 Ibjyd?/6
in base thickness), this is achieved with bags spotted in three
longitudinal rows on a 6 m (20 ft) wide carriageway. Where bulk
supplies of stabiliser are available a mechanical spreader is often
used and recent research has shown that mechanical spreaders can
spread low proportions of cement and hydrated lime more uni-
tormly than manual methods.* Where bituminous binders are
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being used these are normally applied through the metered system
of specialised mixing plant.

With plant-mix, weigh-batching of the soil is usual. Cement and
lime are supplied in bags of known weight and bitumen is pro-
portioned by either weight or volume. It is essential that a close
check is kept on the quantities of stabiliser used by regular checking
of the invoices and stocks, so that no gross proportioning €rror is
overlooked.

6.7.1.2  Mixing of the stabiliser and soil

Where soils are friable and free-flowing at the moisture content
prevalent in the field little or no pulverisation is required. The
description of soils as free-flowing, though qualitative, is fairly
clear. It depends on the combined effects of the plasticity and
grading of the soil and the prevailing moisture conditions.

The product of the plasticity index and the percentage passing a
425 pm (BS. No. 36, ASTM No. 40) sieve can usefully define soil
properties for this purpose. Where the product does not exceed
1000, a wide range of plant has been found to be effective in
mixing these soils;® this range includes agricultural plant which
effects mixing by tumbling the constituents over and over (e.g.
agricultural disc harrows and ploughs and motor graders) in
addition to specialist machinery such as single or multi-pass
machines of the rotavator or pugmill type. (Fig. 6.7).

In mix-in-place using cement or hydrated lime with heavier
plastic soils, pulverisation of the soil becomes more important and
machines of the rotavator type with a positive shredding action are
needed. Even with these it is usually not practicable to stabilise a
soil where its liquid limit and plasticity index exceed 50 and 30%
respectively.!? However, the friable red clay soils common in
tropical areas have been successfully treated although exceeding
these limits!8, In any given instance, the quality of pulverisation
attainable can be checked by sieve analysis and a common require-
ment is that soils should be pulverised until 759, of all material
other than stone or gravel particles will pass a 475 mm (%-in)
sieve.!?

Water is normally added to soils being stabilised with cement
and lime after some initial mixing passes of the dry soil and
stabiliser, when multi-pass mixing methods are used. With agri-
cultural plant, water is sprayed on the surface from bowsers, but
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Fi6. 6.7. Mixing cement-stabilised road base with a multi-pass mixing machine. Kenya.
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most specialised “mixing miachines of the rotavaror and pugmill
type spray the moisture required into a mixing chamber, which
greatly assists in quick dispersion through the soil and reduces
evaporation losses. Where central plants are_employed, the
mixers used for cement, lime and bitumen stabilisation are com-
monly those used for premixed bituminous materials. With
friable and free-flowing soils, concrete mixers can be used for
cement and lime stabilisation.

Materials stabilised with cement and hydrated lime should be
damp-cured until the bituminous prime coat is applied. This is
simply achicved by spraying the surface of the stabilised base with
water at least three times daily (morning, mid-day and evening);
alternatively the surface may be covered with damp sand or poly-
thene sheeting. At least three days should elapse between the con-
struction of the base and the application of the prime coat.

NOTE: The details of surfacing are
beyond the scope of this compendium.
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Grader blade is used to mix lime-stabilized iaterite

soil (Honduras).
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SOIL STABILIZATION: A MISSION ORIENTED APPROACH

J. A. Epps, W. A. Dunlap, and B, M. Gallaway, Civil Engineering Department,
Texas A&M University, College Station; and

D. D. Currin, U.S. Department of the Air Force, Kirtland Air Force Base,
New Mexico

The widespread use of chemical additives for improving the physical prop-
erties of soils and soil-aggregate systems has emphasized the critical
need for a classification and indexing system to simplify the selection of
the most desirable chemical to be used for the existing environmental con-
ditions and service demands. Such a system is described in this paper.
The soil stabilization indexing system is subdivided into parts dealing
separately with lime, portland cement, bituminous materials, and com-
binations of these materials. The different criteria for the use of each of
these stabilizers are described in detail with extensive references to the
literature. A series of flow charts have been developed that can be used
in selecting the type and the amount of stabilizer for a given soil.

oTHE U.S. Department of the Air Force demands and utilizes a broad array of airfield
pavement types, ranging from very austere temporary runways in forward combat zones
to well-engineered, heavy-duty runways designed for the most up-to-date aircraft. Be-
cause many of the existing pavements were built in the early 1930's, a continual pro-
gram of maintenance and reconstruction is carried so that the airfields can accommo-
date modern aircraft. New construction is also mandatory, and this includes perma-
nent facilities as well as limited-life pavement systems, many of which are constructed
within very severe time constraints. Expedient construction must take full advantage

of on-site construction materials because all additional materials and equipment must
be airlifted in to ensure rapid response.

The attractive engineering and economic benefits of soil stabilization make it neces-~
sary that this construction alternative be considered. Yet, in many cases, the engi-
neer has no past experience or specialized training in soil stabilization techniques. To
alleviate this problem, an index system is required that will allow the engineer to se-
lect the appropriate type and amount of stabilizer. The use of the index system in the
field should require determination of relatively simple properties of the soil. These
soil properties, together with suitable use factors and environmental data, should be
used as input to the index system.

AIR FORCE SOIL STABILIZATION INDEX SYSTEM

An overall systematic approach was used in developing the Air Force soil stabiliza-
tion index system (SSIS). The development of this system, shown in Figure 1, is dis-
cussed in this section (1).

Type of Stabilization

Chemical stabilization is of primary concern in the SSIS. However, both chemical
and mechanical stabilization must be considered and the alternatives evaluated.

Sponsored by Section on Compaction and Stabilization and presented at the 50th Annual Meeting.
1
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Figure 1. The Air Force soil stabilization index system.
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Use Factors

The soil stabilization system should be capable of being utilized for {a)-theater-of
operations use on both expedient and nonexpedient pavements and (b) zone of interior
use on permanent pavements.

Expedient refers to short-lived, high-risk, rapidly constructed pavements, whereas
nonexpedient and permanent pavements have a longer life and require an extended con-
struction period. The major difference between nonexpedient and permanent pavements
is that the latter would probably be constructed by civilian firms and the design lead
time would allow more thorough and detailed investigation of stabilization alternatives.
Permanent construction is identical to that used by state highway depariments for pri-
mary roads, and the index system for nonexpedient construction supplies a "jumping-
off" point for investigations in permanent construction.

Figure 1 shows another way in which use factors are entered in the index system by
specifying different subsystems for subgrade and base course stabilization. Subbases
are not considered directly, but they may fall either in the subgrade or base course
subsystems depending on the material type and desired strength characteristics.

Environmental Factors

Environmental factors might influence the ultimate durability and suitability of the
stabilized soil. They are based primarily on climatological effects. Both rainfall and
temperature must be considered because either can significantly influence the type and
amount of stabilizer used as well as the time of the year in which certain stabilizers
can be used,

Construction Factors

Military engineers faced with hasty construction in the theater of operations usually
are faced with limited equipment also. Knowledge of the type of equipment required
for a certain stabilization task may prove to be a valuable planning tool not only in an-
ticipating the type of equipment necessary to perform a stabilization task but also in
eliminating the use of a particular stabilizer if adequate equipment and time are not
available.

Field Performance Requirements for Stabilized Soils

The desired performance of the stabilized soils is established by the Air Force. In
most cases, this is based on anticipated life of the structure and allowable time for con-
struction. Exaraples of this information include the recent mobility concepts and vari-
ous other operational requirements that have been developed by the Air Force.

Field Evaluation

The verification of the index system for soil stabilization must ultimately come from
the user, i.e., the Air Force and its military partners. On pavement projects where
stabilization has been used, adequate construction records and follow-up evaluations
will be absolutely necessary to verify the adequacy of the stabilized sections. Con-
tinual evaluations of stabilized sections that are already in place will also aid in eval~
uating the ultimate performance of the index system.

Finally, it should be stressed that the SSIS is not a substitute for structural pave-
ment design. In its present form, it will not indicate to an engineer whether a layer
should be stabilized or whether there are structural advantages of stabilizing one layer
instead of another. Rather, the role of the index system is this: If the engineer de-
cides to use stabilization, then he should be able to use the index system to tell him
what kind of stabilization to use and how much stabilizer he should use. Soils that are
not amenable to stabilization can be so identified in the index system. If other circum-
stances, such as climatic conditions or lack of appropriate equipment, rule out the
possibility of stabilization, the index system can also provide this information.
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GENERAL REQUIREMENTS FOR SELECTING STABILIZERS

-.Several guides have been published that assist the engineer-in the selection of a sta~
bilizer for a particular soil (_2_, §_). These guides indicate that selection of the stabilizer
is dependent on the location of the stabilized layer in the pavement as well as the soil
type. Systems have been developed for both base course and subgrade stabilization (1),
although only the base course stabilization system will be presented in this paper.

Both the Unified Soil Classification System and the AASHO Soil Classification System
have been utilized to select soil stabilizers (4, 5). Because both grain size and Atter-
berg limits are necessary inputs to classify soils according to either system, these 2
parameters were used for the initial separation of the soils into specific categories. In
particular, the percentage passing the No. 200 sieve and the plasticity index (PI) were
selected.

Specific guidelines for stabilizer selection are also available from literature pub-
lished by consumer, producer, user, and general interest groups. These guidelines
are discussed here in detail for lime, cement, bituminous materials, and combinations
of these stabilizers.

Criteria for Lime Stabilization

Lime will react with most medium, moderately fine, and fine-grained soils to de-
crease plasticity, increase workability, reduce swell, and increase strength (g). In
general terms, the soils that are most reactive to lime include (:I_) clayey gravels, silty
clays, and clays. All soils classified by AASHO as A-5, A-6, and A-7 and some soils
classified as A-2-6 and A-2-7 are most readily susceptible to stabilization with lime.
Soils classified according to the Unified System as CH, CL, MH, ML, CL-ML, SC,
SM, GC, and GM should be considered as potentially capable of being stabilized with
lime.

Robnett and Thompson (Q), based on experience gained with Illinois soils, have in-
dicated that lime may be an effective stabilizer with clay contents (< 2u) as low as 7
percent; and, furthermore, soils with a PI as low as 8 can be satisfactorily stabilized
with lime in certain instances (8). Armed forces criteria (2) indicate that the PI should
be greater than 12, while representatives of the National Lime Association (9) indicate
that a PI greater than 10 would be a reasonable lower limit to utilize.

In view of these suggested criteria, it is believed that the PI of the soil should have
a lower limit of 10 to ensure that a reasonable degree of certainty will exist for suc-
cessful stabilization with lime,

Criteria for Cement Stabilization

The Portland Cement Association (10, 11) indicates that all types of soils can be sta-
bilized with cement. However, well-graded granular materials that possess a floating
aggregate matrix have given the best results (Q).

Limits on PI have been established by the armed forces (g), depending on the soil
type. The PI should be less than 30 for sandy and gravelly materials and less than 20
for the fine-grained soils. These limitations are necessary to ensure proper mixing
of the stabilizer in the soil.

Information developed by the Federal Highway Administration (§) indicates that ce-
ment should be used as a stabilizer for materials with less than 35 percent passing the
No. 200 sieve and with a PI less than 20. Thus, this implies that A-2 and A-3 soils
can be best stabilized by cement, while A-5, A-6, and A-7 soils can be best stabilized
by lime,

The authors have selected a maximum PI of 30 for those soils to be stabilized with
cement,

Criteria for Bituminous Stabilization

The majority of soil-bituminous stabilization has been performed with asphalt ce-
ment, cutback asphalts, and emulsified asphalts. For this reason, only these types
of bituminous stabilizers are considered,
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Some of the earliest criteria for bituminous stabilization were developed by the HRB

~Committee on-Soil-Bituminous Roads, - These criteria-were vevigsed-and published by
Winterkorn (13). Other criteria have been presented by the American Road Builders
Association (14), The Asphalt Institute (15, 16), Herrin (17), Chevron Asphalt Com-
pany (18), Douglas Oil Company (19), and the U.S. Department of the Navy (20). Al-
though these criteria were developed for particular types of bituminous stabilizers (i.e.,
soil-bitumen made with cutback asphalt), they are given in a single table (Table 1) for
comparison purposes.

Current trends indicate that stabilization with asphalt cements is gaining widespread
application. Requirements for aggregate grading and mixture properties of mixes con-
taining asphalt cement have recently been summarized by the HRB Committee on Bi-
tuminous Aggregate Bases (21). This survey of criteria together with data published
by the armed forces (22) suggests that soils that are nearly nonplastic and contain less
than 18 percent passing the No. 200 sieve are most suitable for hot-mix asphalt cement
stabilization.

Based on these criteria, a limit of 20 percent passing the No. 200 sieve, a PI less
than 6, and the product of PI and the minus No. 200 material less than 60 have been
utilized for selecting soils suitable for stabilization by asphalt. Less stringent require-
ments have been used in conjunction with the other stabilization subsystems developed
for the Air Force (1).

Criteria for Combination Stabilizers

Combination stabilization is here defined specifically as lime-cement, lime~asphalt,
and lime-fly ash. Because lime-fly ash stabilization is not expected to be a common
stabilization method used by the Air Force, it will not be incorporated into the index
system. The purpose of using combination stabilizers (lime and then one or the other
stabilizers) is to reduce plasticity and increase workability so that the soil may be ef-
fectively stabilized by the second agent or additive,

Robnett and Thompson (_2_§_) have reviewed the literature and have suggested that soils
that may be treated by these combination stabilizers are those classified by AASHO as
A-6 and A-T and certain soils classified as A-4 and A-5.

Based on these findings, it has been suggested that these combination stabilizers be
utilized with materials that have greater than 35 percent passing the No. 200 sieve and
that quantities of lime be used sufficient in magnitude to ensure that the PI is less than
the established criteria for either cement or asphalt stabilization as appropriate.

These criteria together with appropriate environmental and construction precautions
as given in Table 2 have been used to establish the base course stabilization system
shown in Figure 2,

This stabilization system separates soils into various groups so the engineer may
select the stabilizer suitable for use within these particular groups. This system will
not, however, indicate the amount of stabilizer that must be used for a particular soil.
The following discussion will suggest criteria that will allow the development of appro-
priate subsystems for the determination of stabilizer quantities.

TABLE 1
CRITERIA DEVELOPED FOR BITUMINOUS STABILIZATION

Plasticity Index
Percent Passing Plasticity x

Developer No. 200 Sieve Index Percent Passing
No. 200 Sieve

Winterkorn 8to 50 18
American Road Builders Association 0 to 35 10
Herrin 0to 30 10
The Asphalt Institute, Pacific Coast

Division 3to 15 (] 60
Chevron Asphalt Company 0to 25 Nonplastic 12

Douglas Qil Company 0 to 30 1
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Figure 2. Selection of stabilizer for nonexpedient base construction.
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TABLE 2
ENVIRONMENTAL AND CONSTRUCTION PRECAUTIONS
Environmental
Stabilization or Precaution
Construction

Lime Environmental 1f the soil temperature is less than 40 F and is not expected to increase for 1 month,
chemical reactions will not occur rapidly and, thus, the strength gain of the lime-soil
mixture will be minimal.

Lime-soil mixtures should be scheduled for construction such that sufficient durability
will be gained to resist any expected freeze-thaw cycles.
Construction Heavy vehicles should not be allowed on the lime-stabilized soil for 10 to 14 days after
construction.

Cement Environmental If the soil temperature is less than 40 F and is not expected to increase for 1 month,
‘chemical reactions will not occur rapidly and, thus, the strengthgainof the cement-soil
mixture will be minimal.

Cement~soil mixtures should be scheduled for construction such that sufficient durability
will be gained to resist the expected freeze-thaw cycles.
Construction during periods of heavy rainfall should be avoided.
Construction Heavy vehicles should not be allowed on the cement-stabilized soil for 7 to 10 days after
construction.
Bituminous Environmental When asphalt cements are used, construction should be allowed only when proper com-

paction is possible. If thin lifts are being placed, the air temperature should be 40 F
and rising. Adequate compaction can be obtained at freezing temperatures.

When cutbacks and emulsions are being used, the air temperature and soil temperature
should be above freezing.

Bituminous materials should completely coat the soil particles prior to compaction.

Construction Central batch plants, together with other specialized equipment, are necessary for bitu-

minous stabilization with asphalt cements,

Hot, dry weather is preferred for all types of bituminous stabilization.

DESIGN SUBSYSTEMS

Numerous research publications and technical guides are available to aid the engi-~
neer in the selection of criteria to determine the amount of stabilizer. A wide variety
of test methods have been proposed; however, quantitative criteria are not always avail-
able. The criteria discussed here are for establishing the design subsystems aimed
at determining appropriate stabilizer quantities for lime, cement, and bituminous sta-
bilization.

Lime Stabilization

Selection of Appropriate Soils—The preceding section discussed the general require-
ments of the soil with respect to gradation and plasticity. However, there are other
physicochemical features that must be considered in determining whether lime will re-
act with a soil.

Thompson (24) has defined soils as being lime-reactive if they display significant
strength increase (measured by unconfined compressive strength) when treated with
lime. Soils that are not lime-reactive according to this definition are not necessarily
unimproved by the addition of lime because lime may still decrease the plasticity, de-
crease the susceptibility to water, and enhance the overall engineering behavior of the
soil. However, because improved load-bearing characteristics are desired in the sta-
bilization index system, strength will be a major consideration here,

Factors that may prohibit soils from being lime-reactive include soil pH and the
presence of organics and suifates, Soils with a pH less than 7 may not be lime-reactive,
although some soils with pH values as low as 5.7 have reportedly been effectively sta-
bilized with lime (24). It has also been reported that soils with organic carbon con-
tents exceeding about 1 percent are not satisfactorily lime-reactive (24). In addition,
experience has shown that the presence of significant amounts of sulfates diminishes
the effectiveness of lime.

It has been reported that A-horizon soils in Illinois do not satisfactorily react with
lime (gg), and similar reports have been made on other soils. This is probably the
result of high organic contents in the upper horizon. Poorly drained soils often are
the most reactive to lime, possibly because of the higher pH and the availability of
lime-reactive constituents, such as unweathered soil minerals.
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Selection of Type of Lime—Lime is generally used as an all-encompassing term to
denote either slaked (hydrated) lime or quicklime. . Both ealecitic lime and dolomitie.
(high magnesium) lime are available in the United States. Although there is some dis-
agreement as to whether the type of lime influences the strength of lime-soil mixtures
(§§), the selection of the lime type is usually predicated by availability of the stabilizer
and safety requirements of the particular job.

Selection of Lime Quantity—There are fewer definitive criteria for evaluating the
correct quantity of lime than for cement or bituminous materials.

Eades and Grim (26) have proposed a short-cut test where the appropriate lime con-
tent is that which will produce a minimum pH of 12.4 one hour after mixing. This test
has not been validated for soils on a worldwide basis and should be used with caution.

Most authors have reported that a minimum of 3 percent lime is necessary to pro-
duce adequate reactions in the field (27). The Air Force (28) suggests that 2, 3, and 5
percent lime be used in coarse soils (those containing 50 percent or less passing the
No. 200 sieve) while 3, 5, and 7 percent be tried for fine-grained soils (greater than 50
percent passing the No. 200 sieve). The National Lime Association recommends 3, 5,
and 7 percent lime in trial mixtures (_2_]_). With the exception of the pH test described,
the lime content must generally be determined by trial mixtures with the amount of lime
being the minimum required to produce the desired reactions.

Methods of Evaluating Soil-Lime Mixtures—Several types of tests have been proposed
for evaluating soil-lime mixtures. These include, but are not limited to, unconfined
compressive strength, California bearing ratio, flexural fatigue strength, triaxial
compressive strength, tests yielding elastic properties, cohesiometer values, and
freeze-thaw and wet-dry tests. Most of these tests are not used routinely, and satis-
factory criteria are not generally available. Some of the most reliable data are based
on unconfined compressive strengths developed from research done by Thompson (_2_@.
Table 3 gives his results.

Durability, the ability of a material to retain stability and integrity over years of
exposure to service and weathering, is perhaps the most difficult to determine. Of the
many tests developed, only a modified freeze-thaw test shows substantial merit (30).

Figure 3, the lime stabilization subsystem, has been developed from these criteria.

TABLE 3
TENTATIVE LIME-SOIL MIXTURE COMPRESSIVE STRENGTH REQUIREMENTS

Strength Requirements for Various Anticipated
Service Conditions?

Residual
. Strength B
Anticipated Use Requirement? E:t D?;yd Cyclic Freeze-Thaw® (psi)
(pst) So:jr(‘i:g
(psi) 3 Cycles T Cycles 10 Cycles
Modified subgrade 20 50 50 90d 120
50
Subbase
Rigid pavement 20 50 50 98d 120
5
Flexible pavement
10-in. cover® 30 60 60 100 130
60d
8-in. cover® 40 70 70 110 140
754
5-in. covere 60 80 90 130 160
1004
Base 100f 130 130 170 200
1504

&Strength required at termination of filed curing (following construction) to provide adequate residual strength,
Minimum anticipated strength foliowing brst winter exposure.
ENumber of freeze-thaw cycles expected in the lime-soil layer during the first winter of service.
Freeze-thaw strength losses are based on 10 psifcycle except for these 7-cycle values that are based on a previcusly
established regression equation.
8T otal pavement thickness overlying the subbase; requirements are based on Boussinesq stress distribution,; rigid pave-
ment requirements apply if cemented materials are used ss base courses,
Elexural strength should be considered in thickness design.
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LIME CONTENT:
BY pH TEST
PROCEDURE

MOLD UNCONFINED
COMPRESSIVE

STRENGTH SPECIMENS
AT OPTIMUM WATER
CONTENT AND MAXI~-
MUM DRY DENSITY

DETERMINE
STRENGTH
INCREASE OF
LIME STABI-
LIZED SOIL

_{ >50 psi

use lime

DETERMINE STRENGTH
INCREASE FOR LIME

| CONTENTS + 2% OF

ESTIMATED LIME
CONTENT

DETERMINE LIME
CONTENT ABOVE WHICH]

1 FURTHER STRENGTH

INCREASES ARE NOT
SIGNIFICANT

| WITH CRITE

CHECK
STRENGTH

PRESENTED
TABLE 3

RIA
IN

—

<50 psi
do not use
}ime

Figure 3. Subsystem for base course stabilization with lime.
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Information as to general requirements such as gradation and Atterberg limits have
been discussed previously. Most research and construction with cement-soil mixtures
has been performed on soils that have been classified according to the AASHO classifi-
cation system. Experience has shown that this approach is satisfactory; but, it does
not include important soil properties such as clay type, soil pH, organic content, and
soil sulfate content that may influence the suitability of a soil for cement stabilization.
These effects are discussed in this section.

Effects of pH, Organics, and Sulfates—The Road Research Laboratory has shown a
general trend of strength increase with soils possessing high pH values. For pH values
greater than 7, no ill effects on strength were noted (31). The Portland Cement Asso-
ciation has conducted pH tests on soils, but it has found no general correlation between
pH and performance (32).

Two tests have been proposed to assess the effects of organics on soil-cement
strength. The Portland Cement Association (§_§) has suggested the use of the calcium
adsorption test to determine the presence of organics in sandy soils, but this test should
not be used for clay soils. Additional research conducted by the Portland Cement As-
sociation (32, 33) has shown that the standard colorimetric tests will not identify the
presence of organics satisfactorily.

A satisfactory method for determining the presence of active organic matter, accord-
ing to MacLean and Sherwood (il_), is the pH test conducted on a soil-cement paste 15
minutes after mixing. This test essentially indicates the reactivity of the soil with ce-
ment; however, the reactivity is not solely a function of the organic content (32, 34),
but it is dependent on both the organic content and the type of organics (35),

Studies conducted by Sherwood (36) have indicated that sulfate contents in soils in
excess of 0.5 to 1.0 percent reduce the strength of soil-cement mixtures. Similarly,
sulfate concentrations in water in exéess of 0.05 percent create strength loss, For
these reasons the sulfate content of the soil should be ascertained.

Type of Cement—The influence of the type of cement on the properties of soil-cement
mixtures has been examined by several investigators (36, 37, 38, 39). In general, Types
I, I, IO, and V produce only small differences in behavior for most soils. Thus, be-
cause of its general availability and economy, it is recommended that Type I cement
be utilized.

Selection of the Cement Quantity—Research performed by the Portland Cement As-
sociation (10, 40, 41, 42) on more than 2,000 soils provides data for determining ce-

ment contents for various types of soils. Cement contents for subsurface soils are
given in Table 4 (H)_). Requirements for soils in various horizons are also specified
by the Portland Cement Association.

TABLE 4
CEMENT REQUIREMENTS FOR VARIOUS SOILS

Usual Range in

Cement Requirement Estimated Cement

Content Used in Cement Content

AASHO Soil Unified Soil : N ; for Wet-Dry and
Classification Classification? Percent Percent MozstuTrgsz)ensny Freeze-Thaw Tests
Vollx?;ne W:i}éht (percent by weight) (percent by weight)
A-l-a GW, GP, GM, Sw,
SP, SM 5to 7 3to b 5 3toS5to 7
A-1-b GM, GP, SM, 8P Tto9 Sto 8 6 4to6to 8
A-2 GM, GC, SM, sC 7to 10 5to 9 7 StoTto 9
A-3 sP 8to 12 Tto 11 9 Tto 8to 11
A-4 CL, ML 8to 12 Tto 12 10 8to10to 12
A-5 ML, MH, OH Bto 12 8to 13 10 8to 10to 12
A-6 CL, CH 10 to 14 9t0 15 12 10to 12¢t0 14
A-1 OH, MH, CH 10to 14 10to 16 13 11to 13t0 15

#Based on U'S Awr Force recommendations (2)
For most A horizon soils, the cement content should be increased 4 percentage points if the soil is dark gray to gray and 6 percentage ponts if
the 50il 1 black.
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Methods of Evaluating Soil-Cement

TABLE 5

and wet-dry tests.

these tests.

Bituminous Stabilization

system (Table 8).

TABLE 6

Mixtures=-Various “types of “tests have
been used to evaluate the properties of
soil-cement mixtures (43). These methods
include unconfined compressive strength,
flexural strength, modulus of elasticity,
California bearing ratio, plate bearing
value, fatigue, R-value, and freeze-thaw

Many of these test methods have not
been used extensively, and satisfactory
criteria are not available. However, the
Portland Cement Associationrecommends
the use of freeze-thaw and wet-dry tests
and has established criteria {Table 5) for

The design subsystem for cementbased
on these criteria is shown in Figure 4.

i1

PORTLAND CEMENT ASSOCIATION CRITERIA FOR
SOIL-CEMENT MIXTURES USED IN BASE COURSES

AASHO Soil

Unified Soil

Soil-Cement Weight
Loss During 12
Cycles of Either

Classification Classification? Wet-Dry or
Freeze-Thaw Test
(percent)

A-1 GW, GP, GM, SW,

SP, SM 14
A-2-4, A-2-5 GM, GC, SM, SC
A-3 sp
A-2-6, A-2-17 GM, GC, 8SM, SC
A-4 CL, ML <10
A-5 ML, MH, OH
A-6 CL, CH .
A-T OH, MH, CH I

3gased on correlation presented by U.S. Air Force (2).

A bituminous binder in 1 of 3 forms is generally used; the forms include cutbacks,
emulsions, or cements. An indication of the type of bitumen to use for certain types
of soils has been suggested by The Asphalt Institute (15), Herrin (17), the U.S. Navy
(20), the Air Force (28), and Chevron Asphalt Company (18). Selection of the proper
bituminous stabilizer should depend on the grain-size distribution in addition to the
function of the stabilized layer in the pavement system.
and prepared by using the soil gradings also suggested by Herrin (11), and Table 7 give
data regarding bitumen stabilization.

Asphalt Cement~Criteria used for selection of the binder viscosity and the quantity
of cement for base stabilization vary among state highway departments (_2_1), and a
suitable method based on highway experience is not available. The armed forces, how-
ever, base the selection of asphalt cement viscosity or grade on the pavement tempera-
ture index. Their recommendations have been altered and are used in the design sub-

Table 6, adapted from Herrin

The quantity of asphalt can be estimated on a surface area and particle surface char-
acteristic concept such as the California CKE method, or the quantity can be estimated
from experience. Data given in Table 9 can be used to obtain a preliminary estimate
of asphalt content, but these quantities are a guide only. Final selection should be based
on a test performed on the asphalt-aggregate mixture.

A recent summary of state practices (21) indicates that both Hveem and Marshall
tests are popular evaluation methods among state highway departments and that criteria

SELECTION OF A SUITABLE TYPE OF BITUMEN FOR SOIL STABILIZATION PURPOSES

Crushed Stones and

See Table 11

whether cationic or anionic
emulsion should be used

See Figures 6 and 7 to determine

See Table 11

See Figures 6 and 7 to determine
whether cationic or anionic
emulsion should be used

Mix Sand-Bitumen Soil-Bitumen Sand-Gravel-Bitumen

Hot Asphalt cements Asphalt cements

60 to 70 hot climate 45 to 50 hot climate

85 to 100 60 to 70

120 to 150 cold climate 85 to 100 cold climate
Cold Cutbacks Cutbacks Cutbacks

See Figure 5 See Figure 5 See Figure 5
Emulsions Emulsions Emulsions Emulsions

See Table 11

See Figures 6 and 7 to determine
whether cationic or aniounic
emulsion should be used

35




9g

DETERMINE pH
OF SO1L~CEMENT]
MIXTURE AFTER
15 MINUTES

>0.75%

do not use cement

DETERMINE AMOUNT
OF SULFATES PRESENT m

IF SOIL CONTAINS LESS THAN
—i 50% SILT (0.05mm) AND LESS
THAN 20% CLAY (0.005mm)

IN THE SOiIL

pH < 12.0

=1 do not use
cement

DETERMINE

[T} cenent |-

CONTENT
TABLE 4

] ALL OTHER SOILS

Figure 4. Subsystem for base course stabilization with cement.

PERFORM FREEZE-THAW
AND WET-DRY TESTS.
USE CRITERIA LISTED
INTABLE 5
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TABLE 17
ENGINEERING PROPERTIES OF. MATERIALS. . SUITARLE. FOR-BITUMINOUS. STARILIZATION
item Sand-Bitumen Soil-Bitumen Sand-Gravel-Bitumen
Gradation (percent passing)
1'4-in. sieve 100
1-in. sieve 100
3-in. sieve 60 to 100
No. 4 sieve 50 to 100 50 to 100 35 to 100
No. 10 sieve 40 to 100
No. 40 sieve 35 to 100 13 to 50
No. 100 sieve 8to 35
No. 200 sieve 5to 12 Good 3to 20
Fair 0 to 3 and 20 to 30 0to 12
Poor >30
Liquid limit Good <20
Fair 20 to 30
Poor 30 to 40
Unusable >40
Plasticity index <10 Good <5
Fair 5to9
Poor 9to 15 <10

Unusable >12to 15

Note: Includes slight modifications fater made by Herrin (17).

vary from state to state. Marshall method criteria utilized by the armed forces (2) are
given in Table 10 (g). The criteria listed for asphaltic-concrete binder course are in-
dicated for use with coarse-graded, hot-mix base courses, while separate criteria are
given for sand-asphalt. The Air Force has also indicated that the asphalt content de~
termined by the Marshall method should be altered depending on the pavement tempera-
ture index. However, this criterion, which was developed for surface courses, does
not appear to be warranted for base courses.

The Asphalt Institute (44) recommends Marshall, Hveem, and Hubbard-Field cri-
teria for use in hot-mix base course design. Specifically, The Asphalt Institute rec-
ommends the same criteria that are utilized for surface courses, but with a test tem-
perature of 100 F rather than 140 ¥, This recommendation applies to regions having
climatic conditions similar to those prevailing throughout most of the United States and
to bases that are 4 in. or more below the surface.

Zoeph (45) recommends Marshall criteria based on studies conducted in Germany,
while McDowell and Smith (46) have recently presented a design procedure based on
unconfined compressive strength and air void criteria.

Recently, attempts have been made to develop a more rational approach to pavement
design. Among others, Monismith (ﬂ ) has indicated that elastic and fatigue properties

of asphalt-treated base courses should be
considered in pavement design. These
more rational methods should allow en-
gineers to better assess the engineering

TABLE 8 behavior of these stabilized materials,
DETERMINATION OF ASPHALT GRADE FOR
BASE COURSE STABILIZATION

Pavement Temperature Index? Asphalt Grade

(penetration)
TABLE ¢
i 0
b ogative 30t 12 SELECTION OF PRELIMINARY ASPHALT CEMENT
40 to 100 60 to 70 CONTENT FOR BASE COURSE CONSTRUCTION
100 or more 40 to 50
Asphalt by Weight
A te Sha d
8The sum, for a 1-year period, of the increments above 75 F of geregal eTex?uer:n Surface of Dry Aggregate
monthly averages of the daily maximum temperatures. Average (percent)
daily. maximum temperatures for the period of record should be used
where 10 or more years of record are available. For records of less Rounded and smooth 4

than 10 year duration, the record for the hottest year should be used.
A negative index results when no monthly average exceeds 75 F. Angular and rough 6
Negative indexes are evaluated merely by subtracting the largest Intermediate [
wonthly average from 75 F.

37
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TARBLE 1D
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asphalts.

CRITERIA OF MARSHALL METHOD FOR DETERMINATION OF OPTIMUM BITUMEN CONTENT

Point on Curve Criteria
Test Property Type of Mix For 100-psi For 200-psi For 100-psi For 200-psi
Tires® Tiresd Tiresd Tires?
Stability Asphaltic-concrete
surface course Peak of curve Peak of curve 500 1b or higher 1,800 Ib or higher

Unit weight

Flow

Percentage voids
in total mix

Percentage voids
filled with
bitumen

Asphaltic-concrete
binder course
Sand asphalt

Asphaltic-concrete
surface course
Asphaltic course
binder course
Sand asphalt

Asphaltic-concrete
surface course
Agphaltic course
binder course
Sand asphalt

Asphaltic-concrete
surface course
Asphaltic-concrete

binder course
Sand asphalt

Asphaltic-concrete
surface course
Asphaltic-concrete

binder course
Sand asphalt

Peak of curvel
Peak of curve

Peak of curve

Not used
Peak of curve

Not used

Not used
Not used

4 (3)

5 (4)
6 (5)

80 (85)

70 (75)
70 (75)

Peak of curveb

Peak of curve

Not used

Not used

Not used
Not used

75 (80)

60 (65
- (=)

500 1b or higher
500 Ib or higher

Not used

Not used
Not used

20 or less

20 or less
20 or less

3to5 (2to 4)

4to 6
Sto7

(3 to 5)
(4 to 6)

75 to 85 (80t 90)

65 to 75 (70to 80)
65 to 75 (70to 80)

1,800 b or higher

Not used

Not used
Not used

16 or less

16 or less
16 or less

3to5 (2to4)
5t07 (4to6)

70 to 80 (75t0 85)

70 to 80 (55t0 75)

BEigures in parentheses are for use with bulk-impregnated specific gravitv {water absorption greater than 2.5 percent).

1f the inctusion of asphalt cantents of these points in the average causes the voids to fail outside the limits, then the optimum asphalt content should

be adjusted so that the voids in the total mix are within the fimits.

Criteria currently used by the armed forces for binder course utilizing Marshall
mix design methods have been suggested for use.
Cutback Asphalts—The U.S. Navy (_2_0) has suggested that the grade of cutback can

where

be selected based on the percentage of the soil passing the No, 200 sieve and the am-
bient temperature of the soil (Fig. 5). The Air Force (28) and The Asphalt Institute

(_1_§) recommendations are rather general in nature.
Several methods are available to the engineer for selecting the quantity of cutback
The California CKE method could be utilized as could eguations developed

in Oklahoma (48) and by The Asphalt Institute (15) based on the surface-area concept.
The equation recommended by The Asphalt Institute (15) is

p = 0.02(a) + 0,07(b) + 0.15(c) + 0.20(d)

p = percentage of asphalt material by weight of dry aggregate;
a = percentage of mineral aggregate retained on No. 50 sieve;

b = percentage of mineral aggregate passing No. 50 and retained on No. 100 sieve;
¢ = percentage of mineral aggregate passing No. 100 and retained on No. 200 sieve;

and

d = percentage of mineral aggregate passing No. 200 sieve.

Numerous laboratory tests have been used to determine asphalt contents for cutback
These methods include Hubbard-Field, Hveem stability, Mar-
shall stability, Florida bearing, Iowa bearing, extrusion, unconfined compression, tri-
axial compression, R-value, and elastic modulus. Mixing methods, curing conditions,

and emulsified asphalts.

(1)
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Figure 5. Selection of type of cutback asphalt for stabilization.

rate of loading, and temperature are important variables that must be carefully con-
trolled when these tests are performed.

The Air Force is currently utilizing the extrusion test (flﬁ_) for mixture design. The
unconfined compression test is easy to perform, but sufficient experience to determine
adequate criteria for its use is not available.

CONTENT OF SILICA SiO,, %

o) 10 20 30 40 50 60__ 70 80 90 100
i 1 i ! I ! | 1
| | | | . SILICIOUS LIMESTONE | ! ! }
| i ! | IBASALTS PORPHYRIES , i |
i } : i | | : } : s:uczx—we»lI
| | | ! |

! ! i
I I | I i i ' ] '
|4—>———-———L~———~ B e S
‘ | I‘?OSITIVE ’ ‘ MIXE;IDH*—}——-NEG/}TIVEM
i i i : | i 1 SANDSTONE : :
i LIMESTONE | DIORITES i |

LA |

i (CONTENT OF CaO) | L oPHITES LSRANITES i }
| N s
L ] | J 1 } ] | { !
100 90 80 70 60 50 40 30 20 i0 0

CONTENT OF ALKALINE OR ALKALINE EARTH OXIDE, %

After Mertens and Wright (52)

Figure 6. Classification of aggregates.
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TABLE 11 .
SELECTION OF TYPE OF EMULSIFIED ASPHALT 0% S”"CA/ CONTENT 100%
FOR STABILIZATION / apbROXIMATE ~ 7/,
EFFECTIVE RANGE OF
1;:?;:; Relative Water Content of Soil CATIONIC EMULSlONS//
No. 200 wet Dry L L L 4
Sieve (5 percent or more) {0 to 5 percent)
APPROXIMATE
0to5  §S-1h {or SS-Kh) SM-K (or §5-1h7 EFFECTIVE RANGE OF
Sto15  §S-1, SS-1h (or SS-K, ANIONIC - EMULSIONS N
SS-Kh) SM-K (or SS-1h, 5S-1*
) ) _ 100% ALKALINE OR ALKALINE 0%
15t0 25 §8-1 (or 85-K) SM-K EARTH OXIDE CONTENT
Note: Determine from Figures 6 and 7 whether an anionic or a cationic
emuision is 10 be used. After Mertens and Wright (52)
236l should be prewetted with water before using these types of emulsified
asphaits,

Figure 7. Approximate effective range of cat-
ionic and anionic emulsions on various types

It is important to note that not only are of aggregates.

strength or stability criteria necessary for

the determination of asphalt content but also

a durability criterion is recommended by

most agencies. Typical examples of durability tests are the immersion-compression
test utilized by Winterkorn (13) and by Riley and Blumquist (49) and moisture vapor
susceptibility that is utilized by Chevron Asphalt Company (@, The Asphalt Institute
(50), and Finn et al. (51).

Emulsified Asphalts—The selection of the grade of emulsion can be conveniently de-
termined from data given in Table 11, prepared by the U.S, Navy (20). Criteria are
based on the percentage passing the No. 200 sieve and the relative water content. The
selection of either a cationic or an anionic emulsion should be based on the type of ag-
gregate that is used. Mertens and Wright (52) have developed a method by which aggre-
gate can be classified (Fig. 6) to indicate its probable surface charge and the type of
emulsion (anionic or cationic) selected to satisfy particular aggregate surface charac-
teristics (Fig. 7).

A preliminary selection of the quantity of emulsion can be obtained from data given
in Table 12 (20). Other methods based on surface area concepts have been used by The
Asphalt Institute (15) and Bird (53). The final selection of the quantity should be based
on laboratory testing of the asphalt-soil mixture, Because the armed forces are
equipped to perform Marshall tests, and apparently a better testing method with proven
field performance is not available, the Marshall method with criteria suggested by

TABLE 12
EMULSIFIED ASPBALT REQUIREMENT

Pounds of Emulsified Asphalt per 100 Ib or Dry Aggregate
Percent Passing When Percentage Passing No. 10 Sieve Is
No. 200 Sieve

50 or Less 60 70 80 80 100

0 6.0 6.3 6.5 6.7 7.0 7.2
2 6.3 6.5 6.7 7.0 1.2 1.5
4 8.5 6.7 7.0 1.2 7.5 1.7
6 6.7 7.0 7.2 7.5 7.9 9.9
8 7.0 7.2 7.5 7.7 7.9 8.2
10 7.2 7.5 7.7 7.9 8.2 8.4
i2 1.5 7.7 7.9 8.2 8.4 8.8
14 1.2 1.5 7.7 7.9 8.2 8.4
i6 7.0 1.2 7.5 7.1 7.9 8.2
i8 6.7 7.0 7.2 7.5 7.7 1.9
20 8.5 6.7 7.0 1.2 7.5 7.7
22 6.3 6.5 8.7 7.0 1.2 7.8
24 6.0 6.3 6.5 8.7 1.0 7.2
25 6.2 6.4 6.6 6.9 7.1 7.3
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Figure 8. Subsystem for base course stabilization with bituminous materials.
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Lefebvre (54) is suggested for use (Table13).  TaBLE 13
It should be recognized that this test.ig.per-. . . MARSHALL MIX DESIGN CRITERIA FOR CUTBACK
formed at 77 F. AND EMULSIFIED ASPHALT MIXTURES
The design subsystem for bituminous sta- Criteria for a Test
bilization is shown in Figure 8. Marshall Test Temperature of 77 F
Minimum Maximum
SUMMARY
. X A Stability, b 750 -
A system utilizing currently available in~ g0 g.01 i, 7 16

formation has been developed to aid the engi-
neer in the selection of a stabilizer or sta-
bilizers for particular soiltypes. In addition,
design subsystems have been developed to
aid the engineer in the selection of the quantity of stabilizer for particular applications.
Many of the criteria utilized are based on observations and experience gained in con-
structing highway pavements. Because the Air Force is primarily concerned with air-
field construction, validation or adjustment of these criteria may be necessary.
Equipment and environmental factors have not been included in the detail desired. In
particular, field durability of the stabilized mixture is not well documented and, thus,
suitable test methods are not always available to evaluate this important factor.

Air voids, percent 3 5
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INTRODUCTION

Various forms of lime have been successfully utilized
as a soil stabilizing agent for many years including
products with varying degrees of purity, However,
the most commonly used products are hydrated high
calcium lime Ca(OH)2, monohydrated dolomitic lime
Ca(OH)2-MgO, calcitic quicklime CaO, and dolomitic
quicklime Ca0'MgQ. The use of quicklime for soil
stabilization has increased during the past few years;
in the United States it now accounts for more than

10 percent of the total stabilization lime while in
Europe quicklime is the major type used.

Many significant engineering properties of
soils are beneficially modified by lime treatment,
Although lime is primarily utilized to treat fine-
grained soils, it also can be used to modify the
characteristics of the fine fraction of more granular
soils.

There are several objectives for lime treat-
ment of soils such as to expedite construction, modi-
fy subgrade soils, and improve strength and durabil-
ity of fine-grained soils.

Lime-treated soils have been used in pave-
ment construction as modified subgrades, subbase
materials, and base materials. The position of the
lime-treated soil layer in the pavement system is
controlled by the quality of the lime-treated soil
and other pavement design considerations. Railroad
subgrades have also been successfully stabilized
with lime.

In this report, the major aspects of soil-
lime treatment are considered. The report represents
the state-of-the~art in lime treatment based on a
comprehensive analysis of current practice and the
technical literature. For those desiring more de-
tailed information, an extensive listing of refer-
ences has been included.

This report was prepared by Transportation
Rescarch Board Comnittee A2J03, Lime and Lime-Fly Ash
Stabilization. Various Task Croups prepared the
different sections of the report. The final version
of the report was reviewed by Committee A2J03 prior
to publication,

SOIL-LIME REACTIONS
General

The addition of lime to a fine-grained soil initiates
several reactions., Cation exchange and flocculation-
agglomeration reactions take place rapidly and pro-
duce immediate changes in soil plasticity, workabil-
ity, and the immediate uncured strength and load-
deformation properties. Depending on the character-
istics of the soil being stabilized, a soil-lime
pozzolanic reaction may occur. - The pozzolanic re-
action results in the formation of various cementing
agents which increase mixture strength and durabil-
ity. Pozzolanic reactions are time dependent;
therefore, strength development is gradual but con-
tinuous for long periods of time amounting to sever-
al years in some instances. Temperature also af-
fects the pozzolanic reaction. Temperatures less
than 13 to 16° C (55 to 60° F) retard the reaction
and higher temperatures accelerate the reaction

(Ref 4).

Lime carbonation is an undesirable reaction
which may also occur in soil-lime. Construction
should be carried out in such a fashion that lime
carbonation is minimiced.

Cation Exchange and Flocculation-Agglomeration

Practically all fine-grained soils display cation
exchange and flocculation-agglomeration reactions
when treated with lime. The reactions occur quite
rapidly when soil and lime are intimately mixed.
The general order of replaceability of the
common cations associated with soils is given by the
lyotropic series, Na* <K* <Ca** <Mg*' (Ref 50).
Cations tend to replace cations to the left in the
series and monovalent cations are usually replace-
able by multivalent cations. The addition of lime
to a soil in sufficient quantities supplies an ex-
cess of Ca** and cation exchange will occur, with
Ca** replacing dissimilar cations from the exchange
complex of the soil. In some cases the exchange
complex may be Ca** saturated before the lime addi-
tion and cation exchange does not take place, or is
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minimized,

Flocculation and agglomeration produce an Kaolinite + lime ---> CASH (prehnite) (Ref 93)
onnnrnnt r}vmm: in.tovty with..th P peiel

"clumplng" together into larger sized "aggregates",
According to Herzog and Mitchell (Ref 55) the floc-
culation and agglomeration is caused by the increased
electrolyte content of the pore water and as a result
of ion exchange by the clay to the calcium form.
Diamond and Kinter (Ref 39) suggested that the rapid
formation of calcium aluminate hydrate cementing
materials are significant in the development of floc-
culation-agglomeration tendencies in soil-lime
mixtures.

Soil-Lime Pozzolanic Reaction

The reactions between lime, water, and various
sources of soil silica and alumina to form cementing
type materials are referred to as soil-lime pozzo-
lanic reactions, Possible sources of silica and
alumina in typical soils include clay minerals,
quartz, feldspars, micas and other similar silicate
or alumino-silicate minerals, either crystalline or
amorphous in nature,

When a significant quantity of lime is added
to a soil, the pH of the soil-lime mixture is ele-
vated to approximately 12.4, the pH of saturated
lime water. This is a substantial pH increase com-
pared to the pH of natural soils. The solubilities
of silica and alumina are greatly increased at ele-
vated pH levels (Ref 60).

In an early study of soil-lime reactionms,
Eades (Hef 43) suggested that the high pH causes sil-
ica to be dissolved out of the structure of the clay
minerals, thereby becoming available to combine with
the Ca** to form calcium silicates and that this reac-
tion will continue as long as Ca(OH)y exists in the
soil and there is available silica. Diamond et al
(Ref 41) postulated that the reaction processes in
the highly alkaline soil-lime system involved a dis-
solution at the edges of the silicate particles fol-
lowed by the precipitation of the reaction products.

Although the work of Eades (Ref 43) and Di-
amond et al (Ref 41) generally suggest a 'through-
solution” mechanism in which clay lattice compon-
ents are "dissolved" from the clay structure and
reprecipitated as CSH and CAH, direct reaction of the
lime at the surface of clay mineral particles has not
been ruled out. Recent work in the adsorption of
lime by kaolinite and montmorillonite (Ref 40) as
well as electron optical work on clay-lime-water sys-
tems (Ref 85) tends to support the idea that surface
chemical reactions can occur and new phases may nu-
cleate directly upon the surfaces of the clay par-
ticles. It is also possible that the reactions may
occur by a combination of through-solution (solution-
precipitation) and surface chemical (hydration-crys-
tallization) processes.

An oversimplified qualitative view of some
typical soil-lime reactions is summarized below:

Ca** + 2 (OH)™ + A1203 (Clay Alumina) ----> CAH

A wide variety of hydrate forms can be ob-
tained, depending on reaction conditions, e.g., quan-
tity and type of lime, soil characteristics, curing
time, and temperature. Typical soil-lime reactions
are:

Kaolinite + lime ---> CSH (C/S = 0.2-1)
+ CAH + CASH (Ref 80)

Montmorilionite + lime ---> CSH (gel) --->
CSH (11) {Ref S1)

Montmorillonite + lime ---> CSH (gel) + hydro-
garnet CyAH13 (Ref 112)

Montmorillonite + lime ---> CSH (gel) + CSH (1) +
tobermorite + hydrogarnet

Clay + lime ---> CHS (gel) and/or CSH (1) + CyAH13 +

C3AHg (Ref 41)
where

C = Ca0 ,

S = 5i0z ,

A = Al,0,-, and

H = H,

The extent to which the soil-lime pozzolanic reaction
proceeds is influenced primarily by natural soil
properties. With some soils, the pozzolanic reaction
is inhibited, and cementing agents are not exten-
sively formed. Thompson (Ref 101) has termed those
soils that react with lime to produce substantial
strength increase, i.e., greater than 34.5 N/cm

(50 psi) following 28 day curing at 22,8° C (73° F),
as reactive and those that display limited pozzo-
lanic reactivity, less than a 34.5 N/cm2 (50 psi)
strength increase, are called nonreactive.

Some of the major soil properties and char-
acteristics which influence the lime-reactivity of a
soil, i.e., ability of the soil to react with lime
to produce cementitious materials, are soil pH, or-
ganic carbon content, natural drainage, presence of
excessive quantities of exchangeable sodium, clay
mineralogy, degree of weathering, presence of carbon-
ates, extractable iron, silica-sesquioxide ratio,
and silica-alunina ratio. Detailed summaries con-
cerning the effects of soil properties on-lime-reac-
tivity are contained in Refs 53, 54, and 101, It is
emphasized that the main factors controlling the de-
velopment of cementitious materials in a lime treated
soil are the inherent properties and characteristics
of the soil. If a soil is nonreactive, extensive
pozzolanic strength development will not be achieved
regardless of lime type, lime percentage, or curing
conditions of time and temperature,

Those desiring more extensive and detailed
background information on basic soil-lime reactions
should refer to the "Interpretive Review' by
Diamond and Kinter (Ref 39) and a recent comprehens-
ive publication by Stocker (Ref 95).

Summary

Soil-lime reactions are complex and not completely
understood at this time. However, sufficient basic
understanding and successful field experience are
available to provide the basis of an adequate tech-
nology for successfully utilizing soil-lime stabili-
zation under a wide variety of conditions. Future
research findings will further augment our technol-
ogy and permit more refined engineering decisions to
be made concerning lime treatment of soils,

PROPERTIES AND CHARACTERISTICS OF LIME-TREATED SOILS

In general, when mixed with lime all fine-grained solls
exhibit {mproved plasticity, workability and volume
change characteristics; however, not all solls exhibit
improved strength, stress-strain, and fatigue character-
istics. It should be emphasized that the properties of
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lime-soil mixtures are dependent on many variables
(Refs 100 and 10!). Seil type, lime type, lime per-
centage ;) and euring condivions T inEiuding e iwe ) tenpeta=
ture, and moisture are the most important variables.
Hore important, however, the effect produced by any
given change in a given variable is dependent on the
levels of the other variables.

At present only limited information is avail-
able concerning some of the properties of lime-
treated soils. Nevertheless, in order to effect-
ively utilize these treated soils as a structural
material, it is necessary to evaluate and summarize
the existing knowledge concerning the properties
of soil-lime mixtures.,

Compaction Characteristics

The compaction characteristics, i.e., maximum den-
sity and optimum moisture, are important for two
basic reasons. First of all, an adequate level of
compaction must be obtained in order to achieve
satisfactory results. Secondly, and possibly more
important, is the fact that density is used for
field control,

When compacted with a given effort, soil-lime
mixtures have a lower maximum density than the original
untreated soil and the maximum density normally con-
tinues to decrease as the lime content is increased.

In addition, the optimum moisture content
increases with increasing lime contents (Fig. 1).
Similarly, if the mixture is allowed to cure such
that substantial cementing occurs the density would
be further decreased and the optimum moisture in-
creased.

Thus, moisture-density relationships are
constantly changing, and it is important that the
proper curve be utilized in field construction.
Thus, if curing has occurred, it may be impossible
to achieve density; however, it is important to
realize that it is not necessary to achieve that
density because the reduction is not due to poor
compaction but rather to the fact that the material
is different.

Plasticity and Workability

Substantial reduction in plasticity, i.e., reduced
plasticity index PI, increased shrinkage limit, is
produced by lime treatment, and in many cases the
soil may become nonplastic. Generally, soils with
a high clay content or exhibiting a high initial PI
require greater quantities of lime for achieving the
nonplastic condition, if it can be achieved at all
The first increments of lime addition are generally
most effective in reducing plasticity, with subse-
quent additions being less beneficial (Ret 100).
The reduced plasticity of the lime-treated soil and
its silty and friable texture cause a significant
jmprovement in workability and expedite subsequent
manipulation and working of the treated soil. Fig-
ure 2 and Table 1 illustrate the manner in which
lime influences the plasticity characteristics.

Volume Change

Swelling potential and swelling pressures normally
are significantly reduced by treating clay with
lime. These reduced swell characteristics are gen-
erally attributed to decreased affinity for water of
the calcium saturated clay and the formation of a
cementitious matrix which resists volumetric expan-
sion, CBR-swell values of lime treated soils vary,
but it is not uncommon to decrease swell to less
than 0.1 percent compared to values of 7 to 8 per-
cent for the untreated soil (Table 2), Typical ex-
pansive pressures (Ref 49) are shown in Fig 3.

Shrinkage due to moisture loss from the sta-
bilized soil is of importance relative to the problem
of~shrinkage-cracking. ~Lime-treatment-improves-the
shrinkage and swell characteristics of the treated
materials. Figure 4 contains data (Ref 37) for typ-
ical Illinois soils.

Field moisture contents of lime treated soils
suggest that the moisture content changes in the sta-
bilized material are not large and the in-situ water
content stabilizes at approximately optimum (Ref 106).
Theoretical calculations based on laboratory shrink-
age data as well as field service data from many areas
indicate that for typical field conditions shrinkage
will not be extensive (Ref 106)}.

Strength

The strength of lime-soil mixtures can be evaluated
in many ways. The unconfined compression test is
the most popular procedure while the stabilometer
and CBR tests are used to a lesser extent. These
methods, however, are definitely not the most appli-
cable or desirable. Only }imited data are available
concerning the tensile properties of lime-soil mix-
tures (Refs 78, 82, 105, and 109), and additional
effort is needed to evaluate the tensile character-
istics of lime-treated materials.

It should be emphasized that the strength of
a soil-lime mixture is dependent on many variables
and that it varies substantially (Refs 100 and 101).
Soil type, lime type, lime percentage, curing con-
ditions of time and temperature, and the interac-
tions between these variables are the major factors
influencing strength (Refs 78, 82, and 109).

A distinction must be made with respect to
curing. An immediate beneficial strength effect oc-
curs with the addition of lime due to the immediate
reactions, i,e., cation exchange, flocculation, and
agglomeration, The long-term strength gain is pri-
marily related to the pozzolanic reaction. Thus, it
is necessary to separate the discussion into cured
and uncured strength.

Uncured Strength

Immediately after the addition of lime a substantial
improvement in strength and stability can be ex-
pected (Refs 84 and 110)., These immediate effects
can be considered to be an expedient for comstruc-
tion when soft, highly plastic, cohesive soils cre-
ate mobility problems for wheeled vehicles (Fig 5)
or do not provide satisfactory subgrade support for
pavement construction operations.

Examples of the immediate effect of lime
treatment on cone index, CBR, and unconfined com-
pressive strength are shown in Fig 6. From this
figure it is apparent that substantial improvements
in strength can be realized. In some cases these
increases may amount to several hundred percent.

Cured Strength

Unconfined Compression., Unconfined compres-
sive strengths of typical fine-grained soils compacted
at optimum moisture content and density (ASTM D2166)
range from about 17 N/cm? (25 psi) to more than 207
N/cm? (300 psi) depending on the nature of the soil.
Soil-lime mixture strength increases for Illinols solls
cured 28 days at 22.8° C (73° F) range up to approxi-
mately 183 N/em? (265 psi) with many soils displaying
increases greater than 70 N/cm? (100 psi). Extended
curing of 56 days at 22,8° C (73° F) of the same
mixtures produced strength increases for some soil-
lime combinations that exceeded 430 N/cm? (625 psi).
Prolonged curing for 75 days at 48.9° C (120° F) of
the AASHTO Rosd Test embankment soil treated with
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Figure 1. Typical moisture-density relationships (Ref 84
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Table 1. Influence of lime on plasticity properties {Ref 100).

Liquid Limit (LL) or Plasticity

Index (PI), 2

Percent Lime

(4 3 5

Sot) AASHO Clase L Pl L PY u Pl
Bryce B A-7-6(18) 53 29 48 21 NP
Cisne 3 A-7-6(20} 39 9 NP -
Covden 8 A-7-6(19) 54 1 4 b NP
Drusmer 2 A-7-6(19) 34 n &4 10 NP
Elliote B A-7-6(18) 33 28 42 19 NP
Tayette B A-7-5(17) 50 9 XP -
Hosmer lz A-7-6(11) 41 1 bid -

AASHO Road Test A-6(18) 25 1 27 6 7 3
Huey B A-71-6(17) 46 29 40 9 Lid
Sable B A-7-6(16) 51 b4} P -

K? = Hoaplastic

Figure 2. Effect of lime on plasticity characteristics of
montmorillonite clavs (Ref 56).

7o Portervilie Ctoy F Fort Thompson SO,
Weathered Shale
sor P e inour
-—= 7 doys
H 50—““\ b\\h__
kd
g “or = N\ i \\\Imh
3 \ i
z Sor \
s
v
| //(
a
OF -
o 1 1 fod

[ 2 3 4

Houston Biock Cloy ——

$.0. Piercg Shole —— — #Hontgomeey County Clay, Itlinois
LL SL
: /
5
s (R.P)
3 ’
¥
: N
v =
s ,2(
& N
~ Pl
N (NP
0 i 1 i i 1L 1 i ] L 1 i H 1 1 J
o 2 3 4 s 6 7 80 t 2 3 4 S 6 7

Percent Lime¢ Admixture by Weight

Figure 3. Swell pressure-density relations for fime-
treated Porterville clay {Ref 49),

7
1oef 21602 kg/em®
1981 206895 H/em?
sk
81
a
a a1
¢
»
H
H
4
a
1
13
L
2
U od
° 1
(1) %0 94 *8 102

Dry Densily, pet




Compendium 8

Text

shinkags {Rel 37},

2er

2.4

Curing Temperotyre * 48 9°C {120 °F)

Cycle Shrinkage , %o

Firge

08

0.4F

Figure 4. Influence of plasticity index of natural soil on first cycie

I i a4 !
4 8 12 6 20 24
Plosticity index of Noturol Soit, %

Figure b, Comparison of ruts in
untreated and lime-treated subgrade.

28

Figure 5a. Partially completed stabilized subgrade resists
mstting during rain-Dallas-Fort Worth Airport.

Figure 6. Immediate effects of time treatment on
strength {Ref 84).
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5 percent lime produced an average compressive
strength of 1090 N/cm? (1580 psi). Field data indi-
cate that with some soil-lime mixtures, strength con-
tinues to increase with time up to and in excess of
ten years., Typical results for various densities are
shown in Fig 7.

The difference between the compressive
strengths of the natural and lime-treated soil has
been used as an indication of the degree to which
the soil-lime pozzolanic reaction has proceeded
(Ref 101). Substantial strength increase indicates
that the soil is reactive with lime and can probably
be stabilized to produce a quality paving material.

Shear Strength, Unconsolidated and undrained
type triaxial testing have been utilized to partially
simulate field service conditions.

The major effect of lime on the shear
strength of a reactive fine-grained soil is to pro-
duce a substantial increase in cohesion with some
minor increase in the angle of internal friction. At
the low confining pressures normally considered to
exist in a flexible pavement structure, the cohesion
increase is of the greatest significance. For ma-
terials such as soil-lime mixtures which are char-
acterized by very high cohesion, it is difficult to
effectively evaluate the angle of internal friction.

For the typical lime reactive Illinois soils,
the angle of internal friction for soil-lime mixtures
ranged from 25° to 35° (Ref. 103). The cohesion of
the mixtures was substantially increased ccmpared to
the natural soils and cohesion continued to increase
with increased unconfined compressive strength., Us-
ing the linear regression equation shown in Fig. 8,
cohesion values can be estimated from unconfined com-
pressive strength results,

It is apparent that large shear strengths can
casily be developed in cured soil-lime mixtures., It
has been dewonstrated that if high quality mixtures are
used in typical flexible pavement structures, the
strengths would be adequate to prevent shear failure
(Ref, 103). Shear-type failures generally have not

been observed and reported for field service conditions.

Tensile Strength. Tensile strength proper-

ties of soil-lime mixtures are of concern in pave-
ment design because of the slab action that is af-
forded by a material possessing substantial tensile
strength. Two test procedures, indirect tensile and
flexural, have been used for evaluating the tensile
strength of soil-lime mixtures,

The indirect tensile test is essentially
a diametral compression test in which the material
fails in tension along the loaded diametor of the
cylindrical test specimen., Details and an evalua-
tion of the test procedure for soil-lime mixtures
are presented in Refs 2, 78, 82, 105, and 109.

Typical results (Fig 9) indicate that the
mixtures can possess substantial tensile strength,
The ratio of indirect tensile strength to uncontfined
compressive strength in one study (Ref 105) was
found to be approximately 0.13, while in another
study (Ref 109) it was found to be much lower as in-
dicated by the following regression equation:

Sp = 6.89 + 50.6 q

where

ST = tensile strength, psi

q, = unconfined compressive strength, ksi
The most common method used for evaluating

the tensile strength of highway materials has been
the flexural test. Typical flexural strengths of

soil-lime mixtures (Ref 96) subjected to various
curing conditions are shown in Table 3, Indirect
tensile strengths are shown for comparison purposes.
For a specific mixture, the ratio of the flexural
strength to indirect tensile strength decreases as
strength increases and the ratio is apparently not
the same for all soil-lime mixtures,

If the ratio of flexural strength to indirect
tensile strength is taken as approximately 2, a re-
alistic estimate of flexural strength is 25 percent
of the unconfined strength. The ratio is approx-
imately equivalent to those reported for lime-flyash-
aggregate and soil-cement mixtures.

California Bearing Ratio. The CBK testing
procedures have been extensively used to evaluate the
strength of lime stabilized soils. Many agencies
have arbitrarily adopted this technique because of
their familiarity with the test. In reality, however,
the CBR test is not appropriate for characterizing the
strength of cured soil-lime mixtures,

Extensive CBR tests have been conducted
(Ref 99) with various representative Illinois soils
including soils that reacted well with lime and also
less reactive fine-grained soils.

Lime-treated soils were cured for 48 hours at
48.9° C (120° F) and companion specimens which had not
been cured were placed in the 96-hour soaking cycle
immediately after compaction. The 48-hour curing
period is approximately equivalent to 30 days at
21.1° C (70° F) and the mixtures that were not cured
prior to scaking had little opportunity to develop
cementitious products from the soil-lime pozzolanic
reaction. The improvements in engineering properties
of the no-cure soil-lime mixtures were therefore pri-
marily due to the cation exchange, flocculation, and
agglomeration produced by the addition of lime. Test
results for the natural soils and the soil-lime mix-
tures are presented in Table 2. The CBR increases
of the no-cure soil-lime mixtures show the benefits
that can be obtained from stabilization without pro-
longed curing. It is apparent that the no-cure
specimens have not developed extensive cementing
action.

The CBR values for many of the soil-lime
mixtures cured for 48 hours at 48.9° C (120° F) are
quite large and definitely indicate the extensive
development of cementing agents. For those mixtures
that display CBR values of 100 or more, the test re-
sults have little practical significance and are not
meaningful as a measure of strength or stability,

In general, these materials would also exhibit high
compressive and tensile strengths, and these types
of tests would provide a better strength evaluation.
If extensive cementing action has not developed due
to either lack of curing time or non-reactivity of
the treated soil, CBR values may serve as a general
measure of strength; but even in these cases the use
of the CBR test is questionable. .

It is evident that lime treatment of fine-
grained soils produces increased CBR irrespective of
the length of curing and lime-reactivity of the soil,

Stress-Strain Characteristics

Stress-strain properties are essential for properly
analyzing the behavioral characteristics of a pave-
ment structure containing a soil-lime mixture struc-
tural layer. The marked effect of lime on the com-
pressive stress-strain properties of fine-grained
soils is shown in Fig 10. The failure stress is
increased, and the ultimate strain is decreased for
soil-lime mixtures relative to the natural soil. As
with strength it is necessary to separate the dis-
cussion with regard to whether the soil-lime has
been cured or not since immediate beneficial effects
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Figure 7. Influence of density on the
_strength of cured soil-lime mixtures (Ref 99).
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Table 2. CBR values for selected soils and soil-lime mixtures (Ref 99).
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occur which relate to improved workability and con-
struction,

Unéeured Soti-Lime

Figure 11 shows typical improved stress-strain char-
acteristics which occur without curing and indicates
the general nature of the modification attained from
lime treatment.

As indicated in Fig 11, substantial increases
in modulus of deformation can be expected. Figure
12 illustrates typical stress-strain relationships
for soil and soil-lime which were compacted on the
wet side of optimum to simulate a wet field condi-
tion during construction,

Cured Soil-Lime

As a result of an extensive study of representative
I1linois soils stabilized with lime (Ref 103), it

was possible to develop a generalized compressive
stress-strain relation for cured soil-lime mixtures
(Fig 13). The mixtures studied appeared to be strain
susceptible, and the ultimate strain at maximum com-
pressive stress was approximately 1 percent, regard-
less of the soil type or curing period.

Modulus of Deformation or Elasticity. It was
found (Ref 103) that the compressive modulus of elas-
ticity at a confining pressure of 1.05 kg/cm? (15 psi)
could be estimated from the unconfined compressive
strength of the lime-soil mixture according to the
following relation:

E= 9,98 + .124 Q,
where

E = compressive modulus of elasticity, ksi
q, = unconfined compressive strength, psi

For soil-lime pavement layers possessing high
shear strength, the flexural stresses in the mixture
may be the controlling design factor. 1In view of
this fact, flexural moduli of elasticity have been
evaluated for typical cured soil-lime (Ref 103),

Typical Illincis soils were stabilized with
lime, and beams with dimensions of 5.08 c¢m x 5.08 cm
x 22,86 cm (2 in., x 2 in. x 9 in.) were prepared and
cured for 48 and 96 hours at 48.9° C (120° F).

After curing, strain gauges were attached to the mid-
portion of the beams and the beams were tested under
third-point loading conditions.

The modulus of elasticity in flexure was
calculated from the moment-curvature relationships
for the beams, and the relationship between the mod-
ulus of elasticity and the flexural strength was
calculated (Fig 14). For the range of data consider-
ed, it was concluded that the regression equation
shown in Fig 14 can be used to estimate the flexural
modulus of elasticity, It should be noted that flex-
ural moduli were substantially larger than compres-
sive moduli for the same mixture. .

Repeated compressive loading data for soil-
lime mixtures are limited. Fossberg (Ref 45}, utii-
izing a montmorillonitic clay treated with 10 per-
cent lime, studied the influence of deviator stress
and confining pressure on resilient modulus. The
specimens were prepared at extremely high water con-
tents and low densities. Consequently the data are
not directly comparable with field conditions. The
general relation between resilient modulus and prin-
cipal stress ratio appeared to be linear and resil-
jent moduli in excess of 69,000 N/cm? (100,000 psi)
were noted for some test conditions, even under the
rather unfavorable testing conditions involving high

water content and low density,

Maxwell and Joseph (Ref 67) used a field vi-
bratory testing procedure for.evaluating the strength
of an airfield pavement section containing a 15,2-
centimeter (6-inch) lime-stabilized subgrade and an
20.3-centimeter (8~inch) lime-stabilized clay-gravel
subbase. Based on periodic field-velocity measure-
ments, computed elastic moduli for the stabilized
subgrade ranged from 114,000 N/cm? (165,000 vsi)
following construction to 392,000 N/em? (568,000 psi)
approximately 2% years after comstruction. Similar
data for the lime-treated subbase were 135,000
N/cm? (196,000 psi) after construction and 696,000
N/em? (1,010,000 psi) 2% years later.

Poisson's Ratio. Only limited data are
available for lime-soil mixtures., Reported values
at stress levels less than 25 percent of ultimate
compressive strength ranged from 0.08 to 0.12 with
an average of 0.11 (Ref 99). These values are in
agreement with those previously reported for rock,
lime-flyash-aggregate mixtures, and soil-cement. At
higher stress levels, greater than 50 to 75 percent
of ultimate compressive strength, Poisson's ratio
increased, ranging from 0.27 to 0.37 with an average
of 0.31. A similar type of behavior has been noted
for lime-flyash-aggregate mixtures. The influence
of stress level, expressed as a percent of ultimate
compressive strength, on Poisson's ratio for soil-
lime mixtures is shown in Fig 15,

General, Since the properties of a soil-
lime mixture change with incressed curing time, it
may not be justified to conduct elaborate tests to
precisely evaluate properties that will change due
to field curing effects. It may be more desirable
to use unconfined compressive strength or the indi-
rect tensile test for evaluating the quality of the
mixtures. Use of correlations in place of testing
is discouraged since these correlations depend on
the conditions for which they were developed and
can produce large errors. Correlations should be
used only when there is no other alternative or the
desired property cannot be measured and then only
with caution,

Fatigue Characteristics

The flexural strength of soil-lime mixtures is im-
portant to its use in subbase and base courses.
Flexural fatigue data developed for typical Illinois
soils are shown in Fig 16.

The response curves are typical of fatigue
in general and are similar to the curves normally
obtained for similar materials such as lime-flyash-
aggregate mixtures and concrete. The fatigue
strengths at 5 million stress repetitions of the
lime-soil mixtures varied from 41 to 66 percent of
the ultimate flexural strength with an average of
54 percent.

More important is the behavior of lime-
treated mixtures when subjected to repeated applica-
tions of tensile stresses such as in the indirect
tensile test or the direct tensile test. Prelimin-
ary fatigue experiments using the indirect tensile
test indicated that this test is quite applicable
to the study of lime-treated materials (Ref 81).

Soil-lime mixtures continue to gain strength
with time and the ultimate strength of the mixture
‘is a function of curing period and temperature. The
magnitudes of the stress repetitions applied to the
mixture ave relatively constant throughout its design
life. Therefore, as the ultimate strength of the
material increases due to curing, the stress level,
as & percent of ultimate strength, will decroase end
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Table 3. Tensile strength properties of soil-lime mixtures (Ref 99),
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Figure 13. Generalized stress-strain re{stionship
for cured soil-lime mixtures (Ref 103},

Figure 14. Relationship betwsen flexural strength and
flexural modulus for soil-lime mixtures (Ref 99},
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the fatigue life of the mixture will increase.

Durability

The major durability consideration for soil-lime
mixtures is the resistance to cyclic freezing and
thawing. Prolonged exposure to water produces only
slight detrimental effects and the ratio of soaked
to unsoaked compressive strength is high at approx-
imately 0.7 to 0.85 (Ref 106). Figure 17 shows the
general relation between soaked and unsoaked
strengths for typical lime stabilized Illinois soils.
The soaked specimens seldom achieved 100 percent sat-
uration, and in most cases the degree of saturation
was in the range of 90 to 95 percent. Similar re-
sponse to soaking has been noted in extensive stud-
ies conducted by the Road Research Laboratory,
England (Ref 42),

In zones where freezing temperatures occur,
rreeze-thaw damage may occur. The damage is gener-
ally characterized by volume increase and strength
reduction as shown in Figs 18 and 19. The inter-
relation between length changes and compressive
strength decreases is presented in Fig 20. The val-
idity of using initial unconfined compressive
strength as a measure of frecze-thaw resistance is
demonstrated in Fig 21. Average rates of strength
decrease for the typical mixtures were 6.21 N/cm?/
cycle (9 psi/cycle) and 12.4 N/em?/cycle (18 psi/
cycle) for 48- and 96-hour curing at 48.9° C (120° F),
respectively (Ref 36).

A study (Ref 107) has 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 cumula-
tive since autogenous healing during favorable curing
conditions would serve to restore the stability of
the material., This phenomenon is illustrated in
Fig 22. Confirming field data on autogenous healing
have been presented by McDonald (Ref 68).

Durable soil-lime mixtures can be obtained
when reactive soils are stabilized with lime. Al-
though some strength reduction and volume change may
occur, the residual strength of the stabilized mater-
ials is adequate to meet field service requirements.
Durability considerations must be taken into account
in establishing the mix design and selecting design
strength parameters.

Variability of Properties

Analyses of testing error associated with repeat
strength determinations of identical soil-lime mix-
ture specimens have been reported by Liu and Thompson
(Ref 63}, The standard deviations for unconfined
compression, indirect (split) temnsile, and flexural
strengths increased with increased strength and the
average cocfficients of variation. In general, the
testing errors were approximately of the same magni-
tude, coefficients of variation of 1] to 12 percent,
for the different testing procedures studied. This
variation was for specimens prepared, cured, and
tested in the laboratory. The variation for soil-
lime mixtures constructed in the ficld would be
substantially greater (Ref 66).

Factors contributing to testing variability
include: a) heterogenous nature of soils; b) nonun-
iformity of mixtures; c¢) slight deviations in sample
preparation and testing techniques; d) small varia-
tions in curing temperature and time; and e) density
variations,

Moving from the laboratory to a field con-
struction site, it could be expected that mere vari-
ation would be introduced as a result of the rela-
tively uncontrolled construction process as compared

11

to the carefully controlled laboratory conditions.
Additional variation may also be introduced with time
during construction.  The variation in material prop-
erties introduced along the roadway includes varia-
tion introduced by the environment, changes in the
constituents of the mixture, changes in contractor
or construction technique, and various other factors.
This variability should be recognized and
considered in the evaluation of soil-lime mixtures.

Summary

An attempt has been made to summarize the basic char-
acteristics and properties of soil-lime mixtures with
respect to their engincering uses. These properties
vary significantly depending on the type of soil,
method and quality of construction, and type and
length of curing. Thus, at this time it is not pos-
sible to define the actual properties. Only values
can be provided. The use, evaluation, and mixture
design procedures should be developed in terms of
intended use, objectives, and test conditions. In
addition, the evaluation should be based on meaning-
ful tests which provide fundamental engineering prop-
erties rather than empirical test results., An at-
tempt should also be made to recognize and consider
the inherent variation in soil-lime mixtures.

SOIL-LIME MIXTURE DESIGN
General

The major objective of the mixture design process is
to establish an appropriate lime content for con-
struction. It is important to note that the primary
variable that can be altered is lime percentage since
the inherent properties and characteristics of the
soil are essentially fixed. Because of the many
varied applications of lime treatment of soils, sev-
eral mixture design procedures have been developed
which are described in this section. The general
principle of soil-lime mixture design is that the
mixture should provide satisfactory performance when
constructed in a desired position in the pavement
structure or the subgrade. It is apparent that a
wide range of soil-lime mixtures of varying quality
can be successfully used to accomplish differing
lime treatment objectives, Design lime contents
generally are based on an analysis of the effect of
various lime percentages on selected engineering
properties of the soil-lime mixture. Engineering
properties which are considered, depending on the
stabilization objectives, are Atterberg limits, i.e.,
liquid limit, plastic limit, and plasticity index,
swell potential, and strength of cured or uncured
mixtures.

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

Laboratory Testing Procedures

Many different laboratory testing procedures have
been utilized in the various mixture design methods.
Specific details of the various procedures have not
been included in this report, however, general con-
siderations are summarized below.

Test methods which have been used in the de-
sign of soil-lime mixture include (1) Atterberg
limits, (2) California Bearing Ratio, (3) Hveem sta-
bilometer or R-value, (4) swell tests, and (5) uncon-
fined conpression. lLaboratory testing involves soil-
lime mixture preparation, specimen preparation,
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Figure 17. Influence of soaking on the
strength of cured soil-lime mixtures

{Ref 106).

Figure 18. Influence of freeze-thaw
cycles on unit length change {48-hour
curing) {Ref 36),

Figure 19. Influence of freeze-thaw
cycles on unconfined compressive
strength (Ref 36).
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Figure 20. Relationship between unit length change and
strength decrease with freezsthaw cycles (Ref 36,
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Figure 21, Influence of initial unconfined compressive
stvengiin on the residual strerigih siter Treeze-thaw cycles (He¥ 36).
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curing, and testing.
Mixture Preparation

Lime contents generally are specified as a percentage
of the dry weight ‘of soil, although a few agencies
specLfy on a volume basis. Soil-lime mixtures are
normally prepared first by dry mixing the proper
amounts ot soil and lime and then blending the re-
quired amount of water into the mixture. In most
procedures, mixtures are prepared at or near optimum
moisture content as determined by AASHTO T-99, T-180
or T-212.

Frequently the soil-lime mixture is-allowed
to mellow one hour or some other designated time
prior to conducting Atterberg limit tests or pre-
paring test specimens.

Specimen Preparation

Strength test specimens are generally cylindrically
shaped, Diameter and heights vary substantially
ranging from 35.6 mm (1.4 inches) in diameter by
71,1 wn (2.8 inches) -high to 15.2 cm (6 inches) in
diameter by 20.3 cm (8 inches) in height. Since the
length to diameter ratios (2/d ratios) vary, it is
recommended that compressive strength values be
corrected to an 4/d ratio of 2 for comparison pur
poses.,

The density of the compacted specimens must
be carefully controlled because the strength of a
cured soil-lime mixture is greatly influenced by
density (Fig 6) and small density variations may
make it difficult to accurately evaluate the effect
of other variables such as lime percentage and curing
conditions. Thus, the compactive effort shculd al-
ways be specified since some test methods specify
AASHTO T-99 or the equivalent and other procedures
specify AASHTO T-180 or T-212.

Curing Conditions

Time, temperature, and moisture conditions during the
curing period vary significantly., Some agencies cure
at room temperatures while others cure at elevated
temperatures, e.g., 48 hours at 48.9° C (120° F).
Normally elevated temperature curing is of shorter
duration than ambient curing, Many procedures spec-
ify that the specimens should be cured in a sealed
container while others (AASHTO T-220) require a moist
curing cycle followed by a drying and capillary
wetting cycle. It should be noted that in some pro-
cedures no curing period is required,

The great disparity in curing conditions makes
it very difficult to compare the results obtained
from different testing methods. Thus, mixture qual-
ity criteria developed for a particular test pro-
cedure should not be arbitrarily adopted for analyz-
ing test results obtained from a different test
method.

Testing

Procedures used to evaluate soil-lime specimens us-
ually involve conventional tests, For example, the
Atterberg Limits (AASHTO T-39, T-90), California
Bearing Ratio (AASHTO T-193), and R-Value (ASTM
D2844) are used for many different types of matere
ials. There is probably more variation in uncon-
fined compression testing than any other procedure.
Thus, detalls concerning specimen size, rate of
loading, etc, should be specified in the description
of any test method which is not standardized.

Mixture Design Criteria

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

Types of Criteria

Current mixture design criteria can be classified into
two broad categories. The first category relates to
those situations where the major stabilization objec-
tives are PI reduction, improved workability, immedi-
ate strength increase, and reduced swell potential.
To a large extent, these property improvements are
produced by the cation exchange and flocculation-
agglomeration reactions which occur quite rapidly.
Mixture design criteria for this category of stabil-
ization might typically include some of the following
requirements:

(1) no further decrease in PI with increased
percentage of lime,

(2) acceptable PI reduction for the partic-
ular stabilization objective,

(3) acceptable swell potential reduction,
and

(4) CBR and R-Value increase sufficient for
anticipated uses.

It is difficult to establish actual quanti-
tative values for the above requirements because in
many cases they must be established relative to the
properties of the untreated soil and the specific job
conditions.

The second category of criteria is concerned
with strength improvement produced by the pozzolanic
reaction between the soil and lime. For example, if
the mixture is to be used as a subbase or base course
in the pavement structure, it must possess minimum
strength and durability. Thus, mixture design cri-
teria normally specify that the cured mixture meet a
minimum strength requirement and the design lime con-
tent is that percentage which produces maximum
strength for given curing conditions.

Most current minimum strength criteria are
specified in terms of compressive strength. The min-
imuna strength requirements generally are higher for
base materials than for subbase materials since stress
and durability conditions differ for various depths in
the pavement structure, ’

Typical current mixture design criteria are
presented in the section entitled Current Mixture
Design Procedures.

Experience and Evaluation

Mixture design criteria can be validated only on the
basis of actual field performance. McDowell's ex-
tensive publications (Refs 72 through 77) concerning
Texas experiences, Anday's summary (Ref 3) of Virginia
projects, and McDonald's recent reports (Refs 68
through 71) are examples of extensive validatior ac-
tivities for widely separated geographic areas with
drastically different climatic conditions.

Mixture design criteria developed for use
with a particular mixture design procedure and geo-
graphic location must not be applied indiscriminately
£0 other areas. Careful consideration should be Ziven
to 81l sspects of the problem before adopting any
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Current Mixture Design Procedures

Selected current mixture design procedures are sum-
marized below. As discussed, mixture design proced-
ures consider specimen preparation, curing conditions,
testing procedures, and mixture design criteria. More
detailed information concerning the mixture design
procedures can be obtained by consulting the various
references listed in this section.

California Procedure

California's current design procedure is based on
stabilometer test data developed for mixtures con-
taining various lime percentages. The general pro-
cedure is as follows:

1. Soil-lime mixtures are prepared at various
1ime percentages. The mixture moisture content is
adjusted to approximately optimum (AASHTO T-180) and
the moist mixture is loose cured for 24 hours.

2, Stabilometer samples are compacted using
the California kneading compactor (California Test
Method 301). The compacted specimens are not cured.

3. The compacted specimens are tested using
the stabilometer (California Test Method No., 312) to
determine the R-value.

4, Depending on the intended use of the mix-
ture, the lime percentage required to develop an R-
value in the range of 60 to 80 is determined.

5. The lime percentage is increased approx-
imately 1 percent to compensate for field construc-
tion variability.

Eades and Grim Procedure

The pH mixture design concept developed by Eades and
Grim (Ref 44) involves, to a certain extent, a
strength based criterion. The basic thrust of the pH
procedure is to add sufficient lime to the soil to
insure a pH of 12.4 for sustaining the strength-pro-
ducing, lime-soil pozzolanic reaction. The pH pro-
cedure, as developed by Eades and Grim, is summarized
below.

1. Representative samples of air-dried, minus
No., 40 soil to equal 20 g of oven-dried soil are
weighed to the nearest 0.1 g and poured into 150-ml
{or larger) plastic bottles with screw tops.

2. Since most soils will require between 2
and 5 percent lime, it is advisable to set up five
bottles with lime percentages of 2, 3,4, 5, and 6.
This will insure, in most cases, that the percentage
of lime required can be determined in 1 hour. Weigh
the lime to the nearest 0.0l g and add it to the
soil, Shake to mix soil and dry lime,

3.. Add 100 ml of CO2-free distilled water to
the bottles.

4. Shake the soil-lime and water until there
is no evidence of dry material on the bottom. Shake
for a minimum of 30 seconds.

S$. Shake the bottles for 30 seconds every
10 minutes.

6. After 1 hour, transfer part of the slurry
to a plastic beaker and measure the pH. The pH meter
rnust be equipped with a Hyalk electrode and standard-
fzed with a buffer solution having a pH of 12.00.

7. Record the pH for each of the soil-lime
mixtures. If the pH readings go to 12.40, the low-
est percent lime that gives a pH of 12.40 is the per-
cent required to stabilize the soil. If the pH does
not go beyond 12,30 but at least two consecutive pere
centages of lime give the same reading, the lowest
percentage which gives a pH of 12.30 is that required
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to stabilize the soil. However if only the highest
percentage checked gives a pH of 12,30, additional
test bottles should be started with larger percent-
ages of lime, s .

Thompson and Eades (Ref 108) have demon-
strated that for typical Illinois soils, the lime
percentage determined by the pH test was approxi-
mately the same as the lime percentage producing
maximum compressive strength, Recent work by Harty
(Ref 53), however, indicates that the lime percentage
obtained from the pH procedure does not produce max-
imum cured compressive strength for tropical and sub-
tropical soils. There are limitations to the pH pro-
cedure in that, (1) the technique does not establish
whether the soil will react with lime to produce a
substantial strength increase, and (2) strength data
are not generated for use in evaluating mixture
quality.

Eades and Grim (Ref 44) recognized the need
for supplemental strength data and have stated, "The
one-hour pH or 'Quick Test' can be used only to de-
termine the lime requirements of a soil for stabili-
zation. Since strength gains are related to the for-
mation of calcium silicates, and their formation
varies with the mineralogical components of the soil,
a strength test is necessary to show the percentage
of strength increase."

I1linois Procedure

The Illinois procedure considers two types of sta-
bilization objectives:

1. Soil-lime stabilization in which the mix-
ture will be utilized as a base or subbase material
in the pavement system, and

2, Subgrade modification and expediting
construction,

The procedures are outlined below.

Soil-lime Stabilization. The mixture design
procedure is based on unconfined compressive strength
test data. Specimens with a 5.1 centimeter (2 inch)
diameter and a 10.2 centimeter (4 inch) height of
the natural soil and soil-lime mixtures are prepared
at optimum moisture content and maxirmum dry density
(AASHTO T-99). The soil-lime specimens, prepared at
various lime treatment levels, are cured for 48 hours
at 48.9° C (120° F) prior to testing.

The compressive strength of the soil-lime mix-
ture with 3 percent lime must be at least 34.5 N/cm?
(50 psi) greater than the compressive strength of
the natural soil. The design lime content is desig-
nated as the lime percent above which further in-
creases do not produce significant additional strength.
For field construction, the lime content is increased
0.5 to 1.0 percent to offset the effects of field
variability. Minimum strength requirements are
69 N/cm? (100 psi) for subbase and 103 N/cm? (150 psi)
for base course. These minimum strengths relate to
AASHTO coefficients of relative strength of 0.12 for
subbase materials and 0.11 for base course materials.

Subgrade Modification. The mixture design
procedure for lime modification is based on the ef-
fect of lime on the plasticity index of the soil.
Optional CBR testing can also be conducted if desired.

AASHTO Methods T-89 and T-90 are utilized to
determine the liquid limit, plastic limit, and plas-
ticity index of the soil treated with various per-
centages of lime, The lime-soil-water mixture is
loose cured for one hour prior to testing., A plot
of plasticity index versus lime content is prepared.
The design lime content may be designated as (1)
that lime content above which no further appreciable
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reduction In PI occurs, or (2) a minimum lime content
which produces an acceptable PI reduction.

Depending-on-the stabilization objectives;
CBR tests may also be conducted to evaluate the sta-
bility and/or swell properties of the lime-treated
soil. Curing and soaking of the CBR specimens prior
to testing is optional depending on the stabiliza-
tion objectives. If appropriate, the design lime
content may be changed based on the CBR data, sta-
bility values, or swell properties.

For field construction, the design lime con-
tent is increased 0.5 to 1.0 percent to offset the
effects of field construction variability.

Louisiana Procedure

Lime contents for soil-lime mixtures to be used as
base or subbase courses are determined in accordance
with LDH Designation TR 433-70, "Determining the Min-
imum Lime Content for Lime-Soil Treatment." Quality
requirements, expressed in terms of minimum unconfined
compressive strength, are 69 N/cm? (100 psi) for base
course and 34.5 N/cm2 (50 psi) for subbase courses.

Soil-lime mixtures of various lime contents
are prepared at optimum moisture content (LDH TR 418)
and specimens 15.2 cm (6 in,) in diameter and 20.3 cm
(8 in.) 1in height are compacted to maximum dry den-
sity (LDH TR 418),

The curing cycle for the compacted soil-lime
mixture is:

1. seven days in moist rocm,

2. air dried 8 hours at 60° C (140° F),

3. eight hours of cooling, and

4. ten day capillary soaking at a confining
pressure of 0.69 N/cm? (1 psi), AASHTO T-212 procedure,

Following curing, the specimens are tested in
unconfined compression at a rate of 3.81 mm/minute
(0.15 in./minute). The minimum lime content providing
adequate unconfined compressive strength, i.e., 69 N/
em? (100 psi) for base, 34.5 N/em? (50 psi) for sub-
base, 1s determined from the test data.

Oklahoma Procedure

Oklahoma's standard procedure for determining the
optimum lime content is the Eades and Grim Procedure.
As an alternate, a plasticity index reduction test
procedure, as outlined below, is used. The basic
objective of Oklahoma's lime treatment is to modify
subgrade soils without any specific strengthening
objective.

1. Soil-lime mixtures with lime contents of
3, 5, 7, and 10 percent are prepared at the AASHTO
T-99 optimum moisture content for the soil. '

2. The soil-lime mixtures are loose cured
in a moisture room for 48 hours.

3. The cured soil-lime mixture is then
dried in accordance with AASHTO T-87 paragraph 4(a).

4. The liquid limit, plastic limit, and
plasticity index PI are determined in accordance
with AASHTO Methods T-89 and T-90, respectively,

S. A plot of PI versus percent lime is pre-
pared. The percent lime which reduces the PI by two
points per one percent increase in lime is considered
to be the optimum lime content for the soil-lime
mixture. Any lime content at or below the optimum
lime content which gives the desired modification
may be recommended by the engineer. The PI should
be reduced to a maximum value of 10.

South Dakota Procedure

Initial lime requirements are established based on a
pH procedure (Test No. SD 128) which is similar to

the Eades and Grim Procedure. Supplemental strength
data are developed by evaluating the CBR of various

soil-lime combinations compacted at optimum moisture
content (AASHTO T-99) to maximum dry density,

The South Dakota technique "(Test No. 'SH107)
is similar to AASHTO T-193, If the CBR of the soil-
lime mixture with no curing except for the 96-hour
soaking period is 3 to 4 times greater than the CBR
of the natural soil, the soil-lime mixture is con-
sidered to be of adequate quality for use as a pave-
ment layer (AASHTO coefficient of relative strength =
0.05).

Texas Procedure

The soil-lime mixture design procedure used by the
State Department of Highways and Public Transporta-
tion is AASHTO T-220 which provides for the determ-
ination of the unconfined compressive strength of
soil-lime mixtures. The procedure suggests strength
criteria of 69 N/em? (100 psi) for base construction
and 34.5 N/cm? (50 psi) for subbase construction.

Details of the procedure are included in AASHTO
T-220, however, a general outline of the procedure is
presented below.

1. Based on the grain size and plasticity in-
dex data, the lime percentage is selected from
Fig. 23.

2. Optimum moisture and maximum dry density
of the mixture are determined in accordance with ap-
propriate sections of AASHTO T-212 or Tex-121-E. The
compactive effort is 50 blows of a 4.54 kg (10 1b)
hammer, with a 45.7 cm (18 inch) drop.

3. Test specimens, 15.2 cm (6 inches) in di-
ameter and 20.3 (8 inches) in height are compacted at
optimum moisture content to maximum dry density.

4. The specimens are placed in a triaxial
cell (AASHTO T-212 or Tex-121-E) and cured in the
following manner:

a. seven days at room temperature,

b. remove cells and dry at a temperature not
to exceed 60° C (140° F) for about six hours or until
one-third to one-half of the molding moisture has
been removed,

¢. cool the specimens for at least 8 hours,
and

d. subject the specimens to capillarity (sec-
tion 6 of AASHTO T-212 or Tex-121-E) for 10 days.

S. The cured specimens are tested in uncon-
fined compression in accordance with sections 7 and
8 of AASHTO T-212 or Tex-121-E.

Relative to Fig 23, the Texas Procedure notes
that the percentages should be substantiated by ap-
proved testing methods on any particular soil ma-
terial. The results of the unconfined compression
strength testing can be used for the purpose of sub-
stantiation.

Thompson Procedure

Thompson (Ref 104) has developed a mixture design
process for lime-treated soils in which different
procedures are proposed for lime modified soils and
soil-lime mixtures,

The lime modification procedure is utilized
when the stabilization objectives are to expedite
construction and produce subgrade modification, e.g.,
CBR increase, decreased swell potential, and de-
creased plasticity. Soil-lime mixtures which display
significant compressive strength increases, 34.5
N/em? (50 psi) minimun, can be utilized as base and
subbase materials depending on the soil-lime mixture
properties and pavement service requirements,

A flow diagram illustrating the mixture de-
sign process is shown in Fig 24. Quality criteria
for the soil-lime mixtures were established based on
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considerations of pavement structural behavior and
durability requirements, The soil-lime quality cri-
teria are summarized in Table 4, )

The development of the mixture design process
and the detailed testing procedures are contained in
Ref 104, It is emphasized that the lime-modified
soil mixture design process can be utilized for re-
active soils if the stabilization objectives are pri-
marily to expedite construction or modify the sub-
grade.

Virginia Procedure

Virginia's mixture design procedure, VIM-11 Virginia
Test Method for Lime Stabilization, is based on the
cured compressive strength of soil-lime mixtures sta-
bilized with various amounts of lime. The procedure
is summarized below.

1. Proctor sized specimens at various lime
percentages are prepared at approximately optimum
moisture content and maximum dry density (AASHTO
T-99), compaction test conducted with 6 percent lime.

2. Specimens are cured in sealed containers
at high humidity for 72 hours at 48.9° C (120° F).

3. The soil-lime specimens are tested in un-
confined compression using a loading rate of 1089 kg/
minute (2,400 pounds/minute) or approximately
1.3 kg/cmé/minute (19 psi/minute).

4. Virginia criteria require a minimum com-
pressive strength of 10.5 kg/ecm? (150 psi) for soil-
lime mixtures tested in accordance with the above
procedure.

Summary

Design lime contents generally are based on an anal-
ysis of the effect of varying lime percentages on
selected engineering properties of the soil-lime mix-
ture. The basic components of a mixture design pro-
cedure generally are:

1. method for preparing the soil-lime
mixture,

2. procedure for preparing and curing
specimens,

3. testing procedures for evaluating a
selected property or properties of the cured soil-
lime mixture, and

4. appropriate criteria for establishing the
design lime content.

It is important to note that different de-
sign lime contents for the same soil may be estab-
lished depending on the objectives of the lime
treatment and the mixture design procedure utilized.
Mixture design procedures should be flexible enough
to allow the exercise of judgment when unusual stab-
ilization objectives are contemplated.

LIME STABILIZATION CONSTRUCTION
Introduction

The modern version of lime stabilization is less than
30 years old, but considerable advancement has been
made in construction procedures during these past
three decades. This progress of this method of stab-
ilization was due to the efforts of many engineers
and scientists and can be summarized as follows:

1, basic and applied research by numerous
state highway departments, governmental agencies,
and universities;

2. education by worldwide publication of
research studies and construction reports of actual
lime stabilization projects; and

3, equipment manufacturer's recognition of
the potential of lime stabilization and development
of equipment to meet the needs of the contractor.
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Twenty-five years ago there were two basic stabilizers
that could be adapted to lime stabilization, but today
there are approximately twenty different types of equip-
ment designed primarily for this stabilization,

With the growth of lime stabilization through-
out the world for many climatic conditions, a diver-
sity of applications has developed and a variety of
construction techniques has evolved. This variation
has been due to such factors as type of soil, degree
of stabilization required, complexity of project,
ecological restraints, and type of pavement design,
For example, some heavy clay soils are very reactive
to lime and can be completely pulverized with only
one pass of a traveling mixing unit; however, this is
the exception to the rule, as the stabilization of a
heavy gumbo clay usually requires much more manipula-
tion and curing than a low-plastic granular material,
Modification of soil, e.g., drying out of wet soil
with lime to expedite construction, is less involved
than completely stabilizing a heavy clay to be used
as a part of the pavement structure.

Projects may range from maintenance activities
for which only a few bags of lime are required (Fig 29)
to vast interstate highways or airfield pavements re-
quiring thousands of tons of bulk lime. Because of
dusting, projects located in urban areas generally
require the use of lime slurry rather than dry lime.
Thus, with the growing emphasis on ccology the trend
is toward a greater use of a lime slurry and some
engineers are now discouraging the use of dry lime
except in very localized areas.

Finally, when lime is used in pavement design
to reduce overall thickness, the stabilized layer
must be built under tight construction specifications,
whereas requirements are more lenient when lime is
merely used to form a working table.

Regardless of the specific application of soil-
lime, the following basic steps are involved in the
construction procedure: soil preparatien, lime
spreading, mixing and watering, compaction and fin-
ishing, and curing. These basic steps, along with
the more significant variations, are discussed in de-
tail, Since this is a state-of-the-art report, un-
doubtedly there will be more variations as lime sta-
bilization continues to expand throughout the world.

Lime Stabilization Methods

Basically, there are three recognized lime stabiliza-
tion methods, including in-place mixing, plant mixing,
and pressure injection.

In-place Mixing

In-place mixing may be subdivilded into three methods:

1. mixing lime with the existing materials
already a part of the construction site or pavement
(Fig 25),

2, off-site mixing in which lime is mixed
with borrow and the mixture is then transported to
the construction site for final manipulation and com-
paction (Fig 26), and

3. mixing in which the borrow source soil is
hauled to the construction site and processed as in
method number 1.

The following procedures are utilized for in-
place mixing:

1. One increment of lime is added to clays or
granular base materials that are easy to pulverize,
The material is mixed and compacted in one operation,
and no mellowing period is required,

. 2. One increment of lime is added and the
mixture Is allowed to mellow for a period of 1 to 7
days to assist in breaking down heavy clay soils,

3. One increment of lime is added for soil
modification and pulverization prior to treatment
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Table 4. Tentative soil-lime mixture compressive strength requirements (Ref 104).
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Figure 24. Proposed mixture design process for lime-treated soils

{Ref 104). Figure 25. In-place mixing of lime-stabilized
subgrade—Oregon.
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Figure 27b. Tractor plow pulied by a second tractor for
deep stabilization,

Figure 27c. Root plow for scarifying to a depth of 46 cm
{18 inches).
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Figure 28. Plant mixing pug mills.

(a) Lime-treated gravel with lime fed by screw conveyor—South
Dakota (Ref 21).

Figure 29. Application of lime by the bag for a small maintenance
project-Texas.

{b} Lime-cement-flyash-aggregate base course—Newark Airport.

Figure 30, Application of lime by a bulk pneumatic truck for leves

repair project.
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with cement or asphalt.

4. One increment of lime is added to produce
A working vabier  ProofreiTing s vequived “in - lieuw of
pulverization and density requirements.

5. 1Two increments of lime are added for soils
which are extremely difficult to pulverize., Between
the applications of the first and second increments
of lime, the mixture is allowed to mellow,

6. Deep stabilization which has been accom-
plished by one of two approaches (Ref 98).

a. One increment of lime is applied to mod-
ify soil to a depth of 24 inches (Fig. 27). Greater
depths are possible but to date have not been at-
tempted., A second increment of lime is added to the
top 15 to 30 cm (6 to 12 in.) for complete stabiliza-
tion. Plows and rippers are used to break down the
large clay chunks in the deep treatment. Heavy disc
harrows and blades are also used in pulverization of
these clay soils. In frost zones, the use of small
quantities of lime for soil modification under some
circumstances may result in a frost susceptible ma-
terial which in turn can produce a weak sublayer.

b. One increment of lime is applied for
complete stabilization to a depth of 46 cm (18 in.).
Mechanical mixers are now available to pulverize the
lime-clay soil to the full depth by progressive cuts
as follows: first pass cut to a depth of 15 cm
(6 in.), second to 23 cm (9 in.), third to 30 cm
(12 in.), fourth to 38 cm (15 in.), and then a few
passes to a depth of 46 cm (18 in.) to accomplish
full pulverization. The full 46 om (18 in.) is com-
pacted from the top by vibratory and conventional
heavy rollers.

Plant Mixing

The plant-mix operation usually involves hauling the
soil to a central plant where lime, soil, and water
are uniformly mixed and then transported to the con-
struction site for further manipulation (Fig 28).

The amount of lime for either method is us-
uvally predetermined by test procedures. Specifica-
tions may be written to specify the actual strength
gain required to upgrade the stabilized soil, and
notations can be made on the plans as to the esti-
mated percent of lime required. This note should
also stipulate that changes in lime content may be
necessary to meet changing soil conditions encountered
during construction.

Pressure Injection

Pressure injections of lime slurry to depths of 2 to
3 meters (7 to 10 feet) for control of swelling and
unstable soils on highways and under building sites
are usually placed on 1.5-meter {5-foot) spacings,
and attempts are made to place horizontal seams of
lime slurry at 20- to 30-cm (8- to 12-in.} intervals.
The top 15- to 30-cm (6- to 12-in.) layer should be
completely stabilized by conventional methods. Pres-
sure injection will not be considered in detail since
the technology is different and is outside the scope
of this report. Additional information and detail
can be obtained from Refs 58 and 113,

Construction Steps

Soil Preparation

The in-place subgrade soil should be brought to final
grade and alignment. The finished grade elevation may
require some adjustment due to the potential fluff
action of the lime stabilized layer resulting from

the fact that some soils tend to increase in volume
when mixed with lime and water. This volume change

may be exaggerated when the soil-lime is remixed over
a long period of time, especially at moisture con-
vents Tess than oprimun molsvure, ~The fiuf faction

is usually minimized if adequate water is provided

and mixing is accomplished shortly after lime is ad-
ded. For soils that tend to fluff with lime, the
subgrade elevation should be lowered slightly or the
excess material trimmed. Trimming can usually be
accomplished by blading the material onto the shoulder
of embankment slopes.

This blading operation is desirable to remove
the top 6.4 mm (% inch) since this material often is
not well cemented due to lime loss experienced during
construction, Excess rain and construction water may
wash lime from the surface, and carbonation of lime
may occur in the exposed surface.

If dry lime is used, ripping or scarifving to
the desired depth of stabilization can be accomplished
either before or after lime is added. If the lime
is to be applied in a slurry form, it is desirable
to scarify prior to the addition of lime.

Lime Application

Dry Hydrated Lime. Dry lime can be applied
either in bulk or by bag. The use of bagged lime is
generally the simplest but also the most costly method
of lime application. Bags, 22.7 kg (50 1b), are de-
livered in dump or flatbed trucks and placed by hand
to give the required distribution (Fig 29). After
the bags are placed, they are slit and the lime is
dunped into piles or transverse windrows across the
roadway, The lime is then leveled by either hand
raking or by means of a spike-tooth harrow or drag
pulled by a tractor or truck. Immediately therecafter,
the lime is sprinkled to reduce dusting.

The major disadvantages of the bag method are
the higher cost of lime because of bagging costs,
greater labor costs, and slower operations. Never-
theless, bagged lime is often the most practical
method for small projects or for projects in which it
is difficult to utilize large equipment,

For large stabilization projects, particularly
where dusting is no problem, the use of bulk lime has
become common practice. Lime is delivered to the job
in self-unloading transport trucks (Fig 30). These
trucks are large and efficient, capable of hauling
13,300 to 21,800 kg (15 to 24 tons). One type is
equipped with one or more integral screw conveyors
which discharge at the rear. In recent years pneu-
matic trucks have increased in popularity and are
preferred over the older auger-type transports. With
the pnewmatic units the lime is blown from the tanker
compartments through a pipe or hose to a cyclone
spreader or to a pipe spreader bar mounted at the
rear (Fig 31). Bottom-dunp hopper trucks have also
been tried, but they are undesirable because of dif-
ficulty in unloading and obtaining a uniform rate
of discharge.

With the auger trucks, spreading is handled
by means of a portable, mechanical-type spreader at-
tached to the rear or through metal downspout chutes
or flexible rubber boots extending from the screw
conveyors., The mechanical spreaders incorporate
belt, screw, rotary vane, or drag chain conveyors
to distribute the lime uniformly across the spreader
width, When boots or spouts are used instead, the
lime is deposited in windrows; but due to lime's
lightness and flowability, the lime becomes distrib-
uted rather uniformly across the spreading lane.
Whether mechanical spreaders, downspouts, or boots
are used, the rate of lime application can be regu-
lated by varying the spreader opening, spreader drive
speed, or truck speed so that the required amount of
limo can be applied in one or more passes.

With the pneumatic trucks, spreading is gener-
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ally handled with a cyclone spreader mounted at the
rear, which distributes the lime through a split
chute or with a spreader bar equipped with several
large downspout pipes. Fingertip controls in the
truck cab permit the driver to vary the spreading
width by adjusting the air pressure. Experienced
drivers can adjust the pressure and truck speed so
that accurate distribution can be obtained in one or
two passes.

then bulk lime is delivered by rail, a variety of
conveyors can be used for transferring the lime to
transport trucks; these include screw, belt or drag-
chain conveyors, bucket elevators, and screw eleva-
tors, The screw-type conveyors are most commonly
used, with large diameter units, 25.4 to 30.5 cm (10
to 12 inches) being recommended for high speed unload-
ing. To minimize dusting, all types of conveyors
should be enclosed. Rail car unloading is generally
facilitated by means of poles and either mechanical
or air-type vibrators.

Lime has also been handled through permanent or
portable batching plants, in which case the lime is
weigh-batched prior to loading. Generally, a batch-
ing plant set-up would only be practical on exception-
ally large jobs.

Obviously, the self-unloading tank truck is the
least costly method of spreading lime, since there is
no rehandling of material and large payloads can be
carried and spread quickly.

Dry Quicklime. Quicklime may be applied in bags
or bulk. Due to its higher cost, bagged lime is only

used for drying of isolated wet spots or on small
jobs. The distribution of bagged quicklime is similar
to that of bagged hydrate, except that greater safety
emphasis is needed. First the bags are spaced accu-
rately on the area to be stabilized, and after spread-
ing, water is applied and mixing operations started at
once. The fast watering and mixing operation helps
minimize the danger of burns. Quicklime may be ap-
plied in form of pebble, approximately 9.5 mm (3/8
inch), granular, or pulverized, The first two are
more desirable as less dust is generated during
spreading,

Bulk quicklime may be spread by self unloading
auger or pneumatic transport trucks, similar to those
used for dry hydrate. In addition, however, due to
its coarser size and higher density, quicklime may
also be tailgated from a regular dump truck with tail-
gate opening controls to assure accurate distribution
(Fig. 32).

Because quicklime is anhydrous and generates heat
upon contact with water, special care should be taken
during stabilization to aveid lime burns. Where quick-
lime is specified, the contractor should provide the
engineer, for review, a detailed safety program cov-
ering precautions to be exercised and emergency treat-
ment to be available on the jobsite. The program
should include protective equipment for eyes, mouth,
nose, and skin as well as a first-aid kit with an
eyeball wash, This protective equipment should be
available on the jobsite during spreading and mixing
operations. The contractor should actively enforce
this program for the protection of the workers and
others in the construction area.

In this method lime and water

are mixed into a slurry. Historically, hydrated lime
has been used in slurries. Nevertheless, quicklime
could potentially be used providing that adequate
equipment was developed for preparing the slurry. At
the present time, this process involves a two-step op-
eration in which a quickliime paste is first prepared
and then additional water added to form the slurry.
The hydrated lime-water slurry is mixed either in a
central mixing tank (Fig 33), jet mixer (Fig 34), or

Slurry Method.
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in a tank truck. The slurry is spread over the scar-
ified roadbed by & tank truck equipped with spray bars
(Fig 35). One or more passes may be required over a
measured area to achieve the specified percentage
based on lime solids content. To prevent run-off and
consequent non-uniformity of lime distribution that
may occur under certain conditions, it may be neces-
sary to mix the slurry and soil immediately after

each spreading pass (Fig 36).

A typical slurry mix proportion is 907 kg
(1 ton) of lime and 1.9 m3 (500 gallons) of water
which yields about 2.3 m3 (600 gallons) of slurry
containing 31 percent lime solids. At higher concen-
trations there is difficulty in pumping and spraying
the slurry. Forty percent solids is a maximum pump-
able slurry.

The actual proportion used depends upon the
percent of lime specified, type of soil, and its mois-
ture condition. Where small lime percentages are re-
quired, the slurry proportions may be reduced to
907 kg (1 ton) of lime per 2.6 to 3.0 m3 (700 to 800
gallons) of water. Where the soil moisture content is
near optimum, a stronger lime concentration normally
would be required.

In plants employing central mixing, agitation
is generally accomplished by using compressed air and
a recirculating pump, although pug mills have also
been used. The most typical slurry plant incorporates
slurry tanks large enough to handle whole tank truck
loads of hydrated lime, approximately 18,100 kg (20
tons). For example, on one job two 57-cubic meter
(15,000 gallon) tanks, 3-meter diameter by 8-meter
length (10-foot diameter by 26-foot length) were used,
each fitted with a 20-centimeter (8-inc¢h) perforated
air line mounted along the bottom. The air line was
stopped 46 cm (18 inches) short of the end wall,
thereby providing maximum agitation in the lime feed-
ing zone. A typical batch consisted of 38 nd (10,000
gallons) of water, charged first, and 18,100 kg (20
tons) of lime, producing about 45 m3 (12,000 gallons)
of slurry in less than 25 minutes. Loading of the
tank trucks was handled by a standard water pump, with
one slurry tank being unloaded while the slurry was
being mixed in the other tank.

On another job the contractor used a similar
tank and air line, but in addition made use of a 10-
cm (4-inch} recirculating pump for mixing; the same
pump loaded the tank trucks. To keep the lime from
settling, the contractor devised a hand-operated
scraper fitted with air jets,

Still another job involved a much smaller tank,
approximately 9 m3 (2400 gallons), mounted below a
lime bin and weigh-batcher. A typical batch consisted
of 1800 kg (2 tons) of lime and 4 m3 (1000 gallons) of
water, producing enough slurry for one tank truck.
Mixing was accomplished with air jets and a 7.6-centi-
meter (3-inch) recirculating pump.

The newest and most efficient method of slurry
production which eliminates batching tanks involves
the use of a compact jet slurry mixer. Water at
S kg/em? (70 psi) pressure and hydrated lime are
charged continuously in a 65:35 (weight) ratio into
the jet mixing bowl, where slurry is produced instan-
taneously. The mixer and auxiliary equipment can be
mounted on a small trailer and transported to the job
readily, giving great flexibility to the operation
(Ref 16).

In the third type of slurry set-up, measured
amounts of water and lime are charged separately to
the tank truck, with the slurry being mixed in the
tank either by compressed air or by a recirculating
pump mounted at the rear. The water is metered and
the lime proportioned volumetrically or by means of
weight batchers. Both portable and permanent batching
plants are used, Mixing with air is accomplished at
the plant, The air jets are turned on during the
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Figure 31. Distribution of fima from bar spreader-Wisconsin,

Figure 33. Slurry mixing plant using recirculating pump for mixing.

{a) Stabilization of stone base (Ref 16},

{b} Recirculation pump on top of 2.3 m?* (6000 gal} wagon
sqitates sturry,

Figure 32. Spreading of granular quicklime on canal relining
project—California (Ref 18).

Figure 34. Jet sturry mixing plant-Dallas County, Texas (Ref 16).

Figure 36, Grader-scarifier cutting slurry into stone base.
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loading operation, and remain on until the slurry is
thoroughly mixed which takes about 10 to 15 minutes.
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tion season; and (d) not practical for use with very
wet soils,

The use of a recirculating pump, however, permits
mixing to occur during transit to the job. Generally,
S5, 8 or 10-centimeter(2, 3, or 4-inch) pumps are used
in this operation, with the slurry being recirculated
through the tank by means of a perforated longitudinal
pipe extending the length of the tank and capped at
one end.

Spreading from the slurry distributors is ef-
fected by gravity or by pressure spray bars, the
latter being preferred due to better distribution.

The use of spray deflectors is also recommended for
good distribution, The general practice in spreading
is to make either one or two passes per load. How-
ever, several loads may be needed in order to distrib-
ute the required amount of lime. The total number of
passes will depend on the lime requirement, optimum
moisture of the soil, and type of mixing employed.
Windrow mixing with the grader generally requires
several passes,

Double Application of Lime. In some areas where
extremely plastic, gumbo clay (PI of 50+) abounds,
it may prove advantageous to add the requisite amount
of lime in two increments to facilitate adequate pul-
verization and obtain complete stabilization. For
example, 2 or 3 percent lime is added first, par-
tially mixed, then the layer is sealed and allowed
to cure for up to a week. The remaining lime is then
added preparatory to final mixing. The first appli-
cation mellows the clay and helps in achieving final
pulverization and the second application completes
the lime-treatment process,

Advantages and Disadvantages of Different Types of
Application

Listed below are some of the advantages and disad-
vantages of the various lime application procedures.

1. Dry Hydrated Lime. Advantages: (a) dry lime
can be applied two or three times faster than a slur-
ry; and (b) dry lime is very effective in drying out
soils. Disadvantages: (a) dry lime produces a dust-
ing problem which makes its use undesirable in urban
areas; and (b) the fast drying action of the dry lime
requires an excess amount of water during the dry,
hot seasons.

2. Quicklime. Advantages: (a) more econom-
ical as it contains approximately 25 percent more
available lime; (b) greater bulk density so storage
silos can be smaller in size; (c) faster drying ac-
tion in wet soils; (d) faster reaction with soils;
and (e) due to faster drying, construction season
can be extended, both spring and fall. Disadvantages:
(a) field hydration less effective than commercial
hydrators, producing a coarser material with poorer
distribution in soil mass; (b) quicklime requires
more water than hydrate for stabilization, which may
present a problem in dry areas; and (c) greater sus-
ceptibility to skin and eye burns.

3. Slurry Lime, Advantages: (a) dust-free
application is more desirable from an environmental
standpoint; (b) better distribution is achieved with
the slurry; {(c) in the lime slurry method, the lime
spreading and sprinkling operations are combined,
thus reducing job costs; and (d) during summer
months slurry application pre-wets the soil and min-
imizes drying action, Disadvantages: (a) applica-
tion rates are slower; high capacity pumps are re-
quired to achieve acceptable application rates; (b)
extra equipment is required and thus costs are higher;
(c) extra manipulation may be required for drying pur-
poses during cool, wet, humid weather, which could
occur during the fall, winter, and spring construc-

Pulverization and Mixing

To. obtain satisfactory soil-lime mixtures adequate
pulverization and mixing must be achieved., For heavy
clay soils two stage pulverization and mixing may be
required while for other soils one stage mixing and
pulverization may be satisfactory. This difference
is due primarily to the fact that the heavy clays are
more difficult to break down.

Two-stage Mixing. Construction steps in two-
stage mixing consist of preliminary mixing, moist
curing for 24 to 48 hours (or more) and final mixing
or remixing. The first mixing step distributes the
lime throughout the soil, thereby facilitating the
mellowing action. For maximum chemical action dur-
ing the mellowing period, the clay clods should be
less than 5 em (2 inches) in diameter. Prior to mel-
lowing the soil should be sprinkled liberally to
bring it up to at least two percentage points above
optimum moisture in order to aid the disintegration
of clay clods. The exception to excess watering
would be in cool, damp weather when evaporation is at
a minimum. In hot weather, however, it may be diffi-
cult to add too much water.

After preliminary mixing, the roadway should be
sealed lightly with a pneumatic roller as a precau-
tion against heavy rain, since the compacted subgrade
will shed water, thereby preventing moisture increases
which might delay construction. Generally, in 24 to
48 hours the clay becomes friable enough so that de-
sired pulverization can be easily attained during final
mixing. Additional sprinkling may be necessary during
final mixing to bring the soil to optimum moisture or
slightly above (Fig 37). In hot weather more than
optimum moisture is needed to compensate for the loss
through evaporation.

Although disc harrows (Fig 38) and grader
scarifiers are suitable for preliminary mixing, high~
speed rotary mixers (Fig 39) or one-pass travel plant
mixers (Fig 25) are required for final mixing. Motor
graders are generally unsatisfactory for mixing lime
with heavy clays.

One-stage Mixing. Both blade and rotary mix-
ing or a combination have been used successfully in
projects involving granular base materials. However,
rotary mixers are preferred for more uniform mixing,
finer pulverization, and faster operation. They are
generally required for highly plastic soils which do
not pulverize readily and for reconstructing worn-out
roads in order to pulverize the old asphalt,

Blade Mixing., When blade mixing is used in
conjunction with dry lime, the material is generally
bladed into two windrows, one on each side of the
roadway. Lime is then spread on the inside of each
windrow or down the center line of the road. The
soil is then bladed to cover the lime. After the
lime is covered, the soil is mixed dry by blading
across the roadway., After dry mixing is completed,
water is added to slightly above the optimum moisture
content and additional mixing is performed. To assure
thorough mixing by this method, the material should
be handled on the mold board at least three times.

When blade mixing is used with the slurry meth-
od, the mixing is done in thin lifts which are bladed
to windrows., One practice is to start with the mate-
rial in a center windrow, then blade aside a thin layer
after the addition of each increment of slurry, thereby
forming side windrows. The windrowed material is then
bladed back across the roadway and compacted, provided
that its molsture content is at optimum.
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A second practice is to start with a side wind-
xrow, then blade a thin, S-centimeter (2-inch) layer
across the roadway, add an increment of iime, then
blade this layer to a windrow on the opposite side
of the road. On one job this procedure was repeated
several times until all the material was mixed and
bladed to the new windrow. Since by this time only
half of the lime had been added, the process was re-
peated, moving the material back to the other side.
This procedure is admittedly slow, but it provides
excellent uniformity.

Rotary Mixing. When high-speed rotary mixers
or one-pass travel plant mixers are used, the lime is
generally spread evenly on the entire roadway, and
mixing starts from the top down., Depending upon the
type of equipment used and the soil involved, complete
mixing can normally be accomplished in one to three
passes. If needed, water is added during mixing to
obtain the desired moisture content, generally op-
timum. The water may be added by sprinkling trucks
or by spraying into the mixing chamber of the mixer.
The latter method has considerable merit, since the
intimate contact of lime, water, and soil facili-
tates chemical breakdown and pulverization.

The traveling windrow-mixing type machine,
commonly referred to as the soil-through-machine
type, may also be used for one-stage mixing if ad-
equate pulverization and mixing can be achieved in
one pass.

Central Mixing. Pre-mixing of lime with
granular base materials is becoming popular on new
construction projects, particularly where submarg-
inal gravels are utilized. Since the gravel has to
be processed anyway to meet gradation specifications,
it is a relatively simple matter for the contractor
to install a lime bin, feeder, and pug mill at the
screening plant. On one project a small pug mill
was installed at the head pulley of the collecting
belt conveyor (Fig 28a) and at another operation a
larger pug mill plant was utilized (Fig 28b). The
general practice is to add the optimum moisture at
the pug mill, thereby permitting immediate compac-
tion after laydown.

Pulverization and Mixing Requirements

Pulverization and mixing requirements are generally
specified in terms of percentages passing the 1-1/2-
inch or l-inch screen and the No, 4 sieve, Typical
requirements are 100 percent passing the l-inch and
60 percent passing the No. 4, exclusive of non-
slaking fractions. However, in some applications
the requirements are relaxed. For example, the
South Dakota Department of Transportation only re-
quires 100 percent passing the 1-1/2-inch screen
with no requirement for the No. 4 sieve, Other
specifications may only require 40 to 50 percent
passing the No. 4 sieve.

In certain expedient construction operations
formal requirements are eliminated, and the "pulver-
ization and mixing to the satisfaction of the en-
gineer" type clause is employed.

Compaction

For maximum development of strength and durability,
lime-soil mixtures should be properly compacted.
Many agencies require at least 95 percent of AASHTO
T-99 density for subbases and 98 percent for bases,
Some agencies have required 95 percent AASHTO T-180
maximum density. Although such densities can be
achieved for more granular soil-lime mixtures, it
ie difficult to achieve this degree of compaction
for lime-treated fine-grained soils.

If & thick soil-lime lift is to be compacted
in one lift, many specifications.require. 95 percent
of AASHTO T-99 maximum density in the upper 15 to
23 centimeters (6 to 9 inches) and lower densities
are accepted in the bottom portion of the 1lift, To
achieve high densities necessitates compacting at ap-
proximately optimum moisture content with approved
compactors. Granular soil-lime mixtures are gener-
ally compacted as soon as possible after mixing, al-
though delays of up to two days are not detrimental,
especially if the soil is not allowed to dry out and
lime is not allowed to carbonate. Fine-grained soils
can also be compacted soon after final mixing, al-
though delays of up to four days are not detrimental,
When longer delays, e.g., two weeks or more, cannot
be avoided, it may be necessary to incorporate a
small amount of additional lime into the mixture,
e.g., 1/2 percent, to compensate for losses due to
carbonation and erosion.

Various rollers and layer thicknesses have
been used in lime stabilization. 7The most common
practice is to compact in one lift, using the sheeps-
foot roller (Fig 40) until it "walks out,'" followed
by a multiple-wheel pneumatic roller (Fig 41). In
some cases, a flat wheel roller is used in finishing,
Single 1ift compaction can also be accomplished with
vibrating impact rollers (Fig 42) or heavy pneumatic
rollers, with light pneumatic or steel rollers being
used for finishing. When light pneumatic rollers
are used alone, compaction is generally done in thin
1ifts, usually less than 15 centimeters (6 inches).
Slush rolling of granular soll-lime mixtures with
steel rollers is not recommended.

During compaction light sprinkling may be re-
quired, particularly during hot, dry weather, to com-
pensate for evaporation losses.

Curing

Maximum development of strength and durability also de~
pends on proper curlng., Favorable temperature and mois-
ture conditions and the passage of time are required
for curing. Temperatures higher than 4.4 to 10° C (40
to 50° F) and moisture contents around optimum are con~-
ducive to curing. Although some specifications require
a 3 to 7-day undisturbed curing period, other agencies
permit the immediate placement of overlying paving
layers 1f the compacted soil-lime layer is not rutted
or distorted by the equipment. This overlying course
maintains the moisture content of the compacted layer
and is an adequate medium for curing.

Two types of curing can be employed, molst and
asphaltic membrane. In the firsc, the surface is kept
damp by sprinkling (Fig. 43) with light rollers being
used to keep the surface knitted together. In membrane
curing, the stabilized soil is either sealed with one
shot of tutback asphalt at a rate of about .45 to 1.1
liters/sq m (0.10 to 0.25 gal/sq yd) within one day
after rolling or primed with increments. of asphalt
emulsion applied several times during the curing pe-
riod, A common practice is to apply two shots the
first day, and one each day thereafter for four days,
at a total rate of .45 to 1.1 liters/sq m (0.10 to 0.25
0.25 gal/sq yd). The type of membrane used, amount,
and number of shots vary considerably. Generally, it
is difficult to apply more than 0.76 liters (0.2 gal)
of asphalt prime because the lime stabilized layer is
relatively impervious after compaction.

Measurement and Payment

Measurement and payment considerations in the contract
documents are typically incorporated in the manner
{llustrated below, Particular attention should be
given to the water item since abnormally large quan-
tities are used in soil-lime construction operation.
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Figure 37. Watering of lime-treated clay on airport project—~Kansas Figure 38, Mixing with disc harrow.
City, Missouri {(Ref 9.

Figure 39, Mixing with rotary mixers.

{a) Rotary mixers on project in Dallas County, (b) Train of rotary mixers on Dallas-Fort Worth Airport.
Texas.

Figure 40. Compacting lime-treated materials with shespsfoot roller,

=

{b} Double sheepstoot roiler.

(a) Self-propelled sheepsfoot roller,

Figure 41, Pneumatic roller completes compaction of fime-cement-
fiyash base, Newark Airport.
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Method of Measurement

1o Lime to-be messured “tntons,

2, Processing of the lime-treated layer to
be measured by the square yard.

3. Water used for mixing, compacting, fin-
ishing, and curing to be measured in units of 4 cubic
meters (1000 gallons).

4. Bituminous materials used for curing
seals to be measured by the ton or gallon.

Basis of Payment

1. Lime to be paid for at unit bid price
per ton of material accepted in place.

2, Processing of the lime-treated material
to be paid for at the unit bid price per square yard
of material completed in place.

3. Water to be paid for at unit bid price
per 0.38 cubic meters (100 gallons) of material
used on the project.

4. Bituminous membrane to be paid for at
unit bid price per ton or gallon of material used
for curing purposes.

Field Quality Contrel

Adequate quality control is essential to obtain a
soil-lime mixture which will meet the stabilization
objectives and provide the desired performance.
There are many factors which should be considered in
the quality control of soil-lime construction.

Factors typically considered in soil-lime
construction and procedures for field use are listed
below.

1. Depth of Lime Treatment. Since lime el-
evates the pH of the soil, phenolphthalein, a color-
sensitive indicator solution can be sprayed on the
soil to determine the presence of lime (Fig 44). If
lime is present, a reddish-pink color develops.

2, Pulverization. The degree of pulveriza-
tion attained in field mixing is evaluated using se-
lected sieve sizes. Most specifications are based
on the l-inch and the No. 4 sieves. The processed
material is "dry sieved" to determine the percent
passing. Care should be taken to insure that the
plus No. 4 material fraction is not really an ag-
glomerated soil-lime mixture which can be easily
broken down by a simple kneading action to pass the
No. 4 sieve.

3. Lime Spread Rate. In dry lime spreading
operations, the spread rate is established in terms
of pounds of lime per unit area of surface. A simple
procedure for measuring the actual field spreading
rate is to place a l-square meter or l-square yard
piece of canvas or other suitable material on the
grade and then after the lime has been spread de-
termine the weight of lime on the 1 square meter or
square yard.

4. Slurry Composition. To accurately de-
termine the quantity of lime slurry required to pro-
vide a desired amount of lime solids, it is necessary
to know the slurry composition. The most convenient
method of checking lime-slurry composition is to de-
termine the specific gravity of the slurry, either
by using a hydrometer or a volumetric-weight pro-
cedure,

5. Lime Content. Lime content is specified
in all soll-lime construction. An ASTM procedure
(ASTM D3155-73) has been developed for determining
the lime content of uncured soil-lime mixtures. The
procedure is rapid and easy to conduct., Other meth-
ods of determining lime content are also used and
are discussed in the proceeding section on design,

6. Density. Conventional procedures, i.e.,
sand cone, rubber balloon, nuclear, (Fig 45) are

used to determine the in-situ density of compacted
soil-lime mixtures. It is very important to recog-
nize that the proper moisture-density relation for
the soil-lime mixture be used in the density control
operation, The moisture-density relation for a soile
lime mixture may change relative to such factors as
curing time. For example, if a soil-lime layer is
reworked at some later date following initial con-
struction the maximwa dry density and optimum mois-
ture content for the mixture probably will be differ-
ent from the original mixture.

7. Moisture Content. Conventional proced-
ures, oven drying and nuclear methods (Fig 45) can
be used for moisture determinations. In calibrating
the nuclear equipment consideration should be given
to the presence of the lime in the mixture.

8. Mixing Efficiency. The thoroughness and
efficiency of the field mixing operation is of in-
terest. A simple procedure for evaluating mixing
efficiency is: (a) secure a sample of the field
mixed soil-lime material; (b) halve the sample; (c)
prepare strength specimens (unconfined strength is
normally satisfactory) from one portion; (d) com-
pletely "re-mix'" the other portion of the field mix-
ture to insure almost "100 percent mixing;" (e) pre-
pare strength specimens from the '"re-mixed" material;
(£f) cure both sets of strength specimens and test
them; and (g) calculate the mixing efficiency, as
follows: mixing efficiency, % = field mixed strength/
lab mixed strength x 100. For mixed in-place opera-
tions mixing efficiencies normally range from 60 to 80
percent, In some types of soil-lime mixing operations
lower values may be acceptable.

Specification References

Many agencies have developed specifications and spec-
ial provisions for-.soil-lime construction. A compre-
hensive listing of current specifications and special
provisions is presented below.

1. AASHTO - Guide Specifications for Highway
Construction, 1968, (Sec. 307 on lime-treated sub-
grade).

2. Y. S. Department of Transportation (FAA)
150/5370A "Standard Specifications for Construction
of Airports," Item P-155 "Lime-Treated Subgrade,"
May 1968,

3. U. 8, Corps of Engineers, "Engineering
and Design Manual - Soil Stabilization for Roads and
Streets" (also AFM 88-7, Chapter 4), Junc 1969,

4. U. 8. Corps of Enginecers, "Guide Specifi-
cation for Military Construction - Lime Stabilized
Base Course, Subbase or Subgrade for Roads and
Streets,' CE 807.32, December 1961 (partly revised
February 1971),

5. National Lime Associatton, "Lime Stabil-
ization Construction," Bulletin 326, 1972,

6. State Specifications or special provisions
for the following states: Alabama, Arkansas, Arizona,
California, Colorado, Florida, Georgia, Idaho, Illi-
nois, lowa, Kansas, Louisiana, Maryland, Minnesota,
Mississippi, Missouri, Nebraska, New Mexico, New
York, North Carolina, North Dakota, Ohio, Oklahoma,
Oregon, South Dakota, Tennessee, Texas, Utah, Vir-
ginia, Wisconsin, Wyoming, etc,

Field Variability

Complete soil-lime construction will display varia-
tions in cngincering properties such as strength
and modulus of elasticity. Such variability is typ-
ical of all field construction operations. Major
factors contributing to field variability in soil-
lime construction are:

1. varlations in properties of the soil en-
countered along the grade,
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Figure 42. Vibrating roller completes compaction of subgrade—Virginia.

Figure 43. Moist curing of lime stabilizod subgrade—Blythaville,
Arkansas,

Figure 44, Checking uniformity of mixing with Figure 45. Detsrmination of moisture and density with nuclear
phenolphthalein solution, gauge—Wisconsin,
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2. variability in lime spreading and distri-
bution,
: Foovariabitity-inopulverization and wixing,
and

4. moisture and density variations in the
compacted soil-lime layer.

As indicated in the Field Quality Control Sec-
tion, it is essential to monitor all aspects of soil-
lime construction to assure that the desired quality
of construction is secured and an acceptable level of
uniformity is achieved (Fig. 44}.

Summary

This section attempts to describe and summarize mod-
ern soil-lime construction procedures and equipment.
It is anticipated that these procedures will change
rapidly as new pieces of equipment and new uses for
lime are developed. Nevertheless, it is felt that
this section provides a comprehensive summary and
description of lime stabilization construction at the
time this report was prepared.
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Shrinkage cracks in soil-cement base do not mean that pavement is unsatisfactory (Central Africa).
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Field Studies on the Pulverization of
Black Cotton Soil for the Construction of
Stabilized Soil Road Bases

1. L. UPPAL, L. R. CHADDA, and P. K. DHAWAN, Central Road Research Institute,
New Delhi, India

Stabilization of black cotton soil with lime has been found effective in improving
the engineering properties of the soil. Consequently, this has led tothe increas-
ing use of lime-stabilized black cotton soil in subbases or bases of road pave-
ment. A properly pulverized soil is, however, a prerequisite for successful
gtabilization of soil. This paper describes a number of methods that have been
tried inthe field to achieve an economical and effective pulverization method. It
has been shown that an acceptable degree of pulverization can be attained when
the soil is handled mechanically at a particular moisture range by using agri-
cultural machinery.

¢eEXPANSIVE SOILS (}) occur in different parts of the world. One such soil, commonly
termed black cotton soil, has similar characteristics and forms one of the major soil
groups (2) of India, covering an area of about 500,000 km® (Fig. 1). The soil is pre-
dominantly montmorillonite (§, 4) having high base exchange capacity. It is character-
ized by high swelling on wetting and excessive shrinkage on drying. When swelling is
restricted, it results in the development of swell pressure (3). On account of these
peculiar properties, the black cotton soil presents serious problems in the construc=
tion of roads. Even at places where the conditions for the development of swell pres-
sure do not exist, the roads still fail because of poor supporting power of the subgrade
in wet condition.

It has been observed that the waviness at the road surface is mostly due to the work-
ing up of the soft subgrade soil into the crevices of the stone soling, thereby dislodging
the soling stone from its original position. The sinking of the stone soling into the soft
subgrade is a continuous process, and no amount of strengthening of the existing pave-
ment at the surface would remedy this defect. It is, therefore, very necessary that a
compacted layer of nonexpansive material having low voids be provided to prevent the
movement of subgrade soil into the crevices of the stone soling. Such materials that
could be considered suitable are light-textured soils, sands, or gravelly soils. In
India, sandy soils or sands are not generally found in black cotton soil areas. At
places, however, granular material mixed with soil fines, locally called moorum,
occurs and a compacted layer of this laid over the subgrade before placing the stone
soling has led to satisfactory results.

There are, however, still very large areas where none of these materials occurs
and the only alternative is to improve the existing soil for use as a subbase between
the subgrade and the stone soling. One of the known effective methods (4, 5) to im-
prove the engineering properties of black cotton soil is the stabilization with lime. To
achieve these requirements, it is necessary that the soil, which is generally in the
form of hard clods, be brought to a reasonable degree of fineness to facilitate uniform
mixing of lime with soil.

Paper sponsored by Committee on Lime and Lime-Fly Ash Stabilization.
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Figure 1. Black soil region of India.

Whereas light-textured soils are generally in a friable state when removed from the
fields, it is not so in the case of expansive black cotton soil, which is very soft and
sticky in the wet condition but very hard in the dry state.

OBJECT OF THE STUDY

The object of the present study, therefore, is to evolve a technique for an effec-
tive and economic pulverization of black cotton socil, which is a prerequisite for the
uniform mixing of soil with lime and the subsequent development of strength.

Before taking up the field study, it was considered necessary to define the degree
of fineness of soil. According to unpublished literature from the British Road Research
Laboratory, the degree of fineness, which is also commonly termed as degree of pul-
verization, is determined from the formula

Wi-W,
Wi W, ¥ 100
where
Wy = total weight of the sample,
Wz = weight of the sample retained on 3/m-in. sieve, and
W3 = weight of the sample passing ¥5~in. sieve and retained on No. 8 sieve (British

standard sieve or B.S.S.) 2mm size.

It will appear from this formula that the fineness is not only controlled by the per=
centage of material passing the ¥%;-in. sieve but also by the fraction smaller than 2 mm.
For stabilization of light-textured soils with cement, about a 65 percent degree of

pulverization (§_), according to this formula, is considered suitable; but for hard clods
of black cotton soil, such a high degree of pulverization may not be a practical possibility
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TABLE 1

EFFECT OF DEGCREE OF PULVERIZATION OF "SOIL ON THE SOGAKED
CBR WHEN TREATED WITH 3 PERCENT COMMERCIAL
HYDRATED LIME (PURITY 40 PERCENT) AND
COMPACTED TO 1.5 gm/cc DENSITY

Percent Passing

CBR Moisture
Sample 3 No. 8 Soaked Absorption
é;é:e é‘; ln. Steve {percent) {percent)
eve (B.S.8.)

1 100.0 0.0 0.0 2.4 21.5

2 100.0 50.0 15.0 14.2 26.3

3 100.0 100.0 30.0 14.3 26.9

4 100.0 100.0 100.0 14.7 25.3

Note: Soil characteristics are liquid limit = 75.3 percent; plasticity index = 34.7 percent; and fraction
coarser than No. 200 sieve {U.S. sieve} = 5.0 percent.

{7), _§). It was, therefore, considered necessary to relax the limits of fraction finer
thian 2 mm from the calculations. Before finally accepting the modification, it was
essential to know how the clods of black cotton soil pulverized to particles of varying
sizes will affect the resultant strength in saturated condition when the soil is stabilized
with lime. Toward this objective, a preliminary laboratory study was carried out with
soil samples having varying clod sizes. To achieve a limited increase in strength,
trials were made using a low concentration of lime.

In the laboratory trials, the soil having a varying degree of fineness was compacted
at optimum moisture with 3 percent commercial lime of known purity. After curing
the treated specimens for 10days, these were tested for soaked CBR. The results ob~
tained are given in Table 1.

It will be observed from the data given in Table 1 that if the soil to start with con-
sists of at least 50 percent passing the Ye-in. sieve then the strength attained is practi=
cally the same, irrespective of the fraction passing the No. 8 sieve (B.S8.8.). It may
be due to the fact that the process of mixing lime with soil and subsequent coimpaction
may have resulted in further improving the degree of pulverization.

PULVERIZATION BY MANUAL LABOR

It is a common experience that during the rainy season the black cotton soil is sticky
and difficult to handle. The field trials on the pulverization of soil by manual labor
were, therefore, restricted to the dry season; details are given in the following.

Crowbar and Pickax

The field trials for the pulverization of black cotton soil were carried out on Berasia-
Sironj Road near Bhopal (central India) in 1964, After removing the top vegetation, the
dry soil crust for a depth of about 8 in. was loosened with crowbars. The soil thus ob-
tained was comprised mostly of 5-to6-in. clods. These were broken with pickaxes or
rammers but the output was very poor, which raised the cost to20 rupees per 100 cu ft
for getting soil of acceptable degree of pulverization, i.e., about 100 percent passing
the 1-in. sieve and about 50 percent passing the Ye~in, sieve. With a view to economiz-
ing on cost, an attempt was made to use a country plow drawn by a bullock, instead of
digging manually, but this did not work well on account of the soil being dry and hard.

Wetting and Drying of Soil Clods

It has been observed that, when black cotton soil shrinks in the process of drying,
high stresses are produced that lead to the disintegration of soil at the surface. Ad-
vantage was taken of this phenomenon in the pulverization of the soil. In actual prac-
tice, the soil dug from the fields was stacked and water was sprinkled on the clods. In
the process of drying, the shrinkage of the soil took place and led to its disintegration
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at the surface. The process was frequently repeated to get more and more of the soil
fines. It gave satisfactory results as almost 50 percent of the material passing the
%s-in. sieve could be obtained. This process would, however, require water within
economic reach. Besides being slow, such operations will cost about 12 to 15 rupees
per 100 cu ft.

PULVERIZATION BY MECHANICAL MEANS

Power Roller

The soil in the dry condition was dug from the adjoining fields, and clods were broken
with pickaxes so as to reduce them to a size not bigger than 2 in. The soil clods were
spreadover a hard subgrade, and a power roller passed over them a number of times
with frequent raking of the crushed material. It was found that about 8 passes of the
roller and frequent raking of the rolled soil resulted in grading as follows:

Sieve No. Percent Passing
1% in. 100.0
1in. 83.0
Y in. 80.0
%6 in. 60.0

The cost of soil pulverized according to this method worked out to 10 to 12 rupees
per 100 cu ft.

Heavy Agricultural Machinery

In the absence of a specially designed plant for the purpose, agricultural machinery
available in the country was used. Field trials were, therefore, carried out with the
following heavy agricultural machinery normally used for plowing the field and break-
ing clods (Fig. 2):

1. International Caterpillar tractor, 110 hp;

2. Moldboard plow consisting of 4 plowshares that can plow to about 15 in. in depth;

3. Disc plow consisting of § discs 28 in. in diameter with a working width of 10 ft;
and

4. Offset notched disc harrow consisting of 18 discs 22 in. in diameter arranged in
2 gangs with a working width of 10 ft.

A field trial was initiated at Sehore (central India) by using this machinery in April
1964 when the ground surface was hard and badly cracked because of a hot, dry sum-~
mer. To start with, the moldboard plow with a working width of 6 ft was used. This
could plow up to a depth of about 15 in., giving clods of varying sizes with a maximum
of about 8 in. After the moldboard plow was used, the disc plow was operated on the
excavated soii. This reduced the size of the big clods to about 4 in. in the process of
slicing. The soil was further subjected to the action of the offset notched disc harrow
to improve pulverization. It was observed that, even with 6 passes of the disc harrow,
there were still many clods 4 in. in size that resisted pulverization and were therefore
removed manually. The sieve analysis of the resultant soil is as follows:

Sieve No, Percent Passing
1% in. 100.0
1in, 81.4
% in. 57.6
3/13 in. 33.5

During this operation, it was observed that those clods that were dry and conse-
quently hard resisted breaking up, whereas slightly wet clods could be pulverized
easily. It was, therefore, inferred that the pulverization of black cotton soil with
heavy agricultural machinery required the soil to exist within a certain range of
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Moldboard plow Disc plow

Oftset notched disc harrow Pulverized black cotton soil being carried by the labaorers

Figure 2. Agricultural machinery.

moisture for effective pulverization. With a view to finding out the range of moistwure
that would facilitate pulverization, soil samples at various depths of the natural sub-
grade were taken and subjected to moisture tests. The results are as follows:

Depth, in, Moisture, Percent
6 7.1
12 15.6
18 18.2 .

It can be inferred that the clods that could not be pulverized had a moisture content
of about 7 percent and those that could be readily pulverized had a moisture content
ranging between 15 and 18 percent. It can, therefore, be stated that it will be more
economical to pulverize black cotton soil after the rainy season when uniform field
moisture conditions are likely to prevail.

Experiments were also made on the pulverization of black cotton soil in a moist
state. Before operating the machinery, the moisture distribution to a depth of 2 ft
was checked at 3 different stretches on the Sehore-Bilquishganj Road (central India)
where the experiments were carried out. The data are given in Table 2.

It will be observed that the moisture throughout the depth is very uniform except
at the top where there is a slightly lower moisture content,

The field trials were carred out in December for a length of about 440 yards using
the same machinery.
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TABLE 2 TABLE 3
PERCENTAGE OF MOISTURE IN BLACK COTTON SOIL SIEVE ANALYSIS. OF- BLACK -COTTON-8OIL.
PULVERIZED IN THE MOIST STATE
Depth, in. Site 1 Stte 2 Site 3 WITH AGRICULTURAL MACHINERY
1 14.7 15.1 14.8 Steve No. Percent Passing
6 19.8 19.5 19.8 (B.5.5.) 2 Passges 4 Passes 6 Passes
12 20.4 19.9 20.9 :
18 205 21.6 21.9 1% in, 100.0 100.0 100.0
o4 20.5 22.0 219 11in. 82.6 88.3 89.6
% tn. 70.6 69.9 79.0
%re in. 44.8 49.6 55.8
No. 8 29.1 34.3 38.6
It was observed that, after the soil had No. 36 5.2 6.8 3.2

been dug out with the moldboard plow, the
disc plow could conveniently cut down the
big clods to a smaller size at this mois-
ture. The operation was also smoother as compared to pulverization of the dry
soil. The soil thus pulverized was further subjected to the action of the offset notched
disc harrow, with a view to determining the minimum number of passes needed to
achieve the required degree of pulverization. The soil was tested for sieve analysis
after 2, 4, and 6 passes. The results are given in Table 3.

It will appear from the data given in Table 3 that the acceptable limits of pulveriza-
tion, i.e., 50 percent passing the %s-in. sieve, could be achieved with 6 passes of the
offset harrow. It will be observed further that insofar as the upper limits are con-
cerned the conditions are just satisfied. It will be found more economical to accept
about a 10 percent fraction coarser than 1 in. than to make additional passes of the
offset disc harrow to pulverize it further. It will also be noticed that with this type of
machinery the moisture for effective degree of pulverization ranges between 15 and 20
percent. The cost of pulverization as worked out by this machinery is 1 rupee per
100 cu ft as given in Table 4.

Light Agricultural Machinery

As heavy agricultural machinery is not easily available at most of the sites, further
field trials were carried out using light agricultural machinery, which is readily pro-
curable. The trials were made at Sidhantam in Andhra Pradesh (south India) where the
construction of 5% miles of the right approach road to Vasista Bridge, forming a part
of the National Highway, was undertaken.

The light machinery consisted of the following:

1. Tractor, 50 hp;

2. Moldboard plow consisting of 3 plowshares;

3. Disc harrow consisting of 20 saucer-shaped discs 10 in. in diameter; and

4. Offset disc harrow consisting of 10 discs 20 in. in diameter arranged in two gangs.

The operation with this machinery was carried out, as in the case of heavy agricul-
tural machinery, at varying moisture contents. It was found that effective pulveriza-
tion could be economically achieved when the moisture content of the soil ranges between
10 and 22 percent, as against 15 and 20 percent in the case of the heavy machinery. It
was further observed that it required about 6 passes of the disc harrow and about 10
passes of the offset harrow to achieve an acceptable degree of pulverization.

The cost of pulverization worked out to 2 rupees per 100 cu ft of loose soil as given
in Table 5.

The higher cost of pulverization with light agricultural machinery as compared to
heavy machinery resulted from the fact that the moldboard plow fitted with a light trac~
tor could not plow more than 8 in. deep.

As a result of conducting a number of trials, it was found that, with the light ma-
chinery, it was possible to pulverize only about 8,000 cu ft of the soil in 8 hours ag
against 40,000 cu ft with heavy machinery during the same period. Although heavy
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TABLE 4 TABLE §
COST ANALYSIS OF PULVERIZATION OF BLACK COST ANALYSIS OF PULVERIZATION OF BLACK
COTTON SOIL WITH HEAVY AGRICULTURAL ) ‘ COTTON SOIL WITH LIGHT AGRICULTURAL )
MACHINERY MACHINERY
Item Amount Item Amount
Cubtc feel of s0il pulverized in 8 hours 40,000 Cubic feet of soil pulverized in 8 hours 8,000
Hire charges of the machinery at 45 Hire charges of the machinery for
rupees per hour 360.00 8 hours, rupees 120.00
Labor charges, rupees 20.00 Labor charges, rupces 20.00
Miscellancous charges such as for tools Miscellaneous charges such as for tools
and repairs, rupees 20.00 and repairs, rupces 20.00
Total rupees 400.00 Total rupeces 160.00
Cost (in rupees) of pulverizing 100 cu ft Cost (in rupees) of pulverizing 100 cu ft
_ 100 x 400 1.00 _ 160 x 100
= 40,600 g 5,000 2.00

machinery is more economical touse, it isnot readily available in the market. There-
fore, even though the cost of pulverization with light agricultural machinery is slightly
more, it is still preferred on account of its easy procurement either from the market
or on hire from the agriculturists. The additional cost of pulverization is not likely to
have any significant effect on the overall cost of road construction.
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SOLL~CEMENT, A MATERTAL OF CONSTRUCTION
FOR ROAD 4ND ATRTTELD PAVEMENTS

INTRODUCTTON

1s During the World War IT and the subsequeat post war
road development in Western Burope and the United States, econ=
siderable use was made of local materials with sertain binders
for pavement construction. It was &uring this period that an

extensive programme of research on the use of socil-cement for

- roed construction was initiated in various parts of the world.

This was followed by large scale experimental tests, to under-
stand fully the limitations of soile-cement as a material of
eonstruction. A number of other binders such as bitumeyn,
lime, chemicals, industrial wastes, ete., were also tried for
the stabilizetion of soils and some of these have given satis-
fastory performance in the field. However the use of cement
for stabilization of soil, under varied eonditions of elimate
and s0ily has found wide acceptance among highway engineers,
due to the ease of handling such a construction, in sddition

to satisfactory performance in the field.

2. During the post war road construction ers, many
orthodox eivil engineers considered soil-cement as & second
grade engineering materlal for road construction, as compared
to stone and concrete. This group of engincers eonsidered goil-
semont as a suitable material only for roads sarrying light
{traffic and temporary airfield pavements. -Large seale field
experinents backed by systematis research ip this field steadily
convineed all shades of professional opinien, that soil-cement
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could effectively replase the conventional methods of road cone
struction, without impairing the gquality of eonstructiap, in
addltion to introducing e eertain amount of econony.

BRIEF HISTORY (F THE DEVELPLEIT OF SOIL-CEMENT

1s¢ The South Carolines State Fighway Department in ths
United States of Ameriea, initieted a scientifie study on the
use of sollwcement for pavement construction as far baek as
4932, and this was followed by an extensive programme of
research by the Portland Cement Association in 4935. In the
sane year the U.S. Burecau of Roads in eollzberation with Porte
land Cement Association put up 1.5 nmiles of an experimental
road length near Johnsonville, to cheek the laboratory results
produced by various rescarch orzanisations in the United
States. The suceess 6f this experiment attracted nany states

towards the idea of using soilesenent for road construetion.

2¢ The use of soilecenent for airfield eonstruction
was made during the World War II and it was felt that soile
esnent was the only answer to speed up coanstruction, even under
very abnormel conditions. It is estimeted that dQuring 4944-dl,
about 22 million square yards of airfield pavements were built

with soileeoment.

3s  For the post war road development, soil-eement was
very extensively used in many eountries of the World, in addie

tden te U.S.h. and Testern Burope.

4e “The ebject of this monograph is to review the deve-
lopment of soilssement as an engineering materisl for road and
airfield eonstrustion, with gpecisl emphasis on tropleal and

subtropieal conditions,
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SOIL=CE'ENT A4S A CONSTRUCTION FATERTAL

1o The eombination of soil with cement under controw
lled conditions of moisture and density produces a material
of distinet physical and engineering.characteristies.

These properties depend on four main faetors:e
(i) Nature of soil.
(1i) Proportion of soil, cement, and water in the
mixture,
(111) The oompactive energy used for the noulding
of soil-cement.
(iv) Physical conditions such as the curing tem=

peratures and age of the soil cement mixes.

2o In the absence of any consolidated data showing
general nmechanieal, physieal, elastie and strength characte=-
risties of similar soil-sement mixes, tables I(1ax’1dzII are
presented to give some idea of the type of engineering
matorial, soil-cement nixes make., I% may also be of some
interest to make a few general remarks on the inter-rela=
tionship betwsen verious properties of soil-cement nizes,
before the limitetions of wvarious pro}%rtiez are discussed

in detail,

Je  Yolune Changes

It is generally observed that an inercase in
eement eontent tends to reduce the shrinkage of a clay, due
to the integramilar eohesien produeed by thoe hydration af
eement, It may however be pointed out that in using soile

csment an optimum quantity of eement is required to eut down
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TABIE T

SHOWING THE.ELASTIC-AND STRENGTH CHARACTERISTICS OF

SOLL CEMENT MIXTURES. (REF.1)

ATTEREERG'S COMPACTICH CEMENT CONTENT KODULUS (F
| COMPRESSIVE | FIEXURAL o
Soi1 LIMITS CHARACTERISTICS 4 STRENGTH STRENGTH %I;m;SiIg )
Type PST (28 days)] Psi e A5 -
L.L. P.I. 0.M.C.} Max. By wte By Vol. E h
. {a) SCe
Density
135/Ce £te
Sand 16 N.P. 9.2 132 3.8 5 5C 41¢ 2.05 -
6.0 8 8¢ 180 2.75 -
8.5 41 1,225 26¢C 3.30 -
Sendy 17 NePe | 1C.C 130 3.8 5 300 80 1,50 €.90
loan 6.4 8 650 145 2,00 1,25
8.6 + 1,025 245 2.60 1.65
Clay 28 15 12,2 4123 5.7 7 475 105 1.3C -
Sand 8.3 10 625 450 4.50 -
1.0 13 800 195 1.75 -
silty 26 7 15 113 8.0 9 525 125 0,50 €.55
loan 4.0 12 725 155 1.05 0.65
1he2 15 900 190 1.25 0.75

Bd = dynenie
modulus of
elasticity

hsc = static

modulus of
elasticity

€6
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TABIE TII

DATA ON THE CO-EFFICIENT OF THERMAL EXPANSION (F SOIL CEMENT MIXES

HEF, 2
Atterbers's Iimits Comefficient of thurmal
Soil Type IloLc P.I. Fraction Cement Content expansion
< 200 sieve (% vy wt.)
{In/in deg F) x 10
Sandy loan 22.0 .00 65 2.5 - 4 45 to 5.8
Silty loem 28.0 9.0 19 2.5 = 40 b.f to 5.6
Silty clay loam 37,0 47,0 8 2.5 - 10 3.9 to 6.1
Loam 25.7 40.9 43 2.5 - 10 4.6 to 6.3

8 wnipuadwon

G xel
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the shrinksge to a minimum. Normelly high ccneentrations
of cement tend to produce shrinkage cracks in the soil-
cement and sometimes these are detrimentel to the strength
of a pavenent.

Lo Thermal Expansion.

In the tropics where temperatures are high, the
thernal expansion is an inmportant physieal property of soil-
eement. &£ study conducted in Iz(zgn}.a on four types of soils,
revealed that for the same density, the -inerease in percentage
of cement inereased the thermal expansion., In addition the
inereese in densities with the same quantity of cement also
incresses the thermal expansion. The curves as obtained

in the study under reference are shown in figure I.

5. Permeabilit
Generally all types of scils respond very sharply

to the deerease of permeebility with the addition of cement.
The permeability depends on the texture quantity and quality
of eement, Sore studies conducted in the United States
indicate that addition of eight percent cement in a sand sam=
ple reduced its eoeffieient of permeability from 1500 to

6 ft./year. In the ease of clay-sand and sandy clay samples,
with the same pereentage of cenent the permeabilities were
reduced from 182 to 6 and 1 to 0.5 ft./year respectively.

6. Strenzth Charecteristics

The compressive strength, flexurel strength, and
nodulus of elasticity of a soilw-cement mix increas¢s with the

eoncentration of ecnent. In addition the strength with the
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gane congentration of cement, is higher in a soll with a
better grading. The various strength properties of soil=
senent are corrclated and it is generally accepicd that
flexural strength of soil ecnent mixes is approximately
20-25 percent of the uneconfined compressive gtrenzth. The
relationship between compressive strength, and the flexural
strength, as also the nodulus of elasticity are linear, except
for lower strengths of silty end clay soil.

The euring terperature and period of euring have
pronounced effect on the increase in strength of soil-gement .
nixes and this has been covered in more detail in the follew=

ing scctionse

SOTL SURVEY

41, The soil forms sbout 90-95 peresnt ef a soil-cenent
nix and acts as an aggregatc, and ccment imparts to the nix
eohesion. It is thus important thet a proper selection of the
soll is made to get the best results with a nininum pooportidn

of cerent.

2., Before carrying out a deteiled soil survey along
a proposed alignment of a road, it is important %o have a
visual reeonnaissanee of the area to know in 2 general wey the
nature of soil, topogrephy, water table, availsbility of
atream$ or rivers for the supply of water ete, Such an infore
pation is very useful at the tine of detailed planning of

soil-ecnent eonstruetion.

3, It may be important to say -a word on .the Soil Classie

fication Systen to be adopted for the identifieation® and
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elagsification of soils, in order fo get uniform nomenclature
of soils in the country. Kany systems of soil classifiocations
have been developed during the past three decades. The nost
widely accepted system at present is a modification of the
original Casagrande's Systen, which is known as "Unified Soil
Classification Systen', in the United States of Amcrica.

4. The various groups of the Unified Soil Classifieation
Systen are shown in table III. In addition table IV gives broad
indication of the engineering propertiss ef various groups, when

the systen is used for road and airfield construsction.

5. In alnost all the edvanoced countries of the world,
80il engineering maps are available, which are a great help in
planning soil surveys for road projects. In Ghans alse the
Central Meterials Labog%;ory of the Publis Works Department,
did sope preliminary work on the distridution of surface soils
in the eountry. The map as produeed by the Central Materials
laboratory is shown in figure 2. Another map shown in figure 3
was also produced by the same organisation, showing the general
distribution of gravels for road construetion in the country.
These twe maps ean be useful in the initial planning of a soile-
eement road project. These naps however give only a general
guidanee and can not replace detailed soil and gravel survey
oen a projest, Tables V and VI give additional infornetion on
the formetion and engineering properties of different groups of

8olls in Ghana, as provided in figure 2.

CRITERION FOR THE SELECTION OF 4 SOIL

1¢ A question has often been asked as te which are the

NOTE: Refer to Compendium 6, Selected Text 1 for
details refered to in Table III which is not reproduced
here.
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Fig. 2 TENTATIVE SURFACE SOIL ENGINEERING MAP OF GHANA.

KEY
W Direct Weathering products of igneous & Sedimentary rocks,

Intermediate valley rocks & adjoining out wash.

Solls of fliled valleys & outwash of plains,

Coastal sands & sills.

Tropical Earthe

Oround water Lateritic claysy sdands

Ground water Lataritic sity clays
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ZLBLEY
FORMATIOR OF SUBGR/ SOIIS Gilbls {(REP,
Group Description of ¥ean Hean Mexe Predoninant
Ko, Description of Groups Parent Rook a0il Topography Radnfail/L Tomp. OF Clay Minersl
4o | Direct Weathering In the Horth, from Sawla Sedentary forma- In North at Northern Northern
products of igneous to Tum:, and in Ashants, tions = poorly altituds 500 Regiom 40%=-45" | Region
and sedimentary Eastern and Wostern graded sandy or 4300' and Ashanti 55F= 9095,
T06ks.e Regions ~ granite silty gravel of Ashanti at 60" VWestern Ashenti
Additionally, in Ashanti| ocorrse texture. altitude 1000 Region 807 & Eastern Keolinitie
over phyllites and Drift formations 2000° on 85° Eastern Regions
schists. finer textursd rolling Region 307=3%5% | 85=90.
silty and sandy ground. In Testern
clays with little Eaoztern and Ragion
gravels Hestern Reglons 80-85
on plains and
rolling
topograghy
2. | Intermesdiste In North-Rest-metamor= VYarisble textirs Rolling
Valley rocks and phosed lavas and fron medium to sltitudes of
adjoining ocu$ phyllites. Phyllites fine, finencss 300-500ft. in &3 rels=
wash and schists on Northern increasing with in N/R ] vant
borier end in Ashanti. depth. Sandy, 500-800F%. in hs above Regiong Kaolinitic
Shale and fins textured gravelly olays, hshanti and above
3andstone in remainder lean clays, etce 450=2001%
of Northern Reglon. with 20-30% gravel in B/R.
3. § Soils of £illed Shales, sandatone amd Fine textured Plan hltitude B0--8g" 8590 Kaolinitic
Valleys and oub Zimestone in W/R from sedipentery cloys 50=150 £t

wash

Takoradl to Nekrofo to
Tarkwae

Granite in iscleted
Casese

and silts. Hesavy
oclay near surface
40~25% gravel at

4=2£t. depthe
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Group Description of Hoen Meen Nax. Predoninant
Noe Desoription of Groups Parent Rocks Soi1 Topography Rainfoll/inmn Tompe Clay ¥ineral
&o Early steges of Various sendstone, Hedium texture at Plain Maxm— In Eagtern
weathering of shale, granites and | surface to coarse man Altituds Coastal belt 85-90 Fot Imown
varicus rocks phyllites. at depth. Sand to 200 feet. 30-35%
silty send. Hica= Tonards Cape
ceous wherc derived Coast 60=657
fron muscovite
granite. No gravel.
Se Residusl tropieal Ash/R«~petanorphosed | Texture very fine Slightly L80/R 55607 Bontnorillomite
eerths levas, phyllites and | on surface cohsening: rolling 4/R. Coast (Bastern 85-9n
grenites. with dopth. 15-20% | altitude 30~35"
Coast~phyllites, gravel at depth 4000 1%,
schists ond gneisses | 2-4 ft. expansive. Coastal
plains.
6o £1luviel deposits Iron bearing rocks Coarse textured, Rolling
subsequently formed over -sand- rounded gravel maximin Esolinite
laterised stone shale and 70-80% in top altitude 0457 90-95 Possibly
mudstone beds where | 1-2° fineness 4500 2. with Honte
poor drainage and increases depth morilionits
rainfall/evaporation
balance permits
laterisation.
e £1luvisl deposits Iron bearing rocks. | Medium to f£ine Gentle
in process of Formed over shale texture 40-20% Moximum
lsterisation. and mudstone beds gravel ut depths altitude 50-857 85-95 Az above
rarely over sand= groater than 500 £to
stone in conditions |2 feet. Central
as for Ne, 6 sbove Ghansao

€oL
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PABLE
Y A
Shoming the gencral engineering properties of difforent soil groups of Ghana. {Rofercnoe 5)

80il Group  Gongiatency Tndex ‘ Gravels Insitu Hat. Hois=| Lab/Comp, Ghana CeBeR. 8pe Gravity Baso
and L.L P.L P.I 2-5m.0 den, ture Con~ | Density e of the par- Exchange
Seneral description ° ¢ i Ibgfe.ft. | tent 1bs/c. It ° cgn&cwz tioles oapacity
at .
soaked
for 48
hwzu.
20-35 | 1p=25 | 5=10 10-30 85-140 3-~10 400-120 | 6-8 10-20 2060-2.65 6=8
30=40 | 40=2C | 10~20 5-10 90-140 545 105=12C | B-14 5-16 2.55=2,60 8-10
| ;
GRQUP IX No gra=~
Internediate ";12"1? ,
Valley rocks and 0m50 ~ 105120 | 84 1020 2655-2,60 8-12
adjoining out wash 2 $0-25 | 1(=25 poa gra~ 90~405 515 054 5 v,
vel about
10-15%
at places
in lower
layers
GROUP IIT Up to 1€%
Soils of filled gravel at 0w 2,60-2,6 1015
valleys and cut 50~75 | 20-30 | 3045 places in 8-100 5«25 100-145 | §0=15 515 5
wash of the pleains lower
Jevel
GROUP 1V X:ryi in
Barly stages of - tile -2,8 842
weathering 2-30 | 15-20 | p-10 | T 105-420 | 32 115420 |8-42 440 2,7-2
layers
Soils on
mscovite
granite
contain 3
high % of
mica

g wnjpuadwon)
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TABIE ¥I {C@rD.)
Lab/c e c.;,a.
Soil Group Consistency Index Insitu Nat. Moisture p——iob/Comp. Ghans | Sp. Gravity] Base
and Gravers den. Contont ety,.| oo, | Compacied]of the par-| Bxchacge
Censral description | Lok, | P.Le | P.T BeBe | Tbafe. f£to 8/ 01T at OMC &) ticles Capacity
soaked Booe/ 10 mE,
for 48 (~36 B.S.S.)
hours.
GROUP ¥
Residual Tropical -
Earths 60~40C | 20-40 | 30-60] Ni1 85-95 2045 95~105 | 45-20 5-8 2.60=2,65 | O35
CROUP VI L 0-30%
BlIuvial deposits in the . ,
aubsequen‘l;i 20-45 | 20-25 | 10-20{top 420-450 3-8 125-440 | 6-8 30-50 2 $5-2.70 | 40-30
: e layers
lateriszed gottin,
AO—SO%g
with
depths
GROUP VI 20-30%
ﬁm:: ieggsigs 40-60 | 45-25 | 20-35}up to 95-4:0 548 145-125 | Bwi0 20-30 2.55-2.6C | 4C-30
latgrisa:ion 3" gets
° less with
depth

% Chana compaction. 5° layers oompacted inm & C.B.R. mould eech lsger ramesd
with 25 blows of a 90 lbas. rammsd dropped 48%.

GoL
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tlost suitabls type of soll for stabilization with eement; and
alsc if a demarcation line can be drown betseen the soils which

can be stobilized and which cannot be stabiliszed.

2, There is sufficient data availeble now to suggest that
almost all types of soills can be stabilized with eement, the only
songideration being esononies, .which has to be worked out in
reletion to sinilar type of constyuction with eonventional mate-
rials. No hard and fast rules can be laid down regarding the
velative economics of soilecement conatrustlon in relation to
sonventional methods and this is left to the disoretion of the
Projeet BEnginner. The cholee of one method or the other depends
on the availability and cost of different road naterials on a

glven site.

3¢ It is however fairly well known that very cleyey
like tropical earths and also organic soils need special frecat-
nents before these san be gtabilized with cement, Hany attempts
to stabilize such s0ils with eement alone have proved rather
unesononical. A lot of work has been done in Rusia, Ammerica,
United Kingdon and India on using two or nore staebilizers for
such soils, and the results reported with line/ecmont particue

darly are very satisfactoxry.

ke For all types of soils the quantity of eement required
for their effective stabilization depends on their plasticity
eharacteristics end gredings., Norpally after a preliminary survey,
only such soils are selected for detailed study which have a

(6)
mediun plagticity and appreelable quantity of sand. Some attenpts
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have been made to assess the requirerents of cenant for stabi-
lization in & given soil on the besis of its specific surface
area, but the method is not very econvenient for application in

the field. 4aocording to the Highway Ragzgrch Board, en ideal

soll for econonical stabilization with cement should fall
within the following grain size limits.
Maximum 8ize e¢ oo oo eo oo oo 3 inches
Passing No. & sieve LieS.Tells y 50%

Passing NooL0 sieve heS.T.M, E 3

Passing Noo 200 gieve <  50%
In addition the liquid limit should preferably be less then 40
and plasticity index not nore than 18, This does not suggest
that solls not eonforming to these characteristics ecannot be ‘
atabilized, exeept that the sost of stabilization in such cases 107
wlll be relatively high. There are a nunber of soils highly
8ilty and clayey, which not felling within the linits sgpecified
above are known to have been stabilized suceessfully, but the

requirenents of cement in such cases is as high as 10-15 percent,

5. In certain cases blending of soils to bring thenm near
or within the reconmended Highway Research Board linits, ean
redues the quantity of eement. Therefore in plaecs where blend-

ing is possible within an easy reach, 1t should be tried.

6. It has been observed that soils nper the surfage usua=
dly need & higher percentoge of cement for stabilization, due
to the presence of eertain amount of organic matter. If however
the upper 642 ineh layer of scil is removed, it may vequive

mish less cemente In desert arcas or areas of low rainfell,




108

Compendium 8 Text

sueh a possibility is rave and therefore the surface soil ean

directly be stabilized.

DPORTANT FACTORS IN TH° STABTLIZLTION (F SOIL LITH CELENT

1o  Moisture=Density Relation

Like raw soil, the soil=ocnent also has an eptimum
noisture at which it gets maximum density with a glven com=
pactive effort. Different laboratory methods employed far
laboratory eompaetion of soils ars, Proetor's Compaction,
AASHO, mod. AASHO, Ghane Compaction etec. The seleetion of &
glven method for laboretory compaction will depend on the
nature of compaction plent available in the field. The labow
ratory nolsture density curve of a mix should be comparable to
& certain degree to the field noisture density surve, obtained
with the compaction plant. Therefore to achieve the best come
trol and satisfactory results in the field; an appropriate
laboratory test should be selected in deteryining the optimun

noisture content.

2. The effect of inereasing coneentrations of eemen: on
the eptimum moisture=density relation of e oix, is the same, as
would be the effect of adding fines in a soil. The effect of
inereasing compaetive energy will also follow the same trend,
as in a rew soil, i.e, the increase in eompaetive energy deoreases
the optimum moisture content and increases the dry density.
Figure 4 shows the moisture-density relation of a typical Ghanaian
80il stabilized with inereasing concentration of cement. The
801l is 2 lateritie gravel with liquid linit and plasticity index

of fine fractions as 32.5 and 17.40 pereesnt respeetively.




LATERITIC GRAVEL SPECIFICATIONS

ORAVEL Larger tham Ne 7 BSS 34%
MARIMUM SIZE -/
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3. It nmay however be pointed out that the optimun deasie
ties in soil cement mixes do not neeessarily produce maxinun
strengths, as is the case in rav soils, The wor& on the stabi-
lizgation of sandy and eleayey soils, Indicates that in the case
of stabilized sand and sandy soils the naxinun strengths are
achieved on the dry side of the optimun moisture. On the other
hand olayey soils give meximun strengths a2t densitics slightly
above the optirum moisturs, This tends to point cut that higher
densities in a soil cement mix does not necessarily nmean propore
tionately higher strengths. This is due to the faot that sands
and sandy soils have e surface arca nuch less than the elayey
soils, and for this reason sueh soils do not sbsorb. noisture
on the surfase of soil partleles, with the result thet nost of
the moisturc is available for hydration of cement. At eptimun
molsture eontent therefore the anocunt of weter requived for cement
hydretion is morc than needed, thus eausing a reduction in strengthe
In the case of elays and elayey soils, the surface area is very
mich greater eormpared to sandy soils. 4 higher surface ares will
keep o lot of molsture tied up as absorbed water around the
elay particles, thus leaving a defisieney of noisture for hydrae-

tion at optimuin moisture eontent,

4o Durability Tests
Before & soilecenent nix is finally seeepted for use
in the field, it must satisfy eertain eriteria of dursbility
testa. Locording to wmerlean standards, soile=ecenent specinens
& inches diameter, 4.6 inech in height are prepared in a Proctorfs

pould having renovable bage and eollar, snd sured for 7 days,
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These are subjected to 12 cycles of wetting and drylng, freesing
and thawing tests, as per 4.5.T.N. standards and should conforn
to the following:-

(i) Lossos during 12 cycles of either wet and dry tests

or freeze and thaw tests (4STH designated D 559-
4l and D 560-4y ) for different groups of soils

ghall econform to the following standards.

Soil Group Loss %
UeSoPaRous olagsification A, & AS 14
UeSePoRobio @ £&~& AS 1A
UsSePsRobo @ A6 & A7 7

Haximum volume ehanges during the wet and dvy test
or freeze and thaw test should not exeeed nove

than 2 percent of the value at the time of nmoulding.
Haximum moisture content at any time during the

test shall not execeed the quantlty whiech is re-
quired to completely fill the voids of the

specinen, at the time of noulding.

The compressive strength of soil-cenent specimens
soaked for 1=4 hours prior to compressive sitrength
test should increase with age and also with

inorease in cement content.

5¢ In United Kingdom, the Road Research Labg?gtory in en
attenpt to establish some simple tests for finding out the wea~
thering qualities of soil=senent, recommended a- laboratory
eompressivd sirength of 250 psi, after 7 days euring, at its

noulding moisture as a sulteble ecriterioh, %o tals sare of all

111
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the durability tests, specified in the h.S.T.H. standards.
This criterdon resulted out of an investigation carricd out

in 1939 by the Road Research Leboratory and could not be
publighed due to war. In this study, it wes found that cubes
3 inch size should have & mininun corpressive strength of 250
psi at 7 days, to stand the requirements of the A.S.T.M.
furebility tests of wetting and drying, freesing and thawing.
It was further observed thet the ecriterion of 250 psi come
pressive strength, is applicable to sylinderical specimens 2
inch diameter, 4 inch height and the vesults falrly correspond

with 3 inch cube specimens,

6. 4 detailed study in the Central Road Research

10
Institute of §ndga has shown that in the tropiéal and sub-

tropieal sonditions, where freeze and thaw tests are not
essential, a compressive strength of 450 psi at 7 days ecuring
is sufficient to stand 12 eyoles of wetiing and drying, which

do satisfy weathering oconditions in the tropics.

SOILS REJUIRING SPECI.L TRELTILNT

1e  Organic Soils
The studies eonducted at the Road Research
Lal()llz’).tg:})r, UeK. indicate thet an organic eontent of more than
0.5 percent normally retards the setting of Portlend Cement,
and results in lower strengths of s0il eement mixes. It is
further suggested that if the organic content in a soil is of
an active nature, which can not be extrated with sodiun hydro=

zide solution, then the hardening of cement ean be asoonplished

by the addition of 0.2=0.3 perscnt caleium chlorids.
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(13)
2. Similar studies in the United States on sandy soils

suggest that the presence of all types of organic matter did
not affect the setting of cement. It was further observed that
the type of organic matter was more important than the percen=
tage present. 4 study on a number of organic compounds, such
as starch, sugars, cellulose etc., suggested that poly-saccha=
ride compounds such as hemi celluloses and uronides which are
the result of a microbial decomposition of soil organic matter,
and also anino sugars present in certein soils, are definitely
barmful for stebilization of soils. Organic metter with high
molecular walght, such as lignin, starch, cellulose etc., does
not appreciably affect the strength of soil cement mixtures.
I has now been confirmed that retardation in the setting of 13
cement is not brought about by the whole -compound of organic

matter, but due to eertain active fraction of the compound.

3s The effect of different orgenic compounds on the
development of strength of soil-cement is showm in figure 5
(2) and (b). In addition table (!1':;) shown the percentage of
various organic compounds likely to retard the hardening of

cenent.

(44, 12, 13)
4o A considerable amount of work has been done to show

that the addition of smell concentration of galeium chloride »
0.2 = 0,5 pereent helps in the stabiliszation of organic soils
with cement. The soils which generally give best results with
calciun chloride belong to B horizon, according to pedological

elassification of soils.
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TABLE VII

Organic compounds that retard the setting of eement

(Ref. 14)
! Range of
. . eoncentration
| Retarding agent % by weight Author Reference
i of cement
H
s 4
§ Oxidized sellulose 0.03 ~ 0,27 Indwig UeSePa2,471,632/1949
v Carboxymethyloc i %
; lulose 0.05 = 0,75 Iudwig U.S.F.2,427,683/1947 ‘
E} 4
. Hydroxyethylecel i
! lulose 0.05 = 0,50 Ludwig UaSePe2,427,683/1947  :
; 1
. Oxidized corn {
. starch 0,08 = 0,20 Andes and UeSePe2,429,291/1949 1
: Indwig :
. Cuns (acacla, arvable i
. tragecanth, etcs) | (15 = 0,90 Weiler UoSePe2,006,426/1935
{ 9
! szareagar {0645 « 0,90 Woller UeSoFo2,006,426/1935
¢ Dextrin,lactose,
- beet and invert
: French Patent
' sugars 0:50 = 1,00 Gresley 391,711/1908
Tetrahydroxyadi= :
: pio acid i 0e10 < 0,20 Winkler UeSoPo2,474,054/1939
3 Hagnesium }
saccharate ! - - UoSePo1,637,321/4927
Tertaric acid f,10 = 0.25 Brown UeSoPe2, 374,581 /1945
4
{ Maleic asid 0,04 = 0,40 Indwig U,S.P.2,470,505/1949
Lignin=-sulphonie H
acids, lignins and i 0615 = 0,75 Cannon and U.S.P.2,188,767/49,m
tannins Foster
Casein 0420 = Qg0 Gruewald UsSePs2,290,956/1942
Durbin and
Tillie

+UsSePs = United States Patent
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5. 4in attompt wes also nade to use lime in plase of
ealcium chloride to accelerate the setting of Portland Cenment,
but it was observed thet scalcium chloride was more effective than
ordinery lime, 0.2 percent caleuim chloride produccd the same
strengths, as produced by about 2 percent line. The strengths
obtained with the same quantity of calcium chloride is usually
about twice as much as that obtainod with lime. The meximum
inerease in strength in most of the cases is by adding 0.5 per-
oent calciun chloride, after which further inerease in the cone
centration of caleiun chloride helps little in the development
of strength. Fig\(l;g)E; (e) shows tho relative effost of caloiun
ehloride and ealeiun hydraxide on the strength of a eement
treated orgenic sands It is now established that the effect of
caloiun chloride on soil-cement mixes is more duc to the
accelerating effect of hydration of eement, rather than its
neutralising effect on organic matter, as is the sease with
line. During the reaction of lime with organic natter,
eertain ealciun compounds are liberatedghich get precipitated
around cenent grains, thus bloeking the hydration of eement
further. In addition it is obgzagzred that the degree of
hydration of cement in e saturated solution of lime is very

much less then in water. If therefore excess lime is present

in soil eement mixes, it will aot as a retarder for the hydretion
of oement. Thils may explain to a sertain degree the greater
effectiveness of saleiun chloride, as gompared to lime in ste-

bilizing organic soils with eenment,
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6. 4s organic matter has a definite deleterious effeect
on the hydration of cement, it nay be essential to refer to soms
methods of organic matter determination, and the commonly
eggzgyed nethods are, loss on ignition, dichromate oxidations
hydrogen peroxide oxidation etc. In addition the Pglgland
Cement Association, developed a calecium absorption method,
for quick identificetion of sandy soils, containing deleterious

organic matter likely to affect the setting of cement.

7. It is now possible to obtain special oements, such
as 417 Portland Cement, for the stabilization of organic soils.
The cement contains about 1.0 percent ealcium chloride which
helps in sccelerating the hydration of cement in soils

oontaminated with organie matter.

2¢ Soils Contaminated with Sulphates

1. Sulphates are usually present in & number of soils
in tropics and the nost common form in which they exist in
nature are as calcium sulphates. The presence of spdiun and
magnesium sulphate in subsoil in many tropicel eountries is
also noticeds The effect of these salts on cement soil
mixtures is importent, as some of these salts tend to loosen
the soil structure when they come in sontsct with moisture.
It has been obsg}ggd that sulphates are usually present in
higher concentrations in clay soils as compared to sands and
sandy soils, due to the fact that sandy soils get easily
leached, by the percolating rain water. The detrimental effeet

of sulphates on soil eenent mass is due to the tendency of
sulphates to absorb moisture from wet soil and get erystallized
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with a large rumber of water molecules. The process of erystale
lization brings in very large volume changes and high pressures
within the soil eenment nass. The reverse process starts when
the sulphates lose ncisture during the hot dry season., In
addition the sulphates react with ealciun eluminste of cenment
and this reaction is also acooupanied by high volume changes.
Such high volume changes, leave the soil-cement loose and weaks
It is for this reason that soil and water free from sulphates
are used for soil-cerent construction. It has been observed
that sulphates as small as 0.2 percent ean affect the soile

eenent sbructure, reducing its strength to about 4050 percent.

-2 The detrimental effect of megnesium sulphate on the
soil=cercnt strengths is much more than thet of celeiun sulphate 119
and this is shown for ono cEEEmsESR particuler soil in figure
€ () end (b).

VIIT STIRESS =~ STR.IN CHiR.CTERISTICS OF SOILI-CELENT

1e In an engineering material, the modulus of elasticity
and Poisson's Ratio are two important paranmeters for design
work. In soll=cenent rmixes also these parameters are equally
important to understand the behaviour of soil=cement under
oonditions of stress. The stress is usually caused by the
application of external load, oalled forece per unit syea on &
samples The strain is the eonsequeni chapge in the dimensions
of a nember es a result of stress, per unit length, Hooks's law
of ‘proportionality between stress and strain is true only on

lower stress range, in most of the engineering naterials.
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In eddition, on & perfectly elastic material, the stress—strain
relationship in this range is reversible. For senmi~elastic
materials, streins are not only a function of stress intensity
but also the rate of loading its repetition, and the time for
which the load is imposed on 2 material. Therefore there is
difference between stress and strein curves of elastic and
seml-clastic materiels. The typical stress strain curves of two
types of materials are shown in Figure 7. Curve (b) in figure
7 shows a typical seni-elastic material with a residusl strain
af'ter the stress is removed and the loop strain in such a

ourve is known as hystersis,

$- In the light of the abcve basic properties, soil-

cement is to be considered es an engineering nmatorial with the
point of view of assessing its structural values. The term with
which an engineer is normally concerned in soil-cement mix is
its degree of elasticity, which is defined as the elastic
strain over the total strain. In terms of stress-strain
relations the soil-cement nomally possess the following gene-
ral oharaciemstlcs as shown in figure 8.

(i) The stress strain curve is more or less concave

with respect to strain axis.

(11) The curve up to shmss one third of the failure
load, is almost a straight line. The plastic
deformation in this range is extremely small and
the material cen be considered perfectly =lastic.

(i11) When the stress increases to 0.6 of the failure

load; the curvabure starts increasing rapidly.
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3, In a general sense it ean be said that the elastis
behaviour of soll=cement is a funetion of its strength. A1l
the fastors that influenco strength also influence the elastie
behaviour of soil=cements. Therefore the following can be accep=
ted if the failure stress is high,
(i) The stress strain rclation will be less curved.
{ii) The linear range of the stress-strain relation
shall be higher.
(ii1) The plestic deformation is small, and the degree

ef slasticity is higher.

he TFron the above diseussion it cen be eoncluded,
that any factors which help to give higher strength are apt to
make the material nore elastie, therefore high percentage 123
of eencnt im soil and high densities do help to achieve greater
elasticity. It has algiogecn ohserved that clay econtent too
inereases the elasticity of soil eerent nixes, and the optimunm

quantity of clay to produee maxirun elastieity is ebout 25

percent.

JX  STRENGTH OF SOIL CENENT HIXTURES

1 In order to use soilwserent as a naterial of cone
struetion, it is irportant to know the strength characteristics
of the material. The strength of s0il eenent nixes is primarily
required to resist weethering and also to with stand the
irmposed stresses without undergoing execssive defornations.
4n unconfined eompressive strength test being a sinmple test
has found populer ceceptanee for the zssessnent of strength

sharacteristics of soilesenent mixtures.
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CsBoRe test though popular for raw soils it used less frequently,
than the compressive strength test. It may therefore be inte-
resting to study in more detail the factors influencing the

comprossive strength of soil=cenent.

2. , Influence of Cement on Strength

It is well knom that in a given soil, the inocrease
in the oconcentration of cement is accompanied by an increase
in the compressive strength. Figures (9) and (10) show the
values of compressive strength and C.B.R. for few typical
Ghanaian soils. It will be noted from the trend of these
eurves that in most of the soils an increase in cement content
initlally increases the compressive strenfth rapidly, and this

increase gets less rapid at higher concentrations of cement.

3s The development of strength with the same concentra-
tion of cement for different soils is different and this is ine
fluenced by the grading and the mineral composition of the olay
fraotion in a soil. The results of an interesting study, carried
out by Iowa State Ungsgz‘sity are represeated in figure (1.1).
It is seen in this figure thaet in a nechanically greded soil,
it 1s possible to achieve suffitiently high strengths with as
suall a percentage of cement as 4~6. Such graded scils usually
sontain about 25 percent clay and 75 percent sands, and they
attain higher densities with the same cotpactive effect as
eompared to other soils. As a result of this study it was noted
that for clay sontent greater than 25 percent, the’mixture
eontaining montmorillonite clay gave higher strengths than the

same ooncentration of cement with illite and kaolinite clay.
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This can be explained due to the greater surface astivity of
montnorillonite, which is likely to produce more cemcntitious

eompounds with cenment, as comparcd to less active minerals.

be Effcet of uge on the Development of Strength

The Road Rescarch Laboratory (23) in the U.K. aid
some uscful work to find out the increase in compressive
atrength of soil cement with age. Three solls; a neat sand,

a silty elay and a clay sample werc tested with four different
types of cements, nanely Portland, High Llumina, Repid Hardening
and Super Hardening Cements, and the strengths were studied up
to 28 days. The spceimens were oured at a constant moisture
and temperature of 25°C by waxing and placing them in an oven.
For sand and silty elay the ecemont used was 10 perocnt,
whereas for elay it was 15 perecent. The curves as obtained in
this study are shown in figure 12. It would be seen that
although sand has initially lower strength than silty olay and
elay, the sand strengths progressively inereases after 28 days
eurdng,

e A soil having no organic matter would normelly go on
inereasing in strength with age. The increase in strength in
the first onc week is oonsiderable, but the strength goes on
inercasing up to 28 days at & stcady rate, aftcr which the
inerease is very small. Normally for design work, 7 deys
strength is nade the eriterion for evalueting quality of soile
eement nixes, but the increase in strength with age san also be
made use of in the economical design of pavements. It is for

this reason that the developmont of soil~cement strengths over
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long periods is importent to study. The results of two

(24, &)
inves%igations, glving the relative strength-of soil-cenent
for a period of one year and five years arc shown in figures

(43) and {14) respectively.

6o Effect of Curing Tenperatures

1e The effect of curing temperatures on the development
of strength in concrete is fairly well known. It has been
ahc(nzvg: %statzZu)l increase in the curdng temperature of ccnerete
from 10°C to 3000, increases the compressive strength by about
800 - 4000 psi. The studies on soil-cement also reveal thet
ouring tenperatures have very pronounced effect on the strength
of soll cement mixes, and this is shown in figure 15. This
figure gives the effect of curing temperztures between 0 = 6003, 129
for three types of soils, sand,- silty clay and a clay.

26 The results of a rather short study cerried out in
or(:ﬁz on the development of abrengsh with age, under tropical
tenperatures, both for leboratory and iie field eonditions are
shown in figure 16. The study gives fairly zood relations for
the strength of soil-eement pertaining to different curing
periods and at terperatures typical of tie West ifrica Coast,

In addition it gives a relation betweer the field and laboratory
strengths for sinilar mixes, when mix in place methed is

enployed for constriction.

36 The following general remarks car te made on tho

effeet of ouring tenmperatures in soil-ceent,
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(1)

(i)

(114)

(iv)

(v)

(vi)

If a design is bosed on the conpressive strength
of soil-cement mix, less cement would be required
for developrent of a given strength under tropical

sonditions than in a temperate clinate.

In tropics for temperatures between 85-95°F, the
7 days compressive strength in soil-cezent is
about 0.,80-0.85 of the 28 days conpressive
strength. This is found to be true both for the
laboratory and field strengths on the basis of a

1imited data available in Ghana,

Soil~ocement gets hard with time at all temperatures

exsept below (°C,

The strength of soileeement at 7 days curing changes
by 260 to 2.5 pereent for each(?c rise in curing

temperature, in the teuperature range of 25~50°C.

With olays and clayey soils, the sirength obtained
after 7 days euring at 2500 could he developed
within 2L hours, if the tenperature of curing

was raised to 45°C. If the temperature was
lowered to OOC, then the same strength would be

daveloped after 28 days.

It was observed in U.K., that soilecement road base
construeted in spring would have a strength 50-4(0
percent higher after three months, than the base-

eongtrusted in autunn with the same nixe
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DESIGN OF ROAD AND ATRFIELD PAVEMENTS

4o Before design aspects of soil=cement pavements are
disoussed, i1t is inportant to know the basic requirements of
a good road material, which are as followss-
(1) The road material should have adeguate atrength
to withstand stresses imposed by the traffic;

both under dry and wet conditions.

(1i) The material should have good weathering

qualitiea ®

(441) The plastic deformations in the meterial, due
to the repetitive load of traffic should not

be excessive.

2. Any nateriel whieh could be aceepted for road works
should fulfil the above referred conditions, isedgisswms in
addition to its ocost being lows The question of providing
econonical road pavements has attracted the attention of Road
Engingers at all times. There are generally two choices for
road construetion:z=

(1) To construet a roed pavement employing convenw
tional methods, using hard broken stome (liacadan

or Telford Construction) or Cement concrete.

(11) or in places where stone i1s not available or
avallable at high cost, the use of local naterials
such as soil, ,revel, industrial wastes, sush as

£1ly ash, einder etc., be made, with or without binders.
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3¢  In using loecally aveilable materials, the question of
studying the stability of these materials under worst moisture
esonditions, assumes a very great inportence. It is for this
reason that nost of these locally available naterials meed some
sort of binders to give them stability under different moisture
econditions. This monograph only deals with the use of ocement
as 8 binder and diseusses the limitations of soil cement as a

road materiale.

Lo There are two eategories of eonventional road pavenments,
namely the flexible and the rigid type: The former type has no
resistence to bending, whereas the later has flexural strength
and resistance to bending., A flexible pavement normally under—
goes deformation with the deformation of the subgrade, whereas
rigld pavernent on aecount of its flexurel strength does not get
deformed, even if the subgrede at places loses contact with the

pavenente

5. In the light of the above facts, it is important to
study whether for design purposes, soil=cement should be treated
as a flexible or a rigid pavenent. Commenting on the flexursl
strength of soil-ceuent the Road Research Labgiltory, in the
UeKe; suggest that soile-eement with en unccnfined compressive
strength of 250 psi, has e flexural strength of about 50 psi.

It may however be interesting to work out the conparative thick-
negs of pavements under similar conditions of loading, treating

80il sement as a rigid and a flexible naterial.

6s  Soil Cement As a Rigld Vaterial
In eonsidering soil-sement as a riglid material, the
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Weatergarrd®s nmethod of pavenent design is used. sssupning

the nodulus of subgrade reaction 'K! es 400 psifin, a material
with a flexural strength of 5v psi, would need a pavement
thickness of 2L inches for wheel loads of 9000 Ibs end with

a contact pressure of 80 psi. The design thickness for a
oonorete pavement, with a flexural strength of 500 psi for
sinilar loads would be only 6 inches. It has however been
ogig;ved in UeK. that soil-senent pavements with thickness of
9-12 inches, have given satisfactory service under a wheel load
of 9000 1lbs. and contact pressurc of 80 psi. It can therefore
be eoncluded that for economical design of soil-cement pavements,
the rigld pavement design methods safeguarding flexural failure

ocan glve very conservative results.

137
7o Soil Cement Ls a Flexible Xaterial

a8 disoussed earlier soil-cenent has a certain
anount of flexural strength, whereas a flexible naterial has
none. & very important effect of flexural strength is the
greater load dispersing qualities of a material. This means
that on epplication of a certain load on a pavenent, the
stresses transmitted to the subgrade by the same thickness of
flexible and rigid pavexzent are widely different. This is one
reason a concrete pavement needs a nuch less thickness as
sonpered to flexible pavenent.

If soil-cement is trested purcly as a flexible naterial
then the flexural strength of soil-cement ic ignored, meaning
that the thiockness provided for the pavement is higher than what

is astually needed.
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It may therefore be seid that to treat soil-cement as a completely
flexible materiel, would be to overdesign the pavement. Soil-
eement though very near o being flexible materisl shares some
characteristios of a rigid material, and this should not be

ignored in an econonmical design.

8. The difference between & completely flexible material
and seni flexible materdial like soil~cement, is judged fronm the
ratios of modulus of elasticity of their base and subgrade.
This vratio may be about 5; for srushed roek and the subgrads
and 20 or more in the ease of soil-cement, having a compressive
strength of 250=400 psi. The effect of higher modulus of
elaatioity ratio of bese and subgrade will tend to decrease
the shear stresses in the subgrade and therefore need e lesser

base thiocknesse.

9. A number of methods normally used for the design of
flexible pavements are ocurrently employed for the design of
soil-cement pavements, either as such or with slight modifiea-
tions. In United States a Committee of the Highway Regziz'ch
Board on flexible pavement design, suggested that soil-ecement
displays all the characteristics of a flexible material or
in certain cases seni~flexible material, and therefore the
dosign method for soil-eement should be linited to the
selection of a proper mix design only. In addition the
thickness of pavement may arbitrarily be seleeted from expo-
rienee on various types of subgrades. The resoumended Highway
Research Board thickness of pavenment for various types of
subgrades are shown in table VIII.




Compendium 8 Text 5

~ 55

TABLE VI

PR

RECO.MENDED THICKNZSSES (F SOIL-CELENT BASE COURSE FOR
18,000~13 AXLE LOsDS AND CORYESPGNDING RECO, LENDED
THICKNESSES (F GRANULAR-TYPY STABILIZED 343E COURSES

(Ref. 32)
Subgrade Soil Soil~Cenent Base Gramlar-Type
Group Classif. Course Thickness{in.)® ci&:g:l;—;;:kggz‘: (10.)®
A=t=g 0 O
h1-b 5 5
A=3 5 5
A=2ely 5 5
A-2-5 5 p
A=26 5 6
A=2-7 5 6
A~ly 6 8 139
A5 6 8
4-6 6 8
A=7 6 8

® The soil-cement thicknesses were recommended at thet time for
highway pavements with average traffic that did not exceed 170
trucks, which range from 4,000-1b gross load to 18,000-1b axle
load, per day or a total of 1,000 vehicles per day including

the aforementioned truck traffic. Base courses of the thicknessez
given in Table VIII mey have to be supplemented by subbase when
sralflle cxeccldz the lozdines for shich the recommended base

oourses are intended.
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10¢ In Celifornia, the design thickness of flexible and
seni-flexible pavements are worked out by a method developed by
Hveen and Sherman. The method takes into consideration what
is called xesistance values 'RY, of soil and granular layers,
and the coheslve resistance of all structural elements, such
as soll-cement base and the asphalt surface. The resistance
and eohesive resistance of various elements is measured by
means of Hveen's Stabilometer. The effect of traffie, in
terms of wheel load and repetition of loading is integrated
into a single factor called traffiec index. The nethod seems
to be rational and takes care of the rigidity of the material.
It i3 hoped that more data will be available, in the near
future to prove the suitebility of this method for the most

140
econonieal design of semi flexible pavenents.

14 In Britain the Road Research Leboratory, on the basis
of & fairly extensive study in the field on experimental
leagths has suggested, that for a soil eement mix having a
compressive strength of 250 psi and above, the pavement thicke
ness van safely be curtailed to 70 percent of the thiekness
obtained by CsBsR. method of flexible pevement design.

However a mix having compressive strength less than 250 psi

is treated as a completely flexivle meterial, and for this mix
the thickness as obtained from a flexible pavement design methed
I3 used without reduction. Usually C.B.R. nethod is very
extensively erployed for the design of soil-eement pavement,
with necessary modifiecations, and therefore standard C3B.Re
surves for road and airfield pavement designs are inecluded 4in

the appendix, for ready reference.
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CRITERION FOR MIX DESIGI

4 Strensth Requirements for Road Pavenent

In addition to the total thickness of & pavement, to
provide an adequate eover on the subgrade, it may be important
to consider the quality of paverent material in terms of its
strength, so that it is oapable of wi;fstanding stresses
imposed by the traffic. To give an égea of how strong a soil
eenent pavement naterial should be the case of a pavenent 8
inches thick, composed of 6 inches base and 2 inches bitunmen
surface, under a 5% tons pneumatic wheel with eontaot pressure
of 86 psi, is considered. For pavement materials having modulus
of elasticity ratio of base to subgrade as 10, the calculations
acoording to elastie theory suggest, that the maximun stresses
in the bage at any point shall not exceed 50 percent of the
stresses on the surfaee of the pevement, This indicates that
for a wheel load under discussion, the base will not be subjected
to a shear stress of nore than 40 psi. Giving an allowance
for the inmpact, and repetitive aotion of traffic, it could be
safcly assuned thot the paverent bnse in soil-cement for such
& load should possess o mininun shear strength of 8u psi.

For lighter trafric the shesr strength requirenents of e bose

are mich lower than 80 psi.

20 Strenzth Requirenents For airfield Paverent

(29)
The field studies ccrried -out in the United Kingdom
on the performance of sone cirfield pavenents suggest thet for
an airefelt wheel, with a contact pressure of 100 psi, the base

and subbese field ecompressive strength in soil-cerent should bde
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& minimn of 250 and 925 psi respectively, under 4 inches thick
bitumen cerpet. For tire pressures higher than 100 psi, a
ninimum field compressive strength of 450 psi is recomnsndsd,

under 6 inch bitumen carpet.

In the case of temporary airfields a miniminm compre—
asive strength of 200 psi, is considered a suiteble eriterion,

under prefabricated bitumen surfacing.

3o Linitetions of Unconfined Compressive Strength Test

The use of unconfined compressive strength test as a
eriterion for the design of soil-cement mixes is quite justified
in olays end cley soils, but in the case of granuler soils this
san be nisleading and results in unecononieal desigms. A4 143
material having only cohesion and no internsl frietion will not
show much inecrease in strength when tested under vonfined
sanditions, but the inocrease is considerable in neterials having
interncl frietion. It may therefore be quite uneconomioal for
sands and sandy soils to uge the same criterion of corpressive

strength of 250 psi, as is recommended for oleys.

The Road Research Leboratory im U.Ke, s'hgg.g.ed the
effect of confinement on the strength of various types of
soils. The study was carried out on four types of soils,
sand, silty sand, sandy olay and heavy elays, by ehecking their
ungonfined compressive strength and C.B.R. values under similar
sonditions after seven days ecuring, The results are illustrated
in Figure 17, It would be seen in the figure that for clays

and send semples a conmpressive strength of 100 psi, meant C.B.Re.
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velues of 30 and 215 nercent respectively. This leads to the
conolusion that to ain/fthe same value of compressive strength
for all types of soils is very unrenlistic and the unconfined
sonpressive strength can be e useful criterion, for the nix
design in clays and clay soils alone. This test can not form

a reasoncble basis for studying the strengths of sends and sandy
soils. The lateral confinerent has a marksd effect on the exial
failure load of a naterial, which has a high angle of internal
friction and thercfore sands and sandy soils are sapable of
nobilizing much higher strenzths under confined conditions thenm
given by unconfined corpressive strength test. The results of
& siniler study eerried out on Ghanaian soils are shown in

figure 18.

he  Geliformin Beoring Retio Test

The California 3earinz Ratio test or what is kmown
as Cylinder Penctration Retio test in Britain is a simple test
to study the strength of a subgrade. The tost is o neasure
of load required, to cause & cylindrical plunger, 2 inch diane-
ter to penctrate a specimen of soil at the rate of 0.25 inch
per minute., The C.B.Re or eylinder penetration ratio is
caloulated by expressing the load on the Plunger for a penetra=

tion of 0.1 inoh, as a percentage of standard load of 3000 lbs.

The original C.3e.R. method of pavenent design is silont
on the quality of bese required for road and airfield pavement.
It only gives the total thickness of the sub bese, bnse, asphalt
cerpet, required over a subegrade of & certain strength. This

is due to the fact thet ordginally hard broken stons was the only
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noterial used for rond construction and stone had little or no
chance of failure under stresses inmposed on the pavenent. With
the advencencnt of science of rond construction and the use of
a nunber of loeclly aveilehle meterials for roed construction,
it became important to study the strength of a base naterial
before it could be erployed for construction purposes. The
GoBoRe method was therefore subsequently employed to rate the
quality of bnse and sub-bagse material.

(29)

The work carried out in 3ritain and the Uni%gd Stotes
suggests thot a leboretory CoB.R. value of 120 perceant is & rea-
soneble oriterion for accepting soil-cement as o base naterlal
for road pavenent. The field studies further indicate that
with mix-icplace nethods, the leborstory C.BsR. value of 120
percent would approximately give a CoB.R. value of 80 percent

in the field.

In case of terporary airfields, likely to take alrorafis
with wheel contact pressures up to 250 psi, a laboratory C.BeR.
value of 140-150 percent hes proved satisfactory. For permenent
airfields which ere likely to take aircrafts with wheel contact
pressures of nore then 100 psi, a leboratory C.B.R. value of
230-250 percont is ~onsidered adequate. Such a base should
in addition be covered with L=6 inches of asphaltic concrete

or any other type of bitumen carpet.

For sub-hase naterials in an airfield pavenent, the
Co3aR. values should nornelly be higher then the C.3.R. values

ef subgrade, but should be less than the base meterial.
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The thickness of various layers of the pavement can be worked cut
from the standard C.B.R. curves, on the basis of CeB.R. values ef

various layers of the pavement.

XIT SOIL CEIENT CONSTRUCTICG

4, The methods of soll ecement construction ecan be divided
into twe distinet groups:-

(1) Mix-in-place Methods
(11) Plant mix methods. {Travelling Plant and Stationary plart).

In recent years; a lot of plant and equipment is developed
for the stabilization of seil with cement. The merits of eash type of
plant and the conditions under which each plant is most useful, are
given by the manufacturers. A good deal of ¢ o%mggiorjxeg.s also avei-
lable in various vamphlets, papers and Civil Engineering Construection
Hand 3noks, which give the relative merits and denmerits of various
plants, on the basis of practical experience. 147

2. The insitu mixing methods normally employ some form of
1ight rotary tilling machines te till the soil in-situ. The soil is
pulverized with the rotary machine itself. A layer of cement corres-
ponding to & known percentage of cement is spread over the loovsened
soll and mixed by means of a rotary machine. At this stage water is
added end mixed with soile-cement to bring up the moisture of the mix
near the optimum moisture. After levelling the layer of soll-cement,
it is relled to bring it to its maximun density. The use of this type
of methods limits the thickness ef a compacted layer to aboub L4e=b in-
ches, at one single time.

3. The types of plant used in the mix-ineplace method are P& H
single—pass stabilizer 10f't. wide, whioh cuts the soil, pulverizes and
mixes 1t with the stabilizer in a single pass. The stablliger is spread

4n front of the machine. The machine is driven by 250 HoP. power unit
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and can give outpuis as high as 7,000 = 8,000 sq. yards per day. The
seaman pulvimixer or rotavators are about 5-6 feet, wide and have
high speed rotors driven by a separate power or in the oase of a
rotavator, through a power take off from a tractor. These machines
are very effective for fine grained soils, but have limited applica-
tion on gravelly and hard lateritic soilse

Le In the plant mix methods, the soil is exeavated elther
along the alignment of a road ar from barrew areas, and mixed with
the appropriate quantity of cement and water. The soil cement mix from
the plent is leld on the site to o uniform thiekness and compacted by
rollers.

5o The travelling plants usually employed are, the Barbere
Greene mixer; the Gardner Type mixer, the H & B Motopaver etc. In
the case of Barber-Greene mixer the exocavated soil and stabilizer are
lifted by means of bucket slevators and stored in a hopper. The
material from the hopper is passed into a pug-mill and water added.

The pulverized soil-cement mixture is then spread on the road, levelled
by a grader and compacted with rollers. In the Gardner type mixer the
windrowed soil is put in a pug mill to pulverize the material., The
stabilizer and water geo added and the mixture depoisted back in a
windrow, The mixture is spread and levelled by a grader and compacted
with rollers.

6. In Stationary Plants, there are twe types of machines, the
sontinous mixers and the batch mixers. In the coatinous mixers, as in
travelling plants, an elevator bucket lifts the soil to a hooper, and
this is discharged into a pug mill by a belt conveyor. The stabilizer
and water ls added at this stage and the material mixed thoroughly.
The mixed material is sollseted in trueks and laid on the site leyelled

and rolled,
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The Batoh mixers are nothing else but concrete mixers. These mixers
arve normally employed on small jobs. The soil, stabilizer and water
are added in the concrete mixer and mixed #ill a uniform mixture is
obtained. The best results in pulveriszation are obtained in double-
paddle mixers, pug mills, etce The mixed material is sarried in trdks

to the site, spread and rolled as discussed earliers

7 The choiee of one or the other method of construction is
diotated more by the avallaebility of plant and site conditions than
anything else. The stationary mixing plant with a fleet of trucks
for transporting soil, needs a far greater capital investument wn 8
projéet, as compared to the in-situ methcds of construction. On the
other hand the in-gitu methods are useful and economical only vhere
a single layer of soil cement is to be laid. In places where a laye- 149
red systen of construction is adopted stationary plant method is more
eonivenient and economical. In the in-situ methods there 1s a limit
up to which a plant san excavate and pulverize a soil and therefore
if a layered construction is required, the top layers after excavatien
need stock piling. The construction is then carried out by laying
looge soil layers 8=9 inch, thick and stabilization carried out after
nixing the appropriate quantity of cement and water. This prdcess

is rather inconvenlent and unecononicals

8. In order to illustrate the relative cost of layered con-
(9)
struction using in-situ and plant mized methods the following table

relating to relative eosts in Britain is given as a guidse.
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Method of Thickness of - rs Unit Cost
Construction Construction 6 per sq. yard
Mix in place 6 in, Single §h &/~
a W ] g @ [] 6/8
o ow e 10 *® Double %42/
® ® L] 12 ® L] a4 3/_
Plant mixed 6 in. Single 8h 7/44
® [ g ® [ @ 10/5
" “ 10 * Double " 44/
[ L] 4e ® @ LI 1‘/2

The two sets of costs are worked out by using the locally
available soil in both the eases and employing 5 cnd 10 percent

cement in the lower and upper layers.

9. 4 point which necds some erphasis is, that the
quality control, in terms of uniformity of ecement and water
in the mix, in the stationary plant method, is much better than
that obtained in the in situ process. In addition the in aitu
method tends to weaken the subgrade through a direct exposure
of subgrade to weather and traffic. The excavation in the
in situ methed in addition leaves a thin loose layer of soil in
between the subgrade and the soil-cement base; and these limita-
tions should be kept in view bafore finally choosing this mothod
of construction. Many machines such as single pass soil stebili-

sation plant, windrow type mechanical spreaders, multipass

sotary nixer, ctc. are in ocurront use in various parts of tho world,
and each plant has its ewn advantages under given set of eenditions.
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IABLE IX
TYPIGAL EQUIPIENT REQUIREMENTS FOR DIFFERENT TYPES (R

LIXTING HACHTNES

Yindrow-Type Travelling Plat=Type Multiple-Pags Stationery
Yixer Travelling MHixer Rotary Mixer Mieing Plent
FOR PREPLRATION FOR PREP:RATION PREPARATION | FOR PHEPLRATTON
1 Pulverizer - 4 Motor Crader 1 Motor Grader Motor Grader
if required with scarifier | rollers as nseded
4 Hotor Grader with FOR HANDLING rotary nixers
soarifier FUIE CRMENT for pulveri- FOR MIXING
41 Windrow Bvener or FEE———— ging, as mneeded Stati
Spreader box 1 Csirzent Con- 1 Water Truck for| 1 Stationary
veyor 2 or prewetting, if Hixing plant,
FOR HiNDLING BULK moye cement needed bateh-type
CRLTT $ruck as or oontinucus
—= required FOR H.NDLING £low type
1 Cement conveyor 1 portable truek | BULK CRMENT with facilities
1 Cement Tankme D e for storing,
1 Portable Truck 4 Mechanical 1 Cement Con- hendling and
scale oement voyor. . proportioning
1 ¥Windrow-type Spreader of 2 er moxe cement soll, ecement
pechanical sement proper width Trucks as end water.
spreader needed
FOR KIXING AND 1 Portable Truck | FGR PL/CING
SOR MIXING AND WLTER TR PPIIC scale
LPPLICATION (e 4 Mechanicel Haul Trucks
e SR S A0 b as nesded
1 Windrow type cene 2 Spreader
Travelling Hixzing 1 flat~type spreader boxes
i‘achine with zfi‘;vellﬂné sid%xlwper
notive power wixer e —
1 dater Pump at 1 Water Pump ’ FOR CORPLCTION.
@ater source at source EQR}GXH\IG Jm Ses Note 1
4 lMotor Grader 2 ortmore - WalBR 4PPLICLTION
for spreading water supp Rot Mixers _
mixied windrow trucks as a8 :;Zdﬁ a ZO0R_CURING
PR COMP.CTION nocted 1 Water Pump fee Tote 2
e e FOR_COMP..CTION- at source
See Note 14 oA i~ 2 or nore
See Note 1 water pressure
FOR CURING - distributors
T ZOR CURING - or water
See Note 2 See Note 2 supply truck
as nseded

FOR CURING -

FOR COMP..CTTON=
See Notse 1

See Note 2

Note 1: Compaction equipment depends on type of soilevibratory
eompactors, vibratory rollers, sheepsfoot=type rollers,
three-wheel rollers and pneuzatic~type rollers as needed,

Note 2:

If Type RC=2, MC=3 cutback asphalts, RI=5 road tars, or

asphaltic emulsions are used, pressure distributors as

needed,
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TARLE

IYPES OF MIXING EJUIPHENT

Windrow-Type Flat-Type ¥ultiple~Pass Stationary Mix-
Travelling Mixer Travelling Mixer Rotary kixer ing Plant
4. PREPARATION 4. PREPARATION 4o PREPARATION |4, PREPARATION
¥ith in-plasce With in-place Fith in-placs Rith borrow
Soil Soil goil goil
4o Shape roadway 1 Shape roadway 1. Shape 4. Shape subgrade
to crown and to crown and roadway to ta srown and
grade grade crown and grade
2. Scarify road- 2. Loosen soil to grade 2. Compast
way soil design depth 2. Scarify road= subgrade
3. Pulverize when necessary wey 501l B. SoileCement
and reshape R .
80il-if nece= 3. Pulverize soild processing
88 With borrow if nece
ey r F— SOeSSAIT 14, uix, soll,
4, Windrow soil SR Lo Pre-wot soil cement and
and even 1o Shape subgrade as needed water in
windrow to gzrovm and 5. Shape prepared plant
i gra soil 2o Haul mixed
) o .
el gt | mnvorm | g0t cemet
1o Shape sub- & 8oil and g
grade to 3. Place borrow 1. Sha berade spre
crown and soil ¢ o Pe subgrads)y Cozpast
grade crovn and
4. Shape borrow grade o Finish
2 gz:pazge soil 2. Compact sub~ 5. Cure
gr B Soil=Cement grade
3. Place borrow * processing
0011 3 Plz?.oe borrow
1. Spread portland soil

4o Windrow soil
and even wine
drow

B  Soil-cement
processing

1. Spread port=
land cement

2, Mix and apply
water

3¢ Spread mixed
windrow

4o Compaoct
50 Finish
6¢ Cm

2,

3e
be
5.

cenent

Hix and
apply water
Compact
Finigh

Cure

4. Shape borrow
gsoil

B  Soil-Cenent
processing

4 Spread port-
land cement

2. Mix, apply

water, and mix

3« Compaot
ho Finish
5. Cure
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IX (57)
10. In order to give a general guidanco, tables VEEXE and

(BE) have been introduced, to give the requirements for
different types of mixing machines, steps in comstruction for
different types of mixing equipment, finishing procedures
related to the type of soils, compaction equipment, ete., and
this information is considered handy as well as useful in

selecting the plant on a project.

FIELD CONTROL

i The quality of soil~cement, both from the point of view
of durability and staebility depends to a large extent on the
seientific control in the field. The quelity control in the
field for soil-vcement construction can be divided into four
groupss -

(a) Condition of subgrade

(b) Selection of soil; checking the quality of

eenent and water,
(e} Mix proportvion
(@) ¥ixing, laying, compaction end euring.
2. Subgrade

In the preparation of subgrade, care should be teken
that wet subgrade is not covered with a pevement. any weak,
loose, and soft subgrade seotion, should be brought te appro~
priate moistures and compacted. In certain cases it may be
necessary to remove and replace the weak and wet subgrade with
suitable materials.

3 Selection of Soil

The soil should be ehecked thoroughly for its grading,

end Atterberg®s Limits.
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Only soils f£alling either very near or within the specified HRRB
Limits should be .seleoted for stabilization. In case the acils
available on the site do not conform to the specified limits,
efforts should be made to blend the soil to improve ths grading.
This will help in reducing the percentage of cement required for
the attainment of a certain strength.

Organioc soils should be avoided but in cese no other s0i2
is available appropriate steps should be taken to use either 417
sement or cement mixed with about 1 percent calcium chloride.
The quantity of eement and the type of cement, for such soils,
as specified by the laboratory should be very stristly adhered to.
Avy soils containing more then 0.5% surphate should be avelded.
Miscaceous solls should ordinarily be avoided for stabilization, dve
o their high swelling characteristics.

4o Pulverization

The degree of pulverization has a very marked effeet on the
development of strength in soll-cement. The degree of pulverizs-
tion can be defined as the percentsge of material passing 3/46
inch sieve or No. 4 A.S.T.H. sieve, to ths total quality of soil
taken for a test. The higher the degree of pulverization the
batter are the results in the fields. Normally pulverization sbnve
65-70 percent is considered very satisfastory. In clays end olay
solls better pulverization can be achieved if the clay is broken
at a moisture, which is about half of its optimum moistum.mﬁ%,
After initial pulverization, cement is added and mixing continued
with the addition of water., The mixing process and the slacking
action of cement and water alds further pulverization very

effectively.
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Se  Cement

The cement content of e mix is either specified in terms
of percentaze by weisht or by volume. The percentese by volume
of ocement, osn be converteéd into percentage by welght or vise
wversa, for any density by simple computations. In order to
facilitate computations ik the field e mogggz'aph is given in
figure 19. On the basis of the percentege of cement specified,
and knowing the thickness of the base, the quantity of cement or
number of bazs required per sqs yard, are worked oub. This can
bedone either by simple calculations or with the help of figzggs
2A, 24, prepared by Portland Cement Association. In case cement
is spread by mechanical spreaders ahead of the rotery mixing plant,
the amecureoy of spreading is checked from time to time by plecing
& ons sq. yerd canvas or a metal plate on the ground and ecolleeting
eement over it. 155

It may be essential to determine the cement eontent
and uniformity of mix in the base from time to time, and this
may require a certain amount of accurate testing in the laboratorye
A munmber of methods have been develeped by the “-Uaghngzgton Depart-
ment of Eighways, Ce.lg.l;:)z'nia Department of Highways, and(;iid
Research Laboratory, United Kingdom, to assess the percentage of

gement in a soil-cement mix. any method which is quick enough

in the field can he adopted for sontrol wori.

6. Moisture Content
After determing the optimum moisture content in the
laboratory, it may be essential to check, if this moisture content

and density have any relation to the optimum moisture eeatont rnd

density.
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in the field, for the compaction plant available for use. This
is done by laying small lengths in the field at various molistures,
and rolled. The final densities are checked after the rolling
is complete. The field moisture-density curve is very easential

for setting up standards of compaction in the field.

The control of moisture content is very essential
during compaction and this is done by taling samples of soil from
time to time and checked for moisture content with gquick methods
like the speedy moisture meter, cicinlmethod, etc. It has been
pointed out from field experience that approximately 2 pevcent
additional moisture is needed Tfor 5-10 percent cement edded %o
the soil, if the optimun nmoisture content is determined on the
untreated soil. Figure 22 gives a graph for converting the
moisture percentage into gallons, for various thiclness and
densitiss of the soil cement base. The soil, cement and
moisture, should be mixed as thoroughly as possible so that
the unifornity of mix is obtained throughout the width and
depth of a layer. This is judged by visual inspection only.

7. Compastion and Curing.

The eompaction is carried out to bring the soil cement
to & maximum density, efter the yrocess ol mixins iz complete.
The rolling is started initially by light rollers 3-5 tons,
followed by heavy compaction plant. The field density tests are
earried out at several places to check the compaction. In
case the denslities achieved do not fall within the specified.
limits, the rolling is continued; after ziving a light sprinkling

of water on the surface of soil cement layer.
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The goil cement base, after rolling should be eured
for at least seven days, to permit the hydration of cement.
Several methods of curing are asdopted such as sprinkling of
water from time to time, putting wet empty bags of cement, use
of I inches thick hay or straw and keeping it moist and spraying
of asphalt cutback such as HeCe2 or H.C.3, on the pavement soon
after compaction at the rate of 0.20-0.25 gallons/sq. yard.

The strength of soil cement will largely depend on the
efficiency of curing, specially in tropical countries, where
the chances of loss of moisture during sunmer month are very
greate

FUTURE STUDIES TN SOIL CULENT

4., Use of soil eement for the construetion of roads and
alrfields is now accepted as a standard practice., The laboratory
studies over a period of thirty years, backed by extensive
field experience has gone a long way to explain a good deal
ebout the behaviour of soil cement under different physical
oonditions, I%t is now felt that even under very difficult
eonditions, it is possible to use soil cement as a Davement
material with economy and speed.

2, Tt is however important to bear in mind that soil
eomsnt is produeed out of two materials nemely soil and cement,
out of which cement is a standard materiel, whereas soil is
usually very much variable in texture, grading, type of mineral
etco It is for this reason that soil cement as an end product
san have very varieble »roperties, and therefore it is essential
o understand thoroughly the limitations of goll cement as a

natorial of eonstruetion.
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3, Althouzh considershle research work hes been done en
s0il eement for use under temperate climste for road 2ad aiy-
f£ield construotion, there is still much seope for research on
the use of soil cement, in tropics. Some of these fields which

do nesd further studies are listed below:-

Studies on the shrinkage and expansion of soil
cement mixes, due to the hydration of cement, as
well as terperature changes. Provision of
Joints in the pavement to evold indiseriminate

and random cracking in soll cement.

The eptimun strengths of soll cement in terms
of modulus of elastieity, compressive strength,
CeBeRe otce, to give best performance under a

given set of loading oonditlons.

Developnent of some rational method for ths
design of soil eement pavement as semi-rigid

material, by making use of its flexural strength.

The development eof strength with age, at different
suring temperatures, and relative hunidities,
under tropisal conditions. This can help in an

soonouie mix design of s0il cenents

The inter relationship ef moulding moisture sontent,
dengity and oompressive strength in soil cement
nixes.
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Development of quick tests, for the determine-
tion of oement content, prediction of compressive
strength, in situ densities and moisture, for
effective control of construetion in the field.
Haintenance of adequate records of all soil
sement construction under tropical conditions,
and correlating the £ield bvehaviour with some

of the basic properties. Such records can

apsist a good deal in the formulation of future
specifications for soll cement eonstruction in

troplese

Review of different methods of comstruetion and
sultability of various plants under different
conditions, This can help a zood deal in
esononising the cepital and running cost of
projects, thus bringing dorn the unit cost of

s0il eenent construction.

Study of the behaviour of various types of

asphalt surfacings on soil eement construction.

4o Tt 4s felt that scientific investigations of many nore
aspeots, in addition to the abeve suggested, can go & long way in
improving, economising and standardizing soll cement es a paterial
ef construotion, under tropieal conditions. Some of these aspests
are already under study in the Building & Reed Research Institute,
Kumasi and it is hoped that the results of these investigations
will be made available to highway engineers in the country

Lrom time to time,
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Plate 1-—Excavation of Soil with a grader, for in-situ Cement
Stabilization.

Plate 2—Mixing of Cement with a Rotavator

Plate 3—Final Mixing of Soil Cement and water with a
Rotavator, toed to a tractor
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Plate 4—Checking of moisture with speedy moisture ﬁem
before starting Compaction.

Plate 5—Curing of Soil-Cement road, with water
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Plate 6—M. C. 2 being sprayed on a Soil Cement road soon after
Compaction to act as a membrane for Curing, and a primer
Coat

R s

g S %
Plate 7— Cutting Cores from a finished Soil Cement road, to
study the effect of age on its strength, under field Conditions.
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Surface treatment is applied to a lime-stabilized lateritic gravel (Central Africa).
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VARIATION IN LABORATORY AND FIELD STRENGTHS
OF SOIL CEMENT MIXTURES

James L. Melancon and S. C. Shah, Louisiana Department of Highways

This report evaluates the variability in compressive strengths of stabilized
in-place soil cement mixtures from the standpoint of design and actual
field conditions. The findings are based on 15 projects with soils ranging
from high silt to high sand content and 8 to 14 percent cement by volume.
The data indicate considerable variation in the laboratory and field-molded
specimens. In general, under the present construction techniques of ce-
ment application and density and moisture control, the product is within
75 percent of the 28-day design strength (225 psi or 1550 kPa). The data
also indicate a need for pug mill mixing of soil and cement to reduce ce-
ment content variation.

®THIS report, which is an abridgment of a comprehensive study (1), evaluates the vari-
ability in compressive strengths of stabilized in-place soil cement mixtures from the
standpoint of design and actual field conditions. The evaluation is based on 15 projects
with soils ranging from high silt to high sand content and plasticity indexes of up to 15,
The cement content varied from 8 to 14 percent by volume.

PROCEDURE
173
For strength evaluation, specimens were prepared and cured both in the laboratory and
in the field. The strengths of these specimens were compared to the 7- and 28-day
strengths of roadway cores. The variability of the laboratory design was studied in
four phases. Each phase was designed to provide data on the variability among and
within laboratories.

TEST RESULTS

Figure 1 shows the mean percentage of all tests that achieved specified compressive
strengths in each mode of sampling and curing.

The means for the first bar chart (laboratory-molded and laboratory-cured, 7 day)
include compressive strength results of materials in which the cement quantity recom-
mendations were originally based on the wet-dry brush test, as well as those actually
based on 300 psi (2070 kPa). The projects in which compressive strength was used for
cement recommendations show substantial verification of the materials laboratory de-
sign, with only one of these projects having soil types in which less than 300 psi was
obtained at the recommended cement percentage.

Variability of Cement Content of Bases

Cement contents of field-molded specimens and cores were determined on all 15projects.

Publication of this paper sponsored by Committee on Soil-Portland Cement Stabilization.
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Figure 1. Mean percentages of specimen compressive strengthe,
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An attempt was made to correlate the cement content of field specimens with strength;
however, a definite trend could not be established because of the variation in specimen
density and curing. These test results, however, did show the wide variation of cement
within the soil cement bases as a result of in-place mixing. This is shown in Figure 2,
which is a composite of all test runs (311 observations) and shows the percentage of
observations in which the roadway-mixed cement content varied from the theoretical
cement content.

Variability in Laboratory Design

In the process of obtaining the laboratory data, it was discovered that the laboratory
design procedure for soil cement, based on compressive strength, exhibited a greater
amount of variability than was previously acknowledged. At first, procedural errors
were blamed, but repeated tests under strictly controlled circumstances confirmed the
degree of variability. It was found that a difference of 100 psi (6890 kPa) between iden-
tical specimens could occur.

To evaluate the variability of the test procedure, interlaboratory tests were con-
ducted. Such test procedures are used to ascertain whether a product meets the speci-
fications set down for the products, or they may be performed for design purposes as
was the case here. Regardless of the purpose, the information desired is whether the
test procedure as set forth is capable of yielding acceptable agreement among results
from different laboratories.

Table 1 gives the statistical parameters for the first phase of the cooperative test.

Laboratory designations used in Table 1 are as follows: 175

Designation Laboratory
1 Research
2 Materials
3 District 07

The variation for each series of soil cement data is expressed by the standard deviation.
In the comparison of variability among laboratory-soil cement series data, the relative
measure of the dispersion is given in the table as the coefficient of variation, which is
the ratio of standard deviation to the mean of a given series. This measure is par-
ticularly useful when widely differing means are encountered.

The magnitude of the coefficient of variation for the district laboratories was con-
siderably higher than that indicated by the research or materials laboratories. This
was because they were unfamiliar with the test procedure. Furthermore, the magni-
tude of this variation was considerably higher than would be expected because of chance
alone. Therefore, an effort was made to isolate the causes of variation before the
second round of cooperative testing commenced.

It was found that the temperature of the three components—soil, cement, and water~
varied widely within and among the three laboratories. The soil and the cement were
stored, in some instances, in areas where temperatures were not controlled. That is,
the temperature of the storage area fluctuated with the season: high in summer and low
in winter, This could result in the use of hot cement and soil for some specimens
molded in the summer,

Tap water was used in the molding of all specimens. This in itself did not seem to
cause any problems: however, the temperature of one laboratory's tap water was close
to 100 F (38 C) because its pipes were adjacent to the building's steam lines.

A check of specimens immediately after molding revealed many dry particles. The
existing procedure required the full incorporation of water and cement immediately
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Table 1. Statistical evaiuation of laboratory data before standardization.

Coefficient of

Cement Mean Standard Deviation Variation
Content
Soil (percent) 1 2 3 1 2 3 1 2 3
A 6 289.33  220.00  254.13 14.36 9.26 21,72 0.05 0.04 0.08
8 414.00 344.25 344.88 26.41 34.31 22,63 0.06 0.10 0.07
10 548.67 439.13 492.88 20.13 19.06 25.09 0.04 0.04 0.05
12 678.33 698.25 647.00 59.80 36.62 65.42 0.09 0.08 0.10
lg 789.25  830.78  871.88  60.29 60.33 136.43 0.08 0.07 0.16
1
B 6 211.63 - - 10.41 - - 0.05 - e
8 278.38  207.88  208.00 14.60  14.20 29.39 0.05 0.07 0.14
10 315.88  219.63  289.25 8.87 5.90 25,19  0.03 0.03 0.09
12 3817.25 303.63 304.00 17,19 17.53 2491 0.04 0.06 0.08
14 442,88 335.88 357.25 36.76 28.82 28.85 0.07 0.09 0.08
16 465.63 411,88 421.38 11.06 16.47 46.43 0.02 0.04 0.13%
C 6 271,15 206.00 231.38 12,12 15.55 26.75 0.04 0.08 0.12
8 344.38 279.13 283.75 23.65 14.37 30.65 0.07 0.05 0.11
10 398.25 309.25 349.63 15.94 13.11 53.03 0.04 0.04 0.15
12 445.00 356.50 479,55 24.04 23.40 §5.75 0.05 0.07 0.12
14 535.63  399.65  469.50° 49.51  37.40 36,15  0.09 0.09 0.08
Note: 1 psi = 6.9 kPa,
Table 2. Statistical evaluation of laboratory data after standardization.
Coefficient of
Cement Mean Standard Deviation Variation
Content
Soil (percent) 1 2 3 1 2 3 i 2 3
Sandy loam 6 353.00 237.25 215,00 17,98 8.61 18.40 0.05 0.04 0.8
8 416,50 302.50 281.75 45,54 15.69 2.36  0.10 005 0.01
10 538.00 345.75 322.00 41.22 5.12 20.43 0.09 0.01 0.08
i2 654.25 445,75 440.25 22.31 29.68 27.40  0.03 0.07 0.09
14 820.25 506.75 556.75 48.04 8.83 52,71 0.06 0.02 0.09
16 899.00 557.00 540.25 24.22 30.60 25,32 0.03 0.05 0.05
Clay loam 6 254.25 149.75 181.25 15,73 6.65 5.19 0.06 0.04 0.03
8 333.00 192.25 220.50 8.60 13.40 16.38 0.03 0.07 0.07
10 359.50 220.00 221.00 16.10 8.83 12.06 0.04 0.04 0.05
12 391.00 234.50 224.75 19.04 17.06 16.03 0.06 0.05 0.07
14 440.50 2176.50 273.715 19,33 9.25 17.04 0.04 0.03 0.06
16 510.00 275.50 322.75 4.81 21.13 27.29 0.01 0.08 0.8
Silty loam 6 189.50 136.75 140.75 5.67 5.91 16.50 0.03 0.04 0.12
8 214.00 167.00 159.50 18.78 12,83  14.11 0.09 0.08 0,09
10 271.50 199,50 195,50 15.46 12.37 37.12 0.06 0.06 0.19
12 329.00 218.00 216,50 13.29  11.52 6.35 0.04 0.05 0.03
14 403.00 265.00 266.00 12.38 12,73 27.64 0.03 0.05 0.10
16 429.75 310.00 292.25 13.33 16.79 15.31 0.03 0.05 0.05

Note: 1 psi=6.9 kPa,
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prior fo mixing. The soil particles did not adequately absorb the water immediately,
causing density variations. Later, during the curing process, these soil particles
possibly competed with the cement for the available water,.

Another possible cause of variation was the cement itself. The cement used by the
three laboratories came from different sources. Seven-day compressive strength
(AASHO T-106) varied from 2,100 to 4,500 psi (14 480 to 31 030 kPa).

To alleviate these possible causes of variation the following steps were taken:

1. Each component in the fabrication of soil cement specimens was brought to the
same temperature, 75 + 5 F (24 + 3 C), before the specimens were molded;

2. Water was added to the raw soils, and the mixture was allowed to slake overnight
before addition of cement;

3. Cement from the same manufactured batch was used; and

4. The time involved in fabrication of specimens was held uniform.

The densities and moisture contents of the specimens were closely controlled among
the three laboratories by using the same density and optimum moisture for specimen
design for each material tested.

On the basis of standardization, a second set of soil samples was distributed to the
same laboratories. The soils belonged to the same classification group. The same
experimental design as the first one was used in this phase except that there were four
replications instead of the previous eight. The improvement in the variability is
clearly evident from data given in Table 2. With the exception of two series of data,
the relative dispersion was 0.10 or 10 percent or less. Overall there was a decrease
in the variability of the test procedure as a result of standardization. 177

The effect of soil samples stored for some period of time and then mixed for cement
content determination was another aspect studied. To test whether there is a difference
due to time in the strength property of specimens mixed and compactied at different
times by the same laboratory, the statistical t-test for unpaired data was run. The
mean for each soil group data obtained at time A was compared to the mean of the same
soil data obtained at time B. On the basis of the calculated t-values, none of the dif-
ferences in the means was significant at the 0.05 level.

CONCLUSIONS
The primary conclusions on the basis of this study are as follows:

1. The inconsistency in laboratory design can be minimized if factors such as
molding, temperatures, slaking, and fabrication time are closely adhered to.

2. Under the present construction techniques of cement application and density and
moisture control, a fair product is produced with 75 percent of the stations having
achieved 75 percent (225 psi or 1550 kPa) of the design strength at 28 days. The com-
pressive strength of cores taken on eight projects after 3 months or more was well
over 300 psi (2070 kPa).

3. For those projects in which the laboratory design criteria were based on com-
pressive strength, the raw soils sampled and tested in the laboratory showed subsfan-
tial verification of the materials laboratory design. Only one project had soil types in
which the 7-day strength was less than 300 psi (2070 kPa) at the recommended cement
percentages.

4. In-place mixing of cement with soil appears to be somewhat undesirable. Re-
sults of 311 observations show a variation of +5 percent from the theoretical cement
content in the soil cement bases studied.
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Changss in the Characteristies of
Cement-Stabilized Soils by Addition of
Excess C@mpaciion Moisture

GEORGE R. LIGHTSEY, ARA ARMAN, and CLAYTON D. CALLIHAN,
Louisiana State University

The compaction moisture of cement-stabilized soils is usually specified as
the optimum moisture content to obtain maximum density as determined by
the standard Proctor test. Previous investigations have shown that in some
instances maximum density may not correspond to maximum strength. If
compaction of the soil-cement mix is delayed, the relationship between
compaction moisture and the strength and density of the soil-cement also
changes. This study investigates the relationship between compaction
moisture content and the strength, density, and durability of cement-
stabilized soils in which compaction is delayed after mixing to correspond
to typical highway construction practices. Four types of soil suitable for
cement stabilization were investigated. The compaction moisture content
was varied from 4 percent below to 4 percent above the optimum moisture
content obtained by standard Proctor tests with no delay between mixing
and compaction. At each of the moisture contents, and at the optimum ce-
ment content, specimens were compacted 0, 2, 4, and 6 hours after mixing
with no intermittent mixing. Specimens were prepared for unconfined com-~
pressive strength and durability tests. The results of this investigation 181
show that the loss in strength and durability of soil-cement resulting from
a delay in compaction can be significantly reduced in many instances by the
addition of excess compaction moisture. The soils most benefited after a
delay in compaction by excess moisture were the silty loams and sandy
loams. Strength increases of 40 to 50 percent were achieved with these
soils by the addition of 2 to 4 percent excess moisture when compaction
was delayed. Cement-stabilized silty clay loams and silts compacted after
delays showed little improvement in strength and durability with excess
compaction moisture. Without delay in compaction, only the silty clay
loams were significantly improved in strength and durability by the addition
of excess compaction moisture. A study of the data has indicated that the
amount of excess moisture required for maximum strength and durability
depended on the soil type and the detention time between mixing and com-
paction. In granular soils the addition of excess moisture improved the
strength and durability after delays in compaction. This improvement re-
sulted from the improved lubrication of the soil aggregates and subsequent
increase in dry density. With fine-grained soils excess moisture improved
the properties of soil-cement mixes compacted without delay by increasing
the amount of cement hydration.

¢THE STANDARD PROCTOR METHOD is recommended to determine the compaction
moisture requirements for soils stabilized with cement. Several investigators have
found that this moisture content does not necessarily produce maximum density and

Paper sponsored by Committee on Soil-Portland Cement Stahilization.
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maximum strength and durability. Felt (1) reported as early as 1955 that for maxi-
mum effectiveness portland cement and sand mixtures should be compacted slightly be-
low the optimum compaction mojsture content for maximum density and that silty and
clayey soils stabilized with cement should be compacted 1 to 2 percent above the opti-
mum.

Davidson et al. (2) also reported that the moisture contents for maximum strength
are generally on the dry side of the optimum for predominantly sandy soils, and above
the optimum moisture content for soils rich in clay. They postulated that the variation
between optimum moisture content for maximum density and maximum strength was re-
lated to the particle sizes in the soil. They proposed that soils having a large surface
area absorb much of the added water for lubrication so that insufficient water is avail-
able for hydration of the cement.

In the field, the time between the mixing of the soil and cement and the compaction
of the soil-cement mixture is normally from 2 to 4 hours. Investigators studying the
effects of delaying the compaction of soil-cement mixtures have reported large losses
in the compressive strength, density, and durability if the delay in compaction exceeds
2 hours (3, 4, 5). They also found that the moisture content to obtain maximum den-
sity changes with delay in compaction. Data taken by West while working with sandy
soils showed that after delay in compaction the moisture-density curves tended to change
from the usual convex parabola to a concave parabola with the largest reduction in den-
sity occurring near the optimum moisture content.

The purpose of this study was to investigate the relationship between molding water
content and the strength, density, and durability of cement-stabilized soils both with
and without delay in compaction.

TESTING PROCEDURE

Ten natural soils considered suitable for cement stabilization were selected from
various locations in Louisiana. The properties of thege soils are given in Table 1.
Each soil was stabilized with the optimum amount of cement as determined by the cri-
teria developed by the Portland Cement Association based on freeze-thaw and wet-dry
tests. Standard Proctor test ASTM D 558-57 was used to determine the optimum
moisture content of the soil-cement mixture. Specimens were molded at the optimum
moisture content and at 2 and 4 percent above and below the optimum.

Samples were not compacted at moisture contents higher than 4 percent above the
optimum. Soils at higher moisture contents were not workable because they were above
the plastic limit. Samples were molded according to ASTM D 1632-63 for unconfined
compression tests and according to ASTM D 559-57 for wet-dry durability tests.

TABLE 1
SOIL PROPERTIES
Compositjond
Soil AAsgo ~ Optimum Percent Liquid  Plasticity (percent)
Identification Group a . b Limit® Index © ———
Cement Moisture Sand Silt Clay
Silty loam L-1 A-4 10 17.0 27 8 28 60 12
Silty loam L-2 A-4 10 17.0 28 8 1 19 14
Silty loam L-3 A-6 12 15.5 31 i1 32 51 17
Silty clay loam
L-4 A-4 10 11.5 28 9 26 53 21
Silty clay loam
L-5 A-G 12 17.0 37 19 19 62 19
Silty clay loam
L-6 A-6 12 20.0 38 14 28 51 21
Sandy loam L-7 A-2-4 7 15.0 25 K 1 16 13
Sandy loam L-8 A-2-4 ki 10.5 18 1 67 21 12
Silt L-9 A-4 10 17.5 28 8 5 80 15
Silt L-10 A-6 12 19.0 36 11 0 87 13

8 According to criteria established by the Portiand Cement Association.
b Standard Proctor test, ASTM D 558 57.
€ Atterberg limits, ASTM ) 423 61T sod ASTM D 4245,

Grain size snatyss by ASTM 0 42263,
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In order to study the effects of moisture content on the strength, density, and dura-
bility after a delay in compaction, samples were molded approximately 12 minutes after
mixing had begun and at 2, 4, and 6 hours after initial mixing, All specimens prepared
for strength studies were cured for 7 days in a 100 percent humidity chamber and then
immersed in water for 4 hours prior to compression testing. Samples prepared for
durability studies were tested according to ASTM D 599-57. All tests were run in trip-
licate, and over 1,200 samples were molded and tested during the course of this inves-
tigation.

At various detention times and moisture contents, portions of selected soil-cement
mixtures were freeze-dried to prevent further hydration of the cement. Electron and
optical microscopic studies and hydrometer and sieve analysis were conducted on the
dried samples to study changes in particle shape and size. Isopropyl alcohol was used
in the hydrometer and sieve analysis to prevent further cement hydration during the
course of the experiment.

Chemical analysis and X-ray diffraction studies were also conducted to compare the
extent of cement hydration at various moisture contents and detention times. The chem-
ical analysis consisted of a spectrophotometric determination of the amounts of acid-
soluble silica formed by the hydration of portiand cement. Following the procedure de-
veloped by Ruff and Ho (6), the acid-soluble silica formed as the cement hydrate was
extracted with 0.2N HCl during a half hour of vigorous shaking. The soil particles
were removed from the liquid by centrifuging at 30, 000 rpm for 5 minutes. Ammonium
molybdate was then added to the solution and the absorption measured at 400 mu with a
Beckman DU spectrophotometer.

The extent of cement hydration in soil-cement mixes at various moisture contents
was also measured by X-ray diffraction. Powder specimens were X-rayed from 2 deg
2 theta to 40 deg 2 theta in a Philips Norelco diffractrometer using copper radiation.
The reflections at 2.77and 4.93 } where chosen for study. The strong reflectionat 2.77 } 183

l Preparation of Soil l

I

[ Classification of Soil - AASHO Groups ]

|

Determination of Optimum Moisture
and Cement Content

|

Mixing of Soil-Cement-Water 8 min
with Counter-Current Bath Mixer

Compaction of specimens at O, Freeze - Dryin
ying

2, and 42 above and below the

optimum compaction moisture Extent of cement hydration by
content, and at 0, 2, 4, and chemical and x-ray diffraction
6 hr, delay between mixing analyais

and compaction for unconfined

compressive strength and Changes in particle size and

durability tests shape from electron and optical

microscopic studies and hydro~

meter and sieve analys{s

Figure 1. Flow diagram of experimenta! procedures.
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is characteristic of unhydrated cement
containing tricalcium silicate and should
decrease as the cement is hydrated. The
diffraction line at 4.93 & results from
the presence of the calcium hydroxide
formed during the hydration reaction.
The quartz peak of the soils at 2.45 §
was used as the internal standard.

The testing procedures are shown by
the flow diagram in Figure 1.

DISCUSSION OF RESULTS
Silty Loam

The soils identified as L-1, L-2, and
1.-3 are classified as silty loam. 'The
effects of percentage of compaction mois-
ture on the strength, density, and dur-
ability of these soils stabilized with opti-
mum cement content and compacted after
detention times of 0, 2, 4, and 6 hours
are shown in Figure 2.

With no delay in compaction, these
soils developed maximum compressive
strength and durability at the optimum
moisture content. However, a delay
in compaction drastically changed the
moisture-strength, -density, and -dura-
bility relationships. The compressive
strength of samples compacted at the op-
timum moisture content, obtained with
no delay, was reduced 40 to 60 percent
after a 2-hour delay in compaction and
60 to 70 percent after a 6-hour delay.
Increasing the percentage of compaction
moisture 4 percent above the optimum
reduced the loss of strength after a 2-
hour delay to only 15 percent for silty
loam L-2. There was also considerable
improvement in strength of soil L-2
compacted after delays of 4 and 6 hours.
Increasing the compaction moisture con-
tent above optimum improved the
strength of soils L-1 and L-3 only a
small amount. .

The moisture content producing max-
imum density was increased more than
4 percent after a delay in compaction for
soils L-1 and L-2 and decreased 2 to 3
percent for soil L-3.

The durability of the soil-cement
mixes compacted after a delay showed
tangible improvement with excess com-
paction moisture.

Silty Clay
The effects of compaction moisture on
the behavior of the silty clay loams L-4,
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L-5, and L-6 are shown in Figure 3. The silty clay loams developed maximum strength
at-higher-than optimum moisture contenteven for samples compacted without-delay.-With
delay in compaction, the strength generally increased and then decreased as the molding
water content was increased above the optimum.

After a delay in compaction, the density consistently decreased with increasing mois-
ture content.

Silty clay loams compacted without delay showed improved durability at moisture
contents higher than the optimum. The durability of samples compacted after a delay
was poor regardless of the molding moisture content.

Sandy Loam

The sandy loam soils L-7 and L-8 had varied results as shown in Figure 4. The
strengthof soil L-8 at optimum moisture content was reduced over 50 percent by adelay
in compaction of 2 hours or more. Varying the percentage of compaction moisture did
not improve the strength a significant amount. On the other hand, increasing the per-
centage of molding water 2 percent above the optimum reduced the loss of strength after
a 2-hour delay of soil L-7 from 23 to 3 percent.

The moisture-density curves of the sandy loam soils were concave after a delay in
compaction instead of the normal convex shape. Maximum densities were obtained
above the optimum moisture content with no delay.

With no delay in compaction, maximum durability was achieved at optimum water
content. The durability of samples compacted after a delay was greatly improved by
the addition of excess compaction moisture.

silt

The variations of strength, density, and durability with moisture content for silts 185
L-9 and L-10 are shown in Figure 5. The optimum moisture content for maximum
strength and density did not change significantly with a delay in compaction.

These 2 soils differed appreciably in durability after delay in compaction. In gen-
eral, the durability improved with increasing compaction moisture. Soil L-9 proved to
be a very durable material for soil-cement stabilization even after delays in compaction
of up to 6 hours. Soil L.-10, although giving higher initial strength at 1-hour delay, had
lower durability than L-9 at all moisture contents.

General

The results obtained for the 10 soils show that, when compaction of the soil-cement
mix is delayed, maximum strength and durability in most instances are not obtained at
the optimum moisture content for maximum density as determined with no delay but
developed at moisture contents above the optimum. Even with no delay in compaction,
the silty clay loams developed maximum strength and durability at higher than optimum
moisture contents. A study of the data indicates that the increase in strength and dura-
bility with excess compaction moisture is due to a combination of increased dry density
and improved cement hydration.

The reaction of cement with soil in the soil-cement matrix is very vigorous and is a
function of time and moisture content. If compaction is delayed after mixing, cemen-
tation of the loose soil grains into larger aggregates takes place. This conglomeration
effect increases the resistance of the soil to compaction so that the density obtained at
a given moisture content and compactive effort is reduced.

As mentioned earlier, delay in compaction also tends to increase the moisture re-
quired to obtain maximum density. The necessary increase in compaction moisture
with delay in compaction seems unusual because large soil particles normallyrequire
less water for lubrication than small particles. However, consideration of the shape
of the soil aggregates explains why more moisture is required for lubrication. Figure
6 shows the configuration of the soil aggregates as seen with an optical microscope.
The extremely irregular shapes of the aggregates increase the resistance to compaction
by mechanical interlocking. If sufficient water is added to form a continous {ilm around
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{a) O-hour after mixing (magnification of 750x}

{b) B-hours after mixing {magnification of 750x)

187

Figure 8. Effect of delay in compaction on the size and shape of soi! particles.

the aggregates to prevent excessive interlocking, the resistance to compaction will be
lower and the dry density will be increased. A schematic representation of this effect
is shown in Figure 7.

The extent of soil particle aggregation with detention time was measured by a hydro~
meter and sieve analysis of the soil-cement mixture. Typical data for a silty clay loam
are shown in Figure 8. These data indicate that considerable aggregation does occur
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TABLE 2
EFFECT OF PERCENTAGE OF COMPACTION
MOISTURE ON THE EXTENT OF CEMENT
HYDRATION IN SILTY CLAY LOAMS
X-Ray Diffraction of Specimens Cured for 7 Days
Compaction Tricalcium Calcium "
Moisture Silicate | Hydroxide, Ling 425 A)
(percent)  Line (277 A) Line (4.93 A) Line .45 A
10 15.9 3.2 100
12 7.0 3.0 100
14 6.0 4.0 100
16 11.0 2.0 100
18 8.0 1.0 100
Chemical Analysis of Acid-Soluble Silica
Compaction Acid-Soluble Silica (g/100 ¢ soil)
. ) ?onsctunrte) 6-Hour 1-Day 7-Day
Figure 7. Hypothesis of reduction in mechanical perce Curing Curing Curing
interlocking at high moisture contents. 100 0.68 0.6 104
12.5 - 1.03 1.08
15.0 0.74 1.02 1.07
. . . 17.5 0.74 1.06 1.05
with a delay in compaction. A 6-hour de- 20.0 — 111 0.98
lay in compaction reduced the weight of 3253 - !l)-gfi 0.96
particles less than 100 microns by 23 : - A 1.20
percent.

The increase in strength and durabil-

ity at higher than optimum moisture con-
tents after delay in compaction of the silty loam and the sandy loam soils can be attrib-

uted to the increase in dry density. The danger of directly relating the dry density and
the strength and durability is readily apparent in Figure 4 (c and d). After a delay in
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Figure 8. Effect of delay in compaction on soil particle size.
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TABLE §

COMPACTION MOISTURE FOR OPTIMUM SOIL-CEMENT PROPERTIES

Compaction Moisture for Maximum

Sotl C?p"é‘;g:ﬁ)o“ Strength and Durability ®
Identification sand Silt Clay 0-Hour 2-Hour 4-Hour 6-Hour
Delay Delay Delay Delay
L-1 28 60 12 17.0 21.0" 21.0 21.0
L-2 ki 79 14 17.0 21.0% 21.0* 21.0%
L-3 32 51 11 15.5 15.5 17.5 1.5
L-4 26 53 21 19.0 19.0 19.0 19.0
L-5 19 62 19 21.5% 19.5 19.5 19.5
L-6 28 51 21 24.0% 20.0 20.0 22.0
L-7 K} 16 13 15.0 17.0 17.0 19.0%
L-8 67 21 12 10.5 14.5% 14.5% 14.5%
L-9 5 80 15 17.5 19.5 21.5 18.0
L-10 0 87 13 19.0 23.0% 23.0% 19.0

3 4 after moisture content denotes continuous incrasse in strength and durability with incressing moisture
content.

compaction, the density of the sandy loam soils is significantly increased at moisture
contents lower than the optimum moisture content obtained at 0-hour delay. However,
at the low moisture contents, the strength and particularly the durability are much less
than at higher moisture contents. The higher densities at low moisture content result
from the small amount of cement hydration and subsequent small amount of soil aggre-
gation.

The explanation for the behavior of the silty clay loams is not the same as for the
silty loams and sandy loams. The strength of the silty clay loams continued to increase
with an increase in the moisture content up to 4 percent above the optimum with no delay
in compaction. When compaction was delayed, the strength of the silty clay loam soils
tended to increase with increasing molding water content even though the density con-
sistently decreased.

One explanation for this behavior as suggested by Davidson et al. (2) is that the mois-
ture content gave maximum density and much of the water added for lubrication is ab-
sorbed by the clay particles in the soil, resulting in insufficient water for complete hy-
dration of the cement. Additional compaction moisture above the optimum increases
the amount of cement hydration and hence the strength, even though the density is re-
duced.

To determine if the addition of excess moisture above the amount necessary for max-
imum density did in fact increase the amount of cement hydration, silty clay loam soil-
cement mixtures were compacted at various moisture contents. X-ray diffraction
studies and spectrophotometric analysis were conducted as outlined earlier,

The results of these studies are given in Table 2. The results, although inconclu~
sive, indicate a general trend to increased cement hydration in the silty clay loams
compacted at moisture contents above that required for maximum density.

Table 3 gives the data collected during this investigation. The results indicate that
the amount of excess compaction moisture required for maximum strength and dura-
bility depends on the soil type and the detention time between mixing and compaction.

If the detention time was 2 to 6 hours, the strength and durability of the more granular
soils were significantly improved by the addition of 2 to 4 percent excess compaction
moisture. With no delay in compaction, only the fine-grained silty clay loam showed
improvement with excess compaction moisture.

CONCLUSIONS
The following conclusions were drawn from the results of this investigation.

1. The moisture content for maximum strength and durability is not necessarily
equal to the moisture content that gives maximum density.

189
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2. The rate and direction of change in moisture content, which gives maximum
strength and durability after a delay in compaction, are often not the same as the rate
and direction of change of the moisture content required for maximum density.

3. The amount of excess compaction moisture required for maximum strength and
durability depends-on the soil type and the detention time hetween mixing and compac-
tion. Two to 4 percent excess compaction moisture significantly improves the strength
and durability if (a) the detention time is greater than 2 hours and the soils is granular
and (b) the detention time is less than 2 hours and the soil isfine-grained.

4. After delays in compaction, the strength and durability of silty loams and sandy
foams are significantly improved at moisture contents 2 to 4 percent above the optimum
determined at O-hour delay. The change in moisture content for maximum strength and
durability with delay in compaction is due to aggregation and mechanical interlocking of
soil particles. The addition of excess moisture lubricates the soil aggregates and in-
creases the density, strength, and durability.

5. The moisture content giving maximum strength and durability with silty clay
loams is 4 percent above the optimum with no delay in compaction, and 0 to 2 percent
above the optimum with delay in compaction. The increase in strength at moisture con-
tents up to 4 percent above optimum when compaction is not delayed appears to be due
to more efficient cement hydration.

6. The moisture-density relationships for silts change little with delay in compac-
tion. However, improvement in the durability of silts is achieved at moisture contents
2 to 4 percent above the moisture content for maximum density with no delay in compac-
tion. Little improvement in the strength is obtained at higher moisture contents.

7. It is recommended that, if delays in compaction of 2 to 6 hours are expected, the
compaction moisture of cement-stabilized silty loams, silty clay loams, sandy loams,
and silts should be 2 to 4 percent above the amount required for maximum density as
determined by Proctor test performed with O-hour delay. The compaction moisture
content of silty clay loams should be 3 to 4 percent above the optimum moisture content
even if no delay in compaction is expected.

8. The use of additional moisture does not completely counteract the detrimental
effects of delay in compaction; however, it will significantly improve the properties of
compacted soil-cement mixtures with very little extra cost. Additional studies are be-
ing conducted to determine methods of completely overcoming the deficiencies in soil-
cement as a result of delay in compaction. Until methods of eliminating the adverse
effects of delayed compaction are perfected, time restrictions between mixing and com-
paction should be strictly enforced.
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BITUMINOUS BASES AND SURFACINGS FOR LOW-COST ROADS IN THE TROPICS

ABSTRACT

Mechanically stable materials for road bases are often not
obtainable in developing countries and the technique of
soil stabilisation has therefore been developed. In the
Middle East, aggregates are often scarce but oil products
are readily available. The region has therefore provided
some of the earliest examples of bituminous stabilisation,
which originally consisted of thin running surfaces over
compacted sand. Bituminous stabilisation can also enable
local sand to be used for base construction, and various
tests and design criteria have been proposed for such
applications.

The report describes full-scale experimental trials
supported by laboratory research, which have enabled
acceptance criteria for bitumen-stabilised sand bases for
light/medium traffic to be proposed. Construction methods
for bituminous stabilisation are also described.

Details are given of methods of surface dressing,
which is important both as an initial running surface on
new bases and as a maintenance treatment.

Premixed bituminous materials, both as bases and 193
surfacings, might perhaps be considered as inadmissible
for low-cost roads. Such roads, however, usually require
progressive improvement because of the traffic growth
which accompanies development. There is a growing use of
strengthening overlays and the report briefly discusses
premixed materials and their application.

1. INTRODUCTION

Much of the accumulated knowledge gained from the construction of roads
over the last 150 years relates to the use of mechanically stable
roadmaking materials such as crushed rock. These materials are not
always available, particularly in the remoter parts of many developing
countries, but in recent vears the development of the technique of soil
stabilisation provides practical alternative roadmaking materials in such
situations.

Stabilisation oflsai§ and gravels with cement and hydrated lime is
now well-established,”’”'” notably in Africa, but in the more arid regions,
particularly those with an abundance of non-cohesive superficial materials,
bitumen is an appropriate stabilising agent.

The scarcity of aggregates in parts of the Middle East, coupled with
the plentiful supply of oil products and the generally arid climate, has
encouraged the use of bituminous stabilisation for road construction in
the region.
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This report discusses appropriate design criteria for sand-bitumen
roads carrying light and medium traffic in hot climates.

Bituminous surface dressings are a very appropriate type of surfacing
for low-cost surfaced roads. If well-executed they can provide a more
satisfactory and cost-effective surfacing than some types of hot-mixed
bituminous surfacings. This report discusses the design of surface
dressing and briefly describes appropriate construction procedure,

Premixed bituminous overlays are appropriate for strengthening low-cost
surface-dressed roads when this is needed because of growth in traffic.
The performance of premixed bituminous materials in temperate climates
is well established, but less information is published about the design and
performance of different mix types in hot climates. This report reviews
specifications of premixed bituminous materials for use in hot climates
and discusses appropriate construction techniques.

2. CONSTRUCTION METHODS AND THE SELECTION OF BINDERS

Bituminous binders include materials derived from the destructive distil=~
lation of coal, naturally~-occurring asphalts and petroleum bitumen. The
first two are seldom available in developing countries; only petroleum
bitumen will be considered in this report.

Bitumen can function in one or more of the following ways, le as a

(a) lubricant
(b) sealant
(c) adhesive.

These three functions are the basis of all types of bituminous construction,
which can be successful only if the type and grade of binder are correctly
selected. Selection of the process itself involves a consideration of
other features, such as material type or treatment, plant, environment, etc.
This is perhaps best illustrated in Table 1, which attempts to summarise
several processes, with particular reference to binder viscosity.

3. CONSTRUCTION METHODS FOR BITUMEN-STABILISTD BASES
3.1 Principles of bitumen-bound bases
Bitumen can be used as a stabilising agent in two ways:

{a) as a waterproofing agent (sealant)
{b) as a binding agent (lubricant/adhesive).

In the waterproofing application, bitumen is mixed with a cohesive soil
which has a useful mechanical strength at a given moisture content. The
bitumen merely seals the system against moisture changes, thus preserving
soil strength. Such applications are rare; more usually bitumen is applied
as a binding agent for non-cohesive materials; these can range from a

dense continuously-graded crushed rock system (as in asphaltic concrete )
to local sand. The former is relatively expensive, the latter relatively
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cheap; indeed it is becoming increasingly common for road engineers

in developing countries to be compelled to use local sand. Comparatively
little is known about design criteria for bitumen-stabilised sand, parti-
cularly for roads carrying heavy axle lpads. The Overseas Unit has
cooperated in one full-scale experiment” which has given some valuable
information, and laboratory research is continuing. (See Sections 3.2.2
and 3.2.3).

3.2 Experience and research
]

It is interegt%ng to consider briefly work done some 40 years ago,
mainly in America '’  and in the Middle East”, in both of which extensive
arid areas occur and through which roads have to be constructed. This
work is valuable in that it demonstrates the techniques found to be
necessary at a time when construction plant was usually simple and bitumen
technolegy was in its infancy. Basically, little has changed since then,
especially in construction methods. The blade grader, for example, is
as useful now as before but one is now able to quantify performance
criteria to some extent: criteria are discussed later (see Section 3.2.3).

Some early work in the Middle East9 in the 1930s provided sand-bitumen
roads of a very simple construction; sand bitumen produced in simple
paddle mixers was spread, and aerated if necessary, by blade graders
before compaction with smooth-wheeled rollers. In the absence of mixers,
binder was sprayed directly on to the sand and mixed in by grader. Binder
contents were evidently sufficiently high to provide adequate cohesion 195
under the abrading action of traffic: this practice would almost certainly
be unacceptable today on both economic and engineering grounds. Current
practice is to stabilise with sufficient binder to provide adequate shear
strength and to seal the surface against traffic abrasion, usually with a
surface dressing.

Some valuable precedents were established by the first users of
bituminous stabilisation who soon learned that bindexr viscosity had to be
related to the sand temperature and the efficiency of the mixing plant;
the importance of cut-back bitumen for this process was thus clear,

3.2.1 The design problem: The study of pavement design may be said to
have developed from around the 1940s. Much valuable work was done at this
time and has formed the basjs of current practice. The California Bearing
Ratio method due to Porter is perhaps still the most widely used: the
pavement design chart (Fig,1l) from the Transport and Road Research
Laboratory's Road Note 31 relates the strength of subgrade soils to
thickness of pigement layers and design life in terms of cumulative
standard axles . Minimum soaked CBR values of 80 for crushed stone bases
and 100 for cement and lime stabilised material are normally specified.

A problem arises, however, in the application of these criteria when
constructing bases with bitumen-stabilised soils. BRituminous mixtures
behave viscoelastically and are temperature susceptible. In 1954 Nijboer
proposed the concept of "stiffness" of a mix, which reflects loading time,
acceptable strain (1 per cent max) and maximum temperature experienced in
practice. It was shown that this stiffness could be expressed as a ratio
of the stability to the flow value (load and strain at failure respectively)
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measured in the Marshall testl4. A high ratio may ensure resistance to
deformation under traffic but at the expense of a brittle mix. The problem
of selecting an appropriate ratio for surfacing materials is considered
later (Section 5.1). The application of the concept to bituminous
stabilisation is perhaps less important and its relevance probably depends
upon the type of traffic using the road and the thickness of the

surfacing. The stiffness concept proposed by Nijboer is "rational”;
empirical methods, notably the Marshall, Hubbard-Field and the cone
penetrometer methods, have %so been used for the design of bitumen-stabilised
soil bases. A bibliography has been compiled which provides some examples
of the use of different design methods and the design criteria adopted.

3.2.2 A full-scale experiment in Africasz Abrasion~resistant sand-bitumen
surfaces with relatively high bitumen contents have already been referred

to in contrast to the leaner sand-bitumen materials for bases which are more
common today. The conflict between abrasion resistance and stability has
been recognised for many years. In 1960 the Tropical Section (now

Overseas Unit) of the TRRL participated in the construction of experimental
sections on a road in Northern Nigeria. These sections were incorporated
into a new bitumenmigabilised road, the construction of which has been
described elsewhere™ . It was found that cut—bagk bitumen with a viscosity
of up to approximately 8 x 10 centistokes at 60 C (S5.125) could be mixed

in a simple paddle mixer with theowell—graded sand available. The
temperature of the sand was 26-28 C and of the binder when added was

120°C (ie at a viscosity of approximately 200 centistokes).

196 These findings raise the question of whether it is necessary to use
sophisticated mixing plant in order to heat sand simply to enable a
viscous penetration grade bitumen to be used, even though the superior
stability of such mixes on cooling is unquestionable.

The experimental mixes were laid without aeration to remove volatiles
and were surface dressed before curing could occur. Materials stabilised
with MC2 grade cut-back failed quickly but were the only sections to fail.
The remainder have, in general, performed as satisfactorily as those with
the hot mix material.

The road has carried mainly light traffic in its 14 years of use and
the number of heavy commercial vehicles probably does not exceed 100 per
day; this volume of traffic, however, is characteristic »f many developing
countries,

It is interesting to record that samples of bitumen removed from
slabs and taken from several of the experimental sections and from the
hot-mixed main contract material after 13 years were all found to have
essentially the same viscosity, ie 10-20 pen. A limited number of small
samples taken after 18 months showed that the cut-back bitumens had, even
at that early stage, cured to the consistency of 80-100 pen.

3.2.3 Research at TRRL on bituminous stabilisation: The principal
objectives of the research undertaken by the Overseas Unit were:

3. To evaluate different design methods for bituminous stabilisation.
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2, To establish design criteria.

3. To study the behaviour of a variety of sand-bitumen mixtures
under different shear conditions.

The first two of these have so far been studied in the full-scale experi-
ment in Nigeria and the results have been reported in full elsewhere
Briefly, sand-bitumen mixtures were prepared using the sand from the
Nigeria experigent and three different binders. Mixtures were cured for
one year at 45 C and four tests were used to determine stability. Table 2
shows the results of stability tests at 60 C after one year and Table 3
shows some inter-relations of test values for material tested at 45 C.

Of the five design methods originally inclugsd in the study, two
{Marshall and Hubbard-Field) are well documented . Alexander and Blott
proposed the use of the cone penetrometer for sand-bitumen mixtures and
it has been frequently used although, as with some other methods, design
criteria have been little more than recommendations. It was found that
the test did not correlate well yith three other methods examined. The
deformation wheel-tracking test ~, designed at TRRL and used mainly for
studying deformation resistance in surfacings, was the fourth method
studied. Tracking rates were found to correlate well with the Marshall
and Hubbard-Field methods. The fifth method (CBR) was rejected as
inapplicable early in the study.

18

The following design criteria for sand-bitumen bases for lightly-trafficked

roads were deduced from the above study: 197
Stability, Marshall at 60°C cegereensencenaes 100 kg(min)
Stability, Hubbard-Field at 60 C ...cc0cus eos 300 kg{(min)

In a recent investigation of the causes of some failures in a road
carrying heavy traffic in the Middle East it was found that the type of
sand used for the sand-bitumen base varied considerably from place to
place along the road and the sand particle texture varied from very rough
to very smooth. A limited initial investigation appeared to show a link
between failure and bitumen content, and the low residual bitumen contents
found (2-4 per cent) were especially noteworthy in relation to the fineness
of the sands, most of which passed a 300 um mesh sieve. The bitumen film
thicknesses were thus minimal, and mixes were suspected of being prone to
shear failure.

The shear properties of the sands used in this road when stabilised
with different percentages of bitumen were studied using a shear box.
The effects of binder viscosity and shear rate were also studied. Figure
2 illustrates a typical stress/strain relationship for three sands, showing
how the behaviour becomes more plastic as the normal load decreases, ie
with increase in depth of constﬁ ction. Inspection of site failures
confirmed Prandtl-type failure, and Fig 3 illustrates the effect of
binder viscosity and shear rate on Prandtl bearing capacities for one
of the sands.

Calculations based upon the most severe conditions likely to b
experienced in a sand-bitumen base showed that the Coulomb equation
becomes:




Compendium 8 Text

= c + 1035 tan ¢ 2
where ¥ = shearing stress (kN/m")
c = apparent cohesion (kN/m")
and # = angle of shearing resistance (degrees).

The results obtained using the shear box are in good agreement with
this expression.

Figure 4 shows the relationship between V¥ and estimated bitumen film
thickness (EBFT) for three sands. The above formula is much simpler to
use and to express graphically than the formula derived by Prandtl:

Prandtl bearing capacity = c (sin ¢ +1) e Atan &
tan ¢ [(sin 4 ~-1)° - 1

where ¢ = apparent cohesion
¢ = angle of shearing resistance from the Coulomb equation.

f

It was found that all of the sands possessed optimum ¥ values at an EBFT
of 0.7 to 0.8 microns, given by

4

X.10
EB T2 s
FT {100-x) S

where x = bitumen content (% wt)
and S = Specific surface area (cm /g).

198 This recent work has also shown that optimum ¥ values for difzerent
sands are related to Hveem's centrifuge kerosene equivalent (CKE) the
angle of shearigg resistance measured by the Angle of Repose method” ™, and
the Efflux Rate of the dry sand. Results for three sands are plotted

in Fig 5.

Whilst this study has been by no means exhaustive, the following
conclusions relating to sand-bitumen bases for medium to heavily trafficked
roads can be tentatively drawn:

1. (a) For natural dry sand, an angle of shearing resistance of at least
30 degrees and/or CKE of at least 1.5 is required, and

{(b) for the sand-bitumen mix, gn EBFT of 0.7 to 068 microns with
a ¥ value of at lea§§ l2OQlkN/m is required at 25 C and rate of
strain of 2.22 x 10 sec .

2. Comparative criteria for the Marshall and Hubbard-Field stabilities
axe as follows:

Marshall stability of 300 kg(min) at 60°C, or
Hubbard-Field stability of 700 kg(min) at GOOC, both accompanied by
an EBFT of 0.7 to 0.8 microns,

3.3 The mix~in~place process

It is worthwhile perhaps to consider carefully what is involved in




Compendium 8 Text 8

any mixing process: the requirement may perhaps be expressed in two parts:

1. the components must be brought together
2. an adequate mixing action must be provided.

The first statement may seem obvious but deserves discussion. The stabi-
lisation process involves natural soil as the major component and the
stabilising agent less than 10 per cent of the final product. It should
therefore be rational to bring the stabilising agent to the natural sand;
for example, in cement stabilisation the stabiliser is very often spread
on the soil and mixed in by machine in one or more passes. This type of
process, mix-in-place, often requires only simple plant, eg trucks,
graders and water bowsers, and high output is possible. There are several
drawbacks to this process however; in particular, difficulties are often
experienced in controlling bitumen content, completeness of mixing and
processing depth. Whilst these difficulties are lessened by the use of
purpose-built single-pass stabilisation machines, mechanical failure
usually results in complete stoppage of work. For this reason simpler
multi~pass equipment has much to commend it.

Single-pass machines require the soil to be spread in a windrow such
that it can be picked up by the machine as it travels slowly forxrward; the
stabilising binder is added to the soil and mixed within the machine and
is discharged from the rear, usually again as a windrow, ready for subse-
quent spreading and compaction.

An arrangement used on one contract in the Arabian Gulf consisted of
a tractor-mounted mixer equipped with a spray bar above the tines inside
the mixing hood and supplied with cut-back bitumen by a tanker which
preceded it. A metered quantity of bitumen was thus delivered to the soil
under the mixing hood but mixing was incomplete during the first pass:
subsequent passes of the machine, without the bitumen supply, and assisted
by a blade grader were necessary to complete the mixing process. 1In its
simplest form multi-pass work must often be done using only a bitumen
distributor and blade grader.

199

3.4 The premix process

Mix~-in-place work is only possible where low viscosity binders, ie
cut-backs or emulsions, are to be used. If it is necessary to stabilise
with penetration grade binders, premix plant is required, although techni-
ques are now available for sta%%lising with foamed penetration grade
bitumen; Mobil 0Oil (Australiaﬁ4 describe equipment for both mobile and
static processes and Bowering discusses the properties and behaviour
of foamed bitumen mixtures.

Several points should be made concerning the role of static premix
plants for bituminous stabilisation:

(a) Continuous type mixers, which are often capable of high outputs, are
well suited to this type of work, ie production using a cold feed of constant
gradation; materials are metered by volume. For stabilisation work the
process becomes one of soil and binder only in most cases. Production of
uniform quality is therefore more feasible than for surfacing materials,
which demand close control. Batch-type mixers are essential for surfacing
work and can naturally also be used for stabilisation.
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(b) Pre-mixed stabilised material can be laid by paver to uniform depth
and regularity; shaping by blade grader is thus cut to a minimum.

(c) Modern mixing plants are often constructed as several mobile units,
capable of disconnection and re-assembly within a few hours. Such plants
can follow the progress of work, thus keeping haul distances to a minimum.

3.5 Compaction

The thickness of bitumen coating in soil-bitumen systems is relatively
thin, conferring cohesion rather than providing lubrication, and in this
respect such systems resemble dense continuously-graded surfacing materials,
such as asphaltic concrete, in which the interlocked mineral particles
resist compaction. In common with these materials, soil bitumen is
compacted most effectively by the kneading action of rubber or
pneumatic-tyred rollers,

NOTE: The deleted text deals with

200 .
road surfacings.
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TABLE 1

Some features of different bituminous processes and materials

Binder viscosity

M . . X
Process/Material Use Binder function (as constructed) Aggregate system
Priming binds su%face of new bése in sealant 1ow nil
preparation for surfacing
Tack coating provides bond between existing
surface and bituminous premix adhesive high nil
overlay
Surface dressing re-sealing sealant and low/medium single-size chippings
re-texturing adhesive
L] *
Slurry sealing sealivg open/ ‘hungry'/cracked sealant/adhesive low dense, very fine
bituminous surfacings
Macadams (includes bases, surfacings lubricant/adhesive medium/high angular, intexlocking
asphaltic concrete) (very open - very dense)
Mortar type mixes bases, surfacings adhesive/sealant V. high very dense;

{includes rolled asphalt)

may include stone
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§ TABLE 2
Properties of sand—bigumen mixes after 1 year (+) storage at 45§c
Stability tests at 60 C (all compacted densities, CDM, in Mg/m”)
(Sand: as for construction of experimental sections, Maiduguri-Bama road)
Deformation wheel
H R
Cone stability tracking test ubbard-Field Marshall Properties of recovered binder
Viscosity
Rate of (absolute?
% Stability Stability Flow Penetration
Binder wt s m b4 CDM deform..ation CDM (kg) CDM (ke) (m) CDM at 25°C (poises x 10)
(mm/min) o o
at 45°C at 60 C
3 2.7 1.8 0.9 1.91 0.036 1.91 293 1.93 206 2.0 1.87 92 5.89 0.66
MC2
4 2.2 1.3 0.9 1.92 0.098 1.92 304 1.93 170 1.8 1.89 88 16.2 0.12
3 2.7 1.8 0.9 1.91 0.036 1.91 413 1.92 337 2.0 1.89 58 13.6 2.2
S.125
4 2.4 1.5 0.9 1.92 0.038 1.92 468 1.93 327 2.0 1.91 65 18.5 2.2
.7 . 0.8 1.90 0.094 1.90 343 1.91 256 2.0 1.88 44 16.7 4.0
80/100 3 1 0.9
pen 4 1.6 0.8 0.8 1.92 0.041 1.92 333 1.93 219 2.0 1.91 42 16.0 1.8
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TABLE 3

Hubbard-Field/Marshall stability ratios and cone stability/equivalent tyre pressure
uncured and cured material;

(imperial) relationships;

o
tested at 45 C

(sand: as for construction of experimental sections, Maiduguri-Bama road)
Uncured Cured 1 vear (+) at 450C
Binder [Binder | Hubbard- Hubbard- Cone Equivalent Binder {Hubbard- Hu?bard- Cone Equivalent
Marshall| Field/ ; Marshalll Field/
lcontent! Field stability(S)ityre pregsure content] Field stability(S)] tyre pregsure
(s wt) | (kg) (kg) Marshalll™", 2% (1b/in”) | (% we) | (kg) (k) Marshalll™ " o/ on®) (1b/in%)
w xg ratio g/cm B - g ratio g/cm in
- 3 SPECIMENS 2.9 41 3 671 382 1.76 11.0 156
4 UNSTABLE 3.0 42 4 578 421 1.37 8.9 126
3 198 79 2,51 3.1 44 3 587 473 1.24 9.6 136
5125
4 1987 44 4.48 3.4 48 4 637 425 1.49 9.0 128
80/100 3 420 232 1.81 2.7 38 3 507 384 1.32 7.9 112
pen 4 517 192 2.69 3.4 48 4 586 391 1.50 6.0 85
0
13
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Surface dressing w———
& Eithar
50mm (2in) of bituminous
surfacing and
150mm (6in) of base
or
150mm (6in) of base 200mm (8in) of base
with surface
dressing
0 0
Minimum thickness of sub-base of 100mm (4in) to be used with
subgrades of CBR 8 to 24 per cent. Material used in this zona to
have CBR of not less than 25 per cent
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Cumulative number of standard axles in one direction { x 105}

41 it is desired t¢ provide at the time of construction a pavement capable of carrying
more than 0.5 million standard axles, the designer may choose either 8 150mm (6in}
base with & 50mm (2in) bituminous surfacing or a 200mm (8in) base with a double
surface dressing. For both of these siternatives, the recommendaed sub-base thickness
2 indicated by the broken line.

Alternstively, a base 150mm (6in) thick with a double surface dressing mav be laid
initially end the thickness increasad when 0.5 miliion standard axles have been carried
The extra thickness may consist of 50mm (2in) of bituminous surfacing or at least
75mm {3in) of crushed stone with a double surface dressing. The largest aggregate size
In the crushed stone must not excead 19mm (%in) and the old surface must be prepared
by scarifying to a depth of 50mm (2in}. For this stage construction procedure, the
recommended thickness of sub-bete is indiceted by the solid line.

Fig. 1 PAVEMENT DESIGN CHART FOR FLEXIBLE PAVEMENTS
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Shear stress (kN/mz)

400
e Gand A
e e Sand B
== o= =« Sand C
350 |- Binder content = 8%wt
Strain rate = 1.67 x 10 %sec™ 629
Binder viscosity 6 x 103poises
300 b
“e=—e 629 {Normal pressure
in kN/m)
250
200
315
150
100

168

50

Strain {per cent)

Fig. 2 TYPICAL STRESS/STRAIN RELATIONSHIPS FOR
SAND/BITUMEN IN SHEAR BOX TEST
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Binder viscosity

Strain rate

Prandt! bearing capacity (kN/mz)

{poises) {sec™}
o] 10 1.67 x 1074
& 10 2.22 x 1072
A 6x10° 1.67 x 107
A 6x10° 222 x 102
(w] 106 1.67 x 10™
10° 2.22 x 102
10°
10 F
4

Binder content (per cent wt)

Fig. 3 PRANDTL BEARING CAPACITY VALUES FOR TYPICAL

SAND/BITUMEN
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Fig. 4 RELATIONSHIP BETWEEN EBFT ANDW AT 2.22 x 10°2SEC™! 10% POISES
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Fig. 5 RELATIONSHIP BETWEEN \Popt AND SOME PHYSICAL
CONSTANTS OF THREE SANDS (DRY)
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Performance Study of Asphalt Road
Pavement With Bituminous-

Stabilized-Sand Bases

Claude P. Marais and Charles R. Freeme, National Institute for Transport and
Road Research, Council for Scientific and Industrial Research, Pretoria,

South Africa

The possibility of using the windblown sands that occur in the northem
areas of South West Africa for the construction of all-weather roads to
earry heavy truck traffic has been investigated. Laboratory investigations
and field trials in Pretoria, South Africa, showed that bituminous stabili-
zation of these sands was promising, and a full-scale road experiment to
fest a limited number of bases of bituminous-stabitized sand was con-
structed in the homeland of Owambo, South West Africa. This paper de-
scribes the laying of the experiment and the construction techniques and
control measures used. A new technique that estabtishes the optimum
time for the compaction of a cutback bituminous-stabilized sand mix-
ture after acration by using a vane shear apparatus is described. The vane
shear apparatus was also used to measure the in situ shear strengths of
the various experimental bituminous-stabilized sand hases after compac-
tion and during service; the results of these measurements, together with
performance data after 8 years service with respect to deformation and
cracking, are discussed. Laboratory and fietd studies are described and
predictions about the performance of a bituminous-stabilized sand base
under varying traffic conditions are made by using the best known tech-
niques available at this time.

Vast areas of the southern subcontinent of Africa are
covered with a deep blanket of aeolian sand. Probably
these sands were originally derived from preexisting
sedimentary rocks in the general area and first em-
laced by wind during the lower most Pleistocene epoch
approximately 2 000 000 years ago), They were subse-
quently redistributed by wind and water during the Pleis~
tocene; the latest major redistribution was brought
about by wind action, probably some 10 000 to 15 000
years ago, although some minor redistribution is still
occurring (1).

Because of their widely spread occurrence, these
sands, apart from various types of calcrete {(caliche),
are sometimes the only natural building material avail-
able to the civil engineer. From an economic point of
view, they are therefore extremely important and have
been studied for use in concrete structures, building
construction, and, more recently, pavement construction
by the National Institute for Transport and Road Research
(NITRR) of the Council for Scientific and Industrial Re-
gearch in Pretoria, South Africa (2,3, 4),

This paper describes the use of these aeolian sands
as the base layer of a road pavement in the recently pro-
claimed homeland of Owambo, in the northern part of

South West Africa (SWA). It discusses the performance
results of the experiment and relates these to the proba-
ble performance that might be expected under much
heavier traffic on a normal freeway.

The accelerated development of the infrastructure of
Owambo during the past decade necessitated upgrading
the existing gravel road linking Owambo to the more de-
veloped, southern part of SWA to an all-weather, 8-m-
wide, black-topped facility. The construction of the
R60 000 000 ($84 000 000) hydroelectric facility at
Ruacana Falls and other major building schemes in
Owambo have resulted in a significant increase in heavy
freight vehicles using this, the only surface transporta-
tion route to the south,

Initial laboratory work by the NITRR in the early 1960s
showed that the most suitable method of improving the
engineering properties of the in-place sand was to blend
it with 15 percent calcareous filler {mechanical stabili-
zation) and then to bind the blend with a bituminous binder,
Both the hot-mix and cold wet-mix processes were
studied; the latter was adopted as the more practical
because of the length of road required and the problems
associated with the establishment of a hot-mix facility in
this remote area.

After extensive preliminary research into the wet-
sand process of bituminous stabilization of fine-grained
wind-blown sands, a full-scale road experiment was
carried out in May 1965 in Owambo to test the techniques
developed during the preliminary study (3, 4).

DETAILS OF EXPERIMENT

The experiment was designed and constructed with the
following objectives:

1, To demonstrate in the field the feasibility of in
gitu bituminous stabilization of sand by using cutback
binders and a cationic bitumen emulsion;

2. To investigate the stability and durability, under
the traffic conditions and climatic environment of the
gite, of various bituminous-sand mixtures containing
cutback bitumens, a cutback tar, and a cationic bitumen
emulsion at binder contents considered suitable from
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laboratory work and previous experimental trials;

3. To investigate the effect on stability of adding a
proportion of calcareous filler {o the natural sand be-
fore stabilization;

4. To investigate the effect of laying the bituminous-
stabilized sand mixtures over a compacted sand-clay
subbase of low strength [ California bearing ratio (CBR)
approximately 30 percent];

5. To investigate the relative performances of 76.2
and 152.4-mm compacted layers of bituminous-
stabilized sand bases;

6. To obtain data on the temperature distribution
throughout a bitumen-sand mixture on the road under
the climatic conditions of Owambo; and

7. To study the setting up of bitumen-sand mixtures
on the road over a period of 2 years.

The experimental pavement was constructed in
Owambo from April 27 to May 26, 1965, on the align-
ment of the road route from Oshivelo to Oshakati, The
experiment consisted of eighteen sections each 91,4 m
long by 7.3 m wide (width of carriageway). The stabil-
ized sand bases were supported by 3.7-m-wide shoulders
on either side of the carriageway. The layout of the ex-
periment with details of the base compositions and com-
pacted thicknesses is given in Figure 1, All of the ex~
perimental sections, with the exception of sections 1 and
2, were laid over a firm foundation comprising a number
of layers of approved subbase and base material consist-
ing of silcrete and calcrete to which binding material was
added. These layers were designed to obviate any defor-
mation distress below the bituminous-sand base layer,

The area in the vicinity of the experiment consists of
flat to slightly undulating plains with shallow, localized
depressions that have been prospected for calcrete (5).
As distinct from river channels, there is a network of
shallow watercourses (oshanas). These watercourses
drain the level country and do not reach the sea. The
center of the drainage system is the Etosha pan. During
years of good rainfall, large quantities of slowly flowing
water are carried southward along this network of
oshanas; this phenomenon is of great importance for
the underground water of Owambo (6). The annual rain-
fall of the area is approximately 500 mm, but it is very
variable and results in frequent droughts., Rain falls
during a period of less than 60 d/year, mainly during
January to March, The area is about 1000 m above sea
level, has a subtropical climate, and is composed of open
grasslands with scattered palms (Hyphaene ventricosa)
in various stages of development in the area near
Ondangwa; it changes to Mopani veld near the experi-
mental site. In this region, Mopani {Colophospermum
mopant) displays an interesting tendency to form large
copses of even-sized trees varying from scrub bush
1.2 m high to large trees 6 to 12 m high (7).

Since the opening of the experimental sections, the
traffic pattern has increased significantly, as was an-
ticipated because of the large development program ini-
tiated in Owambo at about the same time as the experi-
ment. The table below gives the traffic counts recorded
over the 8-year period and the calculated equivalent 80~
kN axle loads per day (8).

Date of Survey Vehicles Equivalent 80-kN

{year) per Day Axies per Day
1965 to 1867 100 4
1971 147 6
1972 185 8
1973 226 9

This traffic is light by normal standards in developed
countries, where the equivalent 80-kN axle loads per day
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would be expected to vary between 200 and 500 for free-
ways carrying medium to medium-heavy traffic,

MATERIALS
Windblown Sand

The local sand used for the stabilization was cohesionless
and had an average particle-size distribution as given in
Figure 2. The particle shape, as seen by microscopic
examination, can be described as subrounded to sub-
angular with relatively few well-rounded grains. The
color is grey-white to a light reddish-brown caused by
iron oxide stains on the grains. In the dry state, the
sand has very poor inherent stability. Its apparent rela-
tive density is 2.60,

Blend of Windblown Sand and
Calcareous Filler

The calcareous filler added to the windblown sand was
selected from a natural powder-calcrete deposit in the
vicinity of the experimental site. Its maximum particle
size was generally 4 mm and approximately 50 percent
passed a 0.074-mm sieve (Figure 2). The properties are
as follows:

Property Vaiue
Liquid limit, % 50.9
Piasticity index, % 17.0
tinear shrinkage, % 8.0

Apparent relative density 3.61

The blend of windblown sand and 15 percent {by vol-
ume of dry sand) of calcareous filler was nonplastic,
with an average particle size distribution as shown in
Figure 2,

Bituminous Stabilizers

The following bituminous binders were used:

1. Cutback bitumens~A special cutback bitumen man-
ufactured from an 80 to 100 penetration bitumen (MX) and
a cutback bitumen manufactured from a 40 to 50 penetra-
tion bitumen and cutback to an intermediate grade of
rapid-to-medium cure (250) were used. Both were
straight-run bitumens, refined in South Africa from
Middle East crudes (9,10). The nominal binder contents
were 4,0 and 6.0 percent (by mass of dry sand) for the
152.4-mm-thick compacted bases and 6.0 and 8.0 percent
for the 76.2-mm-thick compacted bases {MX only).

2. Cationic bitumen emulsion-The cationic bitumen
emulsion used was manufactured from an 80 to 100 pene~
tration bitumen that was fluxed with 10 percent (by mass
of emulsion) of a fluxing oil having a boiling point of
160°C. The base bitumen was straight-run and refined
in South Africa from a Middle East crude. The nominal
binder contents were 4.5 and 6.5 percent.

3. Cutback tar—The cutback tar was manufactured
from a high-temperature coke-oven tar and cut back to a
30 to 35°C Evt grade. The nominal binder content was
6.0 percent,

All of the binders were tested with the windblown sand
only and with a blend of wind-blown sand and 15 percent
calcareous filler,  The results of laboratory tests on
samples of the binders used are reported elsewhere (:1_).
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Borehole Water Used for Wetting Sand
and Sand-Calcrete Filler Blend

The local borehole water used for wetting the sand and
the sand-calcrete filler blend before the addition of the
bituminous stabilizers had a total dissolved solids con-
tent of 52 800 ppm with an alkalinity of residue as car-
bonate of 3980 ppm.

TECHNIQUES OF CONSTRUCTION

A working platform was constructed to correct the longi-
tudinal and transverse levels and ensure that, once the
stabilized sand base was laid, the final road profile
would be in accordance with the design requirements,
Two 3.66-mm-~wide shoulders were constructed to give

a 7.32-m-wide trough into which the sand could be spread
before treatment. The full experimental length of work-
ing platform was primed with a medium-~cure (30) cut-
back bitumen at a rate of 0.72 L/m%

In situ CBR measurements were made on the primed
platform, The length of platform constructed with cal~
crete had an average value of 142 percent (dry), and
that constructed with sand-clay had an average value of
78 percent (dry) and 28 percent after 24 h soaking.

Where a blend of sand and calcareous filler was re-
quired, the correct quantity of sand was spread over the
section, and then the calcareous filler was spread uni-
formly over the sand layer with a mechanical gritter.
The sand and calcareous filler were mixed with a disc har-
row and a motor grader to form a homogeneous blend.

Watering of Sand and Sand-~Filler Blend
Before Addition of Binder

The laboratory work carried out before the beginning of
the experiment showed that water in the fine sand aids in
coating of the sand particles by the cutback binder, It
also showed that an initial excess of fluids gave a mix~
ture that, after a specified period of aeration, had the
highest density and shear strength when compacted (11),
For these reasons, the moisture content of the sand

was increased to approximately 10 to 12 percent before
stabilizing with binder, At this range of moisture con-
tent, aiter arbitrary compaction of the wet sand with a
pneumatic-tired vehicle, the inherently poor stability of
the dry sand improved to such an extent that the stabili-
zation plant was able to move over the sandbed at the
required speed without undue slippage.

The watering was done with a water tanker fitted with
a gravity-feed spray bar. The moisture content of the
sand was controlled by a nuclear gauge that was very
useful in obtaining a rapid result, After the required
quantity of water had been added, motor graders mixed
the water into the sandbed to uniformly distribute the
moisture throughout the sand layer.

Heating of Binders

The binders were supplied in drums, The contents of the
drums were transferred to four 2300-L binder heaters,
which were fired with liquid petroleum gas.

The heating of cutback binders is a fire hazard, and
because of this, the temperature to which the cutback
bitumens were raised in the binder-~heating tanks was
limited to approximately 5°C below that required for
spraying. This procedure was satisfactory, and no fires
occurred.

The heated binder was then pumped into a 4500-L dig~
tributor and further heated to a temperature that gave a
Saybolt-Furol viscosity of 30 to 40 s, which was satis-
factory for spraying.

Spraying and Mixing of Binder Into
Wet Sand

The stabilization train consisted of a tractor, pulvimixer,
and 1370-L binder-storage tanker. The 4500-L distribu~
tor pumped hot binder inta the storage tanker during the
stabilization process, thus enabling the work to proceed
with a minimum of delay.

The binder was sprayed through a specially fitted
spray bar located in front of the rotor of the pulvimixer,
The depth of cut of the pulvimixer rotor blades was set

Figure 1. Diagrammatic layout of bitumen-sand stabilization experiment in Owambo, South West Africa.
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to just touch the working platform, thus ensuring that the
full depth of sand layer was mixed with the binder. The
spray bar nozzles were adjusted so that the hot binder
was sprayed just ahead of the rotor to obtain an intimate
mix while the binder was still in a relatively fluid state.
The distribution of the binder after this spraying pass
was inadequate, and a second mixing pass was necessary
to tmprove the overall distribution of the binder through
the sand mass.

A single pass of the pulvimixer covered a width of ap-
proximately 2 m, which made five passes over the full
width of the carriageway necessary to give an adequate
overlap between successive passes.

Control of the quantity of binder introduced was
achieved by calibrating the spray bar to give a known
output at a particular pump speed and by operating the
train at the forward speed required to give the desired
binder content. The relative density of the hot binder
was used to convert the amount sprayed from a volume
to a mass basis. The forward speed of the mixing train
was controlled by charts relating the true forward speed
to the various tractor gears and engine revolutions that
could be selected. The times taken over measured dis-
tances during each mixing run were determined with a
stopwatch and, where necessary, adjustments were
made to the forward speed. This method of speed con-
trol gave very satisfactory results.

At the outset of the experiment, it was intended to
dilute the cationic emulsion with 30 percent (by volume
of emulsion) of water so that it could be sprayed in a
cold condition because a trial experiment had shown that
the best distribution and coating were obtained with this
dilution (after a spraying and mixing pass of the pulvi-
mixer alone). The highly alkaline water available on the
site, however, precluded any form of dilution because
the acidic emulsifier reacted immediately with the water,
which caused the emulsion to break. The viscous, cat-
fonic bitumen emulsion was therefore heated to lower its
viscosity and sprayed in the same manner as the cutback
binders,

Mixing of Stabilized Sand With Motor
Grader

An inspection of the stabilized sand after the mixing op-
eration with the pulvimixer showed that the coating of the
sand particles was still not adequate, Further mixing
with the pulvimixer would have delayed the progress of
the work and so mixing by means of a motor grader was
begun as soon as possible after the pulvimixer had com-
pleted the last mixing run. The high shearing action of
the motor blade, producing a spiraling motion of the ma-
terial during the cutting operation, was very effective in
improving the coating of the sand particles. There was
a significant improvement in the appearance of the mix-
ture after each passage of the grader, and adequate coat-
ing resulted after two movements of the material from
one side of the carriageway to the other.

Finally, the grader leveled the now homogeneous mix-
ture to an even, loose thickness.

Aeration of Mixtures

The laboratory control measures used during this ex-
periment indicated that aeration was essential to obtain
the high stabilities required for the traffic that would use
the road.

Controlled aeration was therefore carried out with a
disc harrow pulled by a pneumatic~tired tractor. The
discs were set to cut to the full depth of the loose layer.
During aeration, the resistance of the mixture to the
movement of the discs increased; this became evident
when the tractor required more power to maintain a
constant forward speed.

The aeration was continued until laboratory tests
showed that the mixture had reached the condition at
which maximum stability would be obtained on compaction.

Compaction of Mixtures

The most satisfactory compaction plant was a 30-Mg
pneumatic-tired compactor {fully ballasted), used with
a sheepsfoot roller. The sheepsfoot roller was fitted
with a cleaning device to avold excessive pickup of ma-
terial during compaction. The individual feet measured
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21 by 13.5 cm and were arranged in 24 rows of four,
around the periphery of each roller drum, If it is as-

sumed that four feet ‘made contact at'one time, the preg-
sure per foot was 1,31 MPa when the roller drums were
fully ballasted.

Various methods of compaction were tried, but since
they all resulted in similar densities, the most practical
method was chosen. This consisted of compacting in
approximately 50-mm lifts by using the pneumatic-tired
compactor and the sheepsfoot roller while a motor
grader spread uncompacted material over the already
compacted layer, It is important to obtain a good bond
between the successive lifts, and the impressions left
by the sheepsfoot roller assisted in this. Compaction
was achieved by a continuous operation with a final
leveling of each section with the motor grader. Each
section was given a minimum of eight complete cover-~
ages with each compactor.

The sections containing calcareous filler and sand
were compacted to such high stabilities that the motor
grader had difficulty in trimming the material to the
final profile required and, in some cases, an imperfect
finish resulted. This difficulty was not experienced
where only sand was stabilized, as these mixtures were
more workable.

On completion of the experiment and before opening
the sections to traffic, in situ density measurements of
each section were made in duplicate by the sand replace~
ment method. The densities obtained on the 152.4-mm-
deep sections were fairly consistent, varying generally
between 1794 and 1826 kg/m®, Sections 3 and 4, which
were 76.2 mm deep, however, had densities of between
1700 and 1715 kg/m°, i.e., significantly lower than those
for the 152.4-mm-deep sections.

Surfacing and Opening of Sections
to Traffic

On completion of the stabilized base sections, the type
of surfacing to be used to protect the base material was
considered. Because of the high stability of most sec-
tions, it was decided that initially only a light sand seal
should be provided; the position could be reviewed if the
traffic caused serious rutting of the weaker sections.

Sufficient cutback bitumen binder was available on
site for all of the surfacing and so a blend of equal quan-
tities of the two types of cutback bitumen used for the
stabilization work was used for the sand seal. The rate
of application varied between 1.37 and 1.76 L/m% The
application of the sand to the binder film was delayed to
enable the cutback binder to penetrate into the stabilized
sand base and to allow the viscosity of the binder re-
malning on the surface to increase, which gave a more
stable surfacing layer. The same wind-blown sand that
was used for the base stabilization was used for the sur-
facing and was spread at approximately 0.0065 m%m?
and then well-rolled with a 15-Mg self-propelled
pneumatic-tired roller.

Traffic was not allowed onto the sections until June
21, 1965, so that the sections laid toward the latter part
of the experiment could set sufficiently and thus not be
at a disadvantage during the initial trafficking. This
iight surfacing was overlaid with a 30~mm thick asphalt-
concrete surfacing in mid-1967; it was therefore in ser-
vice for a period of 2 years,

Placing of Level Pegs for Future
Observations

Purpose-made pegs were placed in lines transversely
across each section at distances of 30.5 and 61 m
from the beginning of each section, The pegs were

spaced at 304-mm intervals,

Level observations werc made before trafficking
and At Fepllar intervals iter traiicking A number
of permanent bench marks were installed so that all
precise level observations could be compared in re-
lation to a common datum. When the asphalt-concrete
surfacing was placed in 1967, the level pegs were re-
placed in exactly the same positions as the original
pegs and releveled.

LABORATORY CONTROL DURING
LAYING OF EXPERIMENT

Sampling Mixtures

Representative samples of the mixed material were taken
with a sampling tool that consisted of a 75~-mm-diameter
thin-walled aluminum tube that was introduced vertically
into the loose mixture to make contact with the firm
working platform., On withdrawal, the mixture remained
in the tube and could be extruded into a suitable container.
Samples were taken at the following times: (a) after
blade mixing (before the beginning of the aeration) and
(b) before compaction (after the aeration was complete).
These samples were analyzed for the residual binder and
fluid contents, and generally close agreement with the
designed binder content was found.

A certain amount of intermixing of material from
adjacent sections was unavoidable during construction;
the first and last 15 m of each section were therefore not
sampled.

Field Test to Establish When to
Compact Mixtures

In the field, the strength of the mixtures produced could
be evaluated by a vane shear apparatus. These tests also
made it possible to establish when a particular mixture
was in the optimum condition for compaction (}l).

Accelerated Aeration of Field Sample

The technique followed was to first obtain a representa-
tive sample from the road as soon as the blade-mixing
operation was complete., This sample was then divided
into at least eight portions, each weighing approximately
6 kg. Each portion was placed in a tray of approximately
1-m? area and left to acrate in the sun. Gentle agitation
of the mixture in the trays accelerated the aeration pro-
cess. The material from each tray was tested after
various periods of aeration by the following procedure:

1. The mixture from the tray was compacted in a
CBR mold under modified AASHO compaction,

2. After compaction, the wet density of the compacted
material was determined,

3. The compacted sample in the mold was intro-
duced into the vane shear apparatus, which was fitted
with a special base plate to retain the CBR mold.

4. The shear strength of the mixture was determined
with the vane shear apparatus, and the temperature of
the mix was measured at the middepth of the vane (¥ig-
ure 3a),

5. After shearing, a representative sample of the
mixture from the mold was analyzed for fluld content by
evaporating the volatile oils and water.

The binder content of the mixture tested was deter-
mined from field measurements. The constitutions of
the cutback binders and emulsion were known from pre-
vious laboratory tests in terms of residual binder and
volatiles (oils or water) on a mass basls. From these
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data, It was possible to calculate the dry density of the
compacted bitumen-sand mixture.

The dry densities and the vane shear strengths con-
verted to 40°C were then plotted against the fluid con~
tents. Typical results for mixtures with 6.0 percent
(nominal) cutback bitumen (80 to 100 penctration base)
MX, sand, and 15 percent calcareous [iller {section 6)
are given in Figure 4. Both the density and the shear
strength pass through maximum values. To achieve
maximum stability of the mixture, the highest possible
ghear strength and density should be obtained when com-
paction takes place. However, the peak of the shear
strength curve always occurs on the dry side of the max-
imum density, so that it is not possible to obtain both
maximum shear strength and maximum density at a
particular fluid content. FEighty to 90 percent of the
maximum shear strength and 95 to 100 percent of the
maximum density were chosen as a suitable compro-
mise for the sand used, and this criterion was used to
establish the time when compaction of the mixture on the
road should take place,

Field Aeration Control and Subsequent
Compaction

Control of the aeration process ou the road was achieved
by taking regular samples from the road mix and testing
these for shear strength and density. The shear

Figure 3. Measurement of vane shear strength of
bituminous-stabilized sand: (a) in field laboratory and (b) on
pavement,

(a)
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slrengths were converted to 40°C values by using factors
determined from laboratory and field tests. The values
for section 6 shown in Figure 4 indicate the good correla-
tion between field and accelerated test valves., The fluid
content at which compaction was begun on the road is
also shown.

Temperature Records at Experiment
Site

A clockwork temperature recorder was installed during
the experiment and again later for obtaining long-term
temperature records at the site. Thermocouples were

Figure 4. Dry density, vane shear strength, and fluid content
relationships {section 6),
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Table 1. Vane shear strength of
exparimental bituminous-stabilized-

Vane Shear Strength (KPa) at 40°C

Binder Filler After
gand bases. Section  Content Content

Stabilizer No. [¢3] (%) Compaction i Year 2 Years

MX cutback bitumen 12 4.0 0 80 230 305

1 4.0 15 125 346 415

1 6.0 0 60 185 224

13 6.0 0 60 178 255

2 6.0 15 64 242 315

6 8.0 15 80 286 405

Cutback bitumen {rapid-to- 14 4.0 0 68 240 318

medium cure (250)3 T 4.0 1% 230 373 438

15 6.0 0 54 210 305

8 8.0 15 175 255 390

Cationic bitumen emulsion 18 4.5 0 50 170 235

] 4.5 15 168 280 345

17 8.5 ¢ 25 180 242

10 6.5 15 130 280 314

Cutback tar (30 to 35°C Evt} 18 6.0 0 44 150 226

1 8.0 15 98 380 655
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placed at depths of 0.75, 150, and 300 mm below the
surface of section 6, Maximum and minimum road sur-
face temperatures on a hot summer day in February
1966 were 70 and 24°C. On the same day, the maximum
and minimum temperatures were 52 and 34°C at a depth
of 150 mm,

FIELD STUDIES

Setting Up of Bituminous-Stabilized
Sand Mixtures

To study the setting-up pattern of the bituminous-~
stabilized-sand mixtures, shear strength measurements
were made on the sections with the vane shear apparatus
{Figure 3b). These measurements were carried out at
intervals after completion of the work, up to the time of
laying the asphalt~concrete surfacings (1967), and all
vane shear strengths were converted to values at 40°C
(standard temperature),

The vane shear strengths of the mixtures for various
periods of time are given in Table 1. All of the mixtures
gained significantly in shear strength with time. This
gain in strength was fairly linear over the 2-year period.
On the average, the mixlures containing sand only in-
creased in shear strength by a factor of approximately
5.3 and those with sand and calcrete filler by a factor of
approximately 3.6, i.e., annual increases in shear
strength of 225 and 125 percent respectively, .

The change in binder content did not have a significant
effect on either the shear strengths of the various mix~

Figure 5. Relation between vane shear strength and deformation under
traffic after 8-year service of bituminous-stabitized-sand bases.
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tures or their rate of gain in strength with time. How-
ever, the addition of 15 percent powder calcrete fo the
sand had a significant effect on the shear strengths of the
mixtures; mixtures with calcrete filler had shear
strengths from 1.1 to 3 and about 1.5 times those of the
sand-only mixtures after compaction and after the 2-year
period respectively.

Structural Tests

Various structural tests were carried out on a selected
number of these experimental sections toward the be-
ginning of 1966; those results were reported by Gregg
and others (13) and will therefore not be covered in this
paper. -

Deformation Measurements

The precise level observations for the 8-year service
period have shown that, significantly, the deformation
that occurred during the 6-year period after the laying
of the 30-mm-thick asphalt-concrete surfacing was very
much less than the deformation that occurred during the
preceding 2-year period, particularly in those sections
that deformed excessively (>10 mm), viz., sections 16
and 18.

To investigate whether there was any relationship be-
tween the laboratory, vane shear strengths of the mix-
tures at the time of construction and the subsequent
permanent deformation (the average maximum rut depth
between the inner and outer wheel tracks) measured after
an 8-year in-service period, these results were plotted
as shown in Figure 5. These data gave a reasonable en-
velope of laboratory, vane shear strength versus rut
depth. The data also indicated which mixtures were sat-
isfactory, critical, or unsatisfactory with respect to

Figure 7. Extrapolation of measured rut depths to higher
axle-load regimes.
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Figure 8. Prediction of maximum permissible tensile strain fevels
for different traffic categories.
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permanent deformation: Those with laboratory, vane
shear strengths between 130 and 200 kPa were regarded
as critical, those above 200 kPa as satisfactory, and
those below 130 kPa as unsatisfactory, The major ex-
ternal factors affecting permanent deformation on a par-
ticular bituminous material are traffic, rate of loading,
and temperature, and it is not a simple matter to ex~
trapolate the results from a given condition to a new
situation if one or more of these major factors is differ-
ent. However, techniques have recently become avail-
able for this purpose if the material properties are well
characterized. These techniques were applied to this
experiment in an attempt to predict the deformation
likely to occur in similar materials under the heavier
traffic condilions of a rural freeway; they are discussed
later.

Cracking of Sections

A visual survey of the sections was made in 1973 (after

8 years service) to assess the extent of cracking on the
different sections. A crack index (CD (14) was developed
for this purpose where

Cl= E (percentage of arca covered by cracks) (average
gt width of cracks in mm) (1)
patterns

The parameters of the spacing and the length of the
cracks are not included in this definition. In the case of
block and chicken-mesh cracking the area affected can
usually be determined. However, a difficulty arises in
the case of longitudinal and transverse cracks: When
only a few such cracks appear, engineering judgment
must be used to assess their effect on the pavement
structure.

The CI gives an indication of the severity and area
covered by cracks, regardless of the pattern, The Cls
for the various sections, including the control sections
(0 and 19) on which a lime-treated calcrete base was
used, are shown {n Figure 6.

It ig interesting to compare the results shown in Fig-
ures 5 and 6 and to note the opposite trends in perfor-
mance of some sections with respect to deformation and
cracking; e.g., section 12 has the highest deformation
and a very low CI and section 7 has a low deformatton
and a very high CI.  This type of behavior Is, of course,

400} = e e
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200t~ MAXIMUM TENSWLE STRAIN PERMISSIBLE
FOR FREEWAY STRUCTURE WITH
MATERIAL FROM SECTION 8
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No. OF REPETITIONS OF LOAD

expected and points to the problem facing the highway
engineer in selecting a suitable material that will give
good performance in both deformation and crack resis-
tance. Sections 2, 3, 4, 8, 10, and 11 performed ac-
ceptably and may be used with confidence for a pavement
carrying similar traffic under a similar climatic en-
vironment.

CONCLUSIONS FROM EXPERIMENTAL
PAVEMENT

In terms of the objectives of the experiment, it can be
stated that

1. It is feasible to construct in situ bituminous-
stabilized-sand bases that will give satisfactory perfor-
mance for a highway pavement by using the following
binders: (a) MX special cutback bitumen, (b) cutback bi-
tumen manufactured from a 40 to 50 penetration bitumen
(rapid to medium cure (250)], {(c) cationic emulsion, and
(d) cutback tar (30 to 35°C Evt grade), {if the sand is
mechanically stabilized by the addition of 15 percent
powder calcrete (calcareous filler)l;

2. Thetwo 76.2~-mm-~thick bituminous-stabilized-sand
sections (3 and 4) gave excellent performances and stand
out as the most successful sections laid, from the points
of view of both economy and performance;

3. The performance of the section containing a blend
of calcareous filler and sand laid on a sand-clay subbase
(section 2} was acceptable, and for similar traffic condi-
tions, this type of structure is worth serious considera-
tion because it would be economically advantageous; and

4. All of the bituminous-stabilized-sand bases in-
creased in shear strength with time (for the 2-year pe-
riod that measurements were made),

EXTRAPOLATION OF PERFORMANCE
RESULTS TO HEAVIER TRAFFIC
CONDITIONS

The design and particularly the construction of existing
pavements have already provided a wealth of experience
and information. The extrapolation of analyses of ex-
isting material to new pavements should not be neglected
simply because the test methods used are considered in-
adequate to characterize the pavement by current stan-
dards. Ingeneral, extrapolation has not been widely
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used, primarily because new and more advanced methods
__of testing and evaluating materials are continually being

material should have a c-value greater than 35 kPa and a
é-value greater than 27 (at 40°C) to prevent zone 3 de-

developed.

An alternative approach is to use the results of in
situ tests to characterize existing pavements as well as
possible. These data can then be extrapolated to other
conditions on the clear understanding that the extrapola-
tions are guidelines with which engineers can supplement
their existing knowledge. In this context, existing ex-
perimental and prototype test pavements are normally
the best to use, because a number of variations are
usually incorporated in the experiment and a well-
defined program of testing is carried out. The experi-
mental seclions described in this paper are an example
of this type. One of the main aims of these experimental
sections was the determination of the behavior of
bituminous-stabilized-sand bases under the environ-
mental and traffic conditions pertaining to this road.

Pavement Deformation

Precise level determinations of permanent deformation
were made for each of the experimental sections of the
road. These measurements were originally made in
1967 to establish a datum line and then repeated in 1968,
1969, 1971, and 1973. The maximum rut depths in the
inner and outer lanes were determined from the mea-
surements. Semilog plots of rut depth versus cumu-
lative number of equivalent 80~kN axle loads for some
of the experimental sections are shown in Figure 7.

The amount of heavy traffic on these sections was
small, about 0.1 million equivalent heavy axles over
the 8-year test period. However, the few heavy
axles borne by the section during this period were usu-
ally loaded more than the legal limit.

In Figure 7, the rut depth has been extrapolated to a
higher number of 80-kN axles by using a linear-log re-
lationship (14). From this relationship between rut depth
and number of equivalent 80-kN axles, it appears that the
base mixtures used would give reasonably acceptable
values of rut depth even under freeway traffic conditions
{i.e., 1 million to 10 million equivalent axles).

The conditions under which the extrapolation will re-
main valid are

1. That no major variations in the environmental
conditions occur, other than those that have already oc-
curred over the previous 8 years,

2. That the behavior of the bituminous materials does
not go into the shear failure zone, and

3. That the deformation behavior of the bituminous
materials used is not as dependent on their stress his-
tory as is that of, e.g., unbound granular materials,

The first condition is perhaps the most unpredictable.
There are also other unpredictable factors, e.g., crack-
ing of the surfacing and base, which could allow ingress
of surface water to the subbase and resuit in excessive
deformation.

Three zones can be identified in the deformation be-
havior of bituminous-based mixtures to repetitions of
load. Inzone 1, there is initial deformation, but no
further increase; in zone 2, the deformation increases
at a constant rate; and in zone 3, excessive shear beging
to take place.

The conditions under which zone 3-type deformation
will occur can be studied by investigating the cohesion
(c) and the angle of internal friction (¢) of the material
under the appropriate test conditions.

A study of this nature was carried out by using an ex-
treme case of dual wheel loading with double the legal axle
load (2 times 40 kN). Under these conditions, the base

formation; “An analysis-of the stress-states-of-the-180-
mm-thick bituminous layer showed that, except for a
small area under the wheel loads at the 150-mm depth,
the material remained in the satisfactory zones of de-
formation. This condition is not considered important
from a practical point of view because of the extreme
loading conditions chosen.

Fracture (Fatigue Cracking)

it is also desirable to estimate the cracking that can be
expected if a similar base mixture is used in another
pavement with different loading conditions. At present,
the degree of cracking is known for specific sections of
the SWA experiment after 8 years of trafficking. Section
8, for example, has a CIof 15 mm, which means that
15 percent of the area has cracks 1-mm wide, after

100 000 load repetitions. This degree of cracking is ac-
ceptable even for freeways. However, to achieve this
level where there is a greater volume of equivalent 80-kN
axles, the maximum tensile strain at the bottom of the
base layer must be reduced. The amount by which it
must be reduced can be determined from the fatigue be-
havior of the material, as shown in Figure 8, From
knowledge of the tensile strain computed for the condi-
tions at the pavement section {in the case of section 8,
400 microstrains) and of the traffic, a point on the strain-
versus-load-repetitions {e-N) line can be established.
The slope of the (e~N) line representing the material
used for the base was taken to obey the formula given

by Brown and Pell (15). This relationship can be deter-
mined either by measurement or by the average values
used (14,15). In Figure 8, the average value for the
slope of the line was used. In the case of section 8, the
maximum permissible strain level is approximately 210
microstrains. .

A reduction in strain at the bottom of the base can be
achieved either by increasing the modulus of the subbase
(i.e., by increasing the CBR or by stabilization) or by
increasing the thickness of the base layer. Structural
analysis using elastic theory is an effective method of
determining the upgrading of the pavement that is neces-
sary to avoid fatigue cracking of the base material.
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Reference 1
LOW COST ROADS; DESIGN, CONSTRUCTION AND
MAINTENANCE :

Odier, L.; Millard, R.S.; dos Santos, Pimentel; Mehra,
S.R. London: Butterworths; 1971. 158 p. (Sponsored by
UNESCO).

Out-of-print; may be consulted at U,S. Department of
Transportation, Library Services Division, Room 2200,
400 Seventh Street, S.W., Washington, DC 20590.

Engineering codes relating to road planning, design,
construction, materials, and maintenance for use in
the developing countries are presented here. Basic
principles of road construction and maintenance
policy, including social and economic aspects, master
plan and feasibility studies, as well as stage construc-
tion, are covered. Traffic and design speeds, design
related to vertical alignment and horizontal align-
ment, and cross-section elements are discussed;
design principles for unimproved roads, improved
roads, roads with permanent surfaces, and flexible
pavements are set forth. The drainage of the road is
considered, including the control of erosicn and the
stability of embankments and cuttings, Defensive
measures during wet-weather construction are noted.
The location and waterway requirements for bridges
and culveris are discussed, and the principal factors
to be considered in the design of bridge foundations
and structures are indicated. Notes are provided on
construction operations and plant that include pre-
liminary and detailed surveys, setting out, earth-
works, compaction, quarrying, soil stabilization, bitu-
minous surfacing, and concreting. The discussion of
road maintenance disiinguishes between shori-term,
largely manual maintenance and long-term mainte-
nance usually involving the use of mechanical equip~
ment. Methods of estimating costs are cutlined and
special ccensideration is given to the choice between
manual and mechanized methods or combinations of
the two.

Reference 2
SOIL STABILIZATION: A MISSION ORIENTED
APPROACH

Epps, J.A.; Dunlap, W.A.; Gallaway, B.M; Currin, D.D.
Soil Stabilization: Asphalt, Lime, Cement.” 10 Reports.
Highway Research Board, Washington, DC 1971;
pp. 1-20 (Highway Research Record Number 351).

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, N.W.,
Washington, DC 20418,

The widespread use of chemical additives for improv-
ing the physical properties of soils and soil-aggregate
ystems has emphasized the critical need of =
classification and indexing systern to simplify the
selection of the most desirable chemical to be used
for the existing environmental conditions and service

demands. Such a system is described in this paper.
The soil-stabilization indexing system is subdivided
into parts dealing separately with lime, portland
cement, bituminous materials, and combinations of
these materials. The different criteria for the use of
each of these stabilizers are described in detail with
extensive references to the literature. A series of
flow charts has been developed that can be used in
selecting the type and the amount of stabilizer for a
~given soil,

Reference 3

STATE OF THE ART: LIME STABILIZATION.
REACTIONS, PROPERTIES, DESIGN,
CONSTRUCTION.

Transportation Research Board Committee on Lime and
Lime-Fly Ash Stabilization. Transportation Research
Board, Washington, DC; September 1976; 31 p. (Trans-
portation Research Circular Number 180).

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, N.W.,
Washington, DC 20418

This state-of-the-art report on lime stabilization is
based on a comprehensive analysis of current practice
and technical literature on soil-lime treatment.
Many engineering properties of soils are optimized by
lime treatment. Lime-treated soils are used in
pavement construction as subgrades, subbase materi-
als, and base materials. Topics included in this report
are soil-lime reactions, soil-lime mixture design and
lime-stabilization construction. A list of references
is also included for more detailed information.

Reference 4

FIELD STUDIES ON THE PULVERIZATION OF BLACK
COTTON SOIL FOR THE CONSTRUCTION OF
STABILIZED SOIL ROAD BASES

Uppal, H.L.; Chadda, L.R.; Dhawan, P.K. Soil Stabiliza-
tion: Multiple Aspects. 1! Reports. Highway Research
Board, Washington, DCy 1970; pp 29-35 (Highway Re-
search Record Number 315).

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, N.W.,
Washington, DC 20418.

Stabilization of black cotton soil with lime has been
found effective in improving the engineering proper-
ties of the soil. Consequently, this has led to the
increasing use of lime-stabilized black cotton soll in
subbases or bases of road pavement. A properly
pulverized soil is, however, a prerequisite for suc-
cessful stabilization of soil. This paper describes a
number of methods that have been tried in the field
to achieve an economical and effective pulverization
method. It has been shown that an acceptable degree
of pulverization can be attained when the soil is
handled mechanically at a particular moisture range
by using agricultural machinery.
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Reference 5
SOIL-CEMENT: A MATERIAL OF CONSTRUCTION
FOR ROAD AND AIRFIELD PAVEMENTS

Bhatia, H.S. Kumasi, Ghana: Ghana Academy of
Sciences, Building and Road Research Institute; June,
1968. 70 p. {Yechnical Paper No. 1).

Out-of-print; may be consuited at the Transportation

Research Board, Room 513, 2100 Pennsylvania Avenue,.

N.W., Washington, DC 20037.

This monograph reviews the development of soil-
cement as an engineering material for road and
airfield construction, with special emphasis on trepi-
cal and subtropical conditions. The physical and
engineering properties of soil-cement depend on the
nature of the soil; the proportion of soil, cement, and
water in the mixture; the compactive energy used for
the molding of the soil-cement; and the physical
conditions such as the curing temperatures and age of
the soil-cement mixes. The following topics are
discussed: properties of soil-cement (volume
changes, thermal expansion, permeability, strength,
etc.), criteria for selecting soils that are suitable for
cement stabilization, important factors in the stabili-
zation of soil with cement (inciuding moisture density
relationship and availability of the soil-cement mix),
soils requiring special treatment, the stress-strain
characteristics of soil-cement, major factors affect-
ing the strength of soil-cement, and basic concepts of
pavement design using soil-cement as a rigid material
and as a flexibie rnaterial. The monograph also
presents the criterion for mix design and describes
soil-cement construction methods and equipment re-
quirements. Quality control in the field for soil-
cement construction is detailed.

Reference 6
VARIATICN IN LABORATORY AND FIELD
STRENGTHS OF SOIL CEMENT MIXTURES

Melancon, James L., Shah, S.C. Stabilization. Trans-
portation Research Board, Washington, DC; 1976; pp.
69-74 (8 reports prepared for ‘the Stth Annual Meeting
of the Transportation Research Board; Transportation
Research Record 560).

Order from: Transportation Research Board, Publi-
cations Office, 210l Constitution Avenue, N.W.,
Washington, DC 20418.

This report evaluates the variability in compressive
strengths of stabilized in-place cement mixtures from
the standpoint of design and actual field conditions.
The {findings are based on 15 projects with soils
ranging from high silt to high sand content and 38 to
14 percent cement by volume. These data indicate
considerable variation in the laboratory and field-
molded specimens.

Reference 7

CHANGES IN THE CHARACTERISTICS OF CEMENT-
STABILIZED SOILS BY ADDITION OF EXCESS
COMPACTION MOISTURE

Lightsey, George R.; Arman, Ara; Callihan, Clayton D.
Soil Stabilization:  Multipie Aspects. 11 Reports.

Highway Research Board, Washington, DC; 1970; Pp-
36-45 (Highway Research Record Number 315).

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, N.W.,
Washington, DC 21418,

The compaction moisture of cement-stabilized soils is
usually specified as the optimum moisture content to
.obtain maximurm density.as.determined by-the stan=
dard Proctor test. Previous investigations have
shown that in some instances maximum density may
not correspond to maximum strength. If compaction
of the soil-cement mix is delayed, the relationship
between compaction moisture and the strength and
density of the soil-cement also changes. This study
investigates the relationship between compaction
moisture content and the strength, density, and
durability of cement-stabilized soils in which com-
paction is delayed after mixing to correspond to
typical highway construction practices. Four types of
soil suitable for cement stabilization were investigat-
ed. The compaction moisture content was varied
from 4 percent below to 4 percent above the optimum
moisture content obtained by standard Proctor tests
with no delay between mixing and compaction. At
each of the moisture contents and at the optimum
cement content, specimens were compacted 0, 2, 4,
and 6 hours after mixing with no intermittent mixing.
Specimens were prepared for unconfined compressive
§trength and durability tests. The results of this
investigation show that the loss in strength and
durability of soil-cement resulting from a delay in
compaction can be significantly reduced in many
instances by the addition of excess compaction
moisture. The silty loams and sandy loams benefited
most after a delay in compaction-by’excess moisture.
Cement-stabilized silty clay loams and silts compact-
ed after delays showed little improvement in strength
and durability with excess compaction moisture.
Without delay in compaction, only the silty clay
loams were significantly improved in strength and
durability by the addition of excess compaction
moisture.  In granular soils the addition of excess
moisture improved the strength and durability after
delays in compaction. This improvement resulted
from the improved lubrication of the soil aggregates
and subsequent increase in dry density, With fine-
grained soils excess moisture improved the properties
of soil-cement mixes compacted without delay by
increasing the amount of cement hydration.

Reference 8
BITUMINOUS BASES AND SURFACINGS FOR LOW-
COST ROADS IN THE TROPICS

Hitch, L.S.; Russel, R.B.C. Great Britain Road Re-
search Laboratory, Overseas Unit; 1977, 33 pages plus
charts. (TRRL Supplementary Report 284).

Order from: Transport and Road Research Laboratory,
Crowthoerne, Berkshire RG 11 6 AU, U.K.

Mechanically stable materials for road bases are
often not obtainable in developing countiries. In the
Middle East, aggregates are often scarce but oil
products are readily available. The region has
therefore provided some of the earliest examples of
bituminous stabilization, which originally consisted of
thin running surfaces over compacted sand. Bitumi-
nous stabilization can also enable local sand to be




used for base constructicn, and various tests and
design criteria have been proposed for such applica-
tions. The report describes full-scale experimental
trials supported by laboratory research, which have
enabled acceptance criteria for bitumen-stabilized
sand bases for light/medium traffic to be proposed.
Construction methods for bituminous stabilization are
also described. Details are given of methods of
surface dressing, which is impertant both as an initial
running surface 6n new bases and as & rnaintenarice
treatment. Premixed bituminous materials, both as
bases and surfacings, might perhaps be considered as
inadmissible for low-cost roads. Such roads, however,
usually require progressive improvement because of
the traffic growth that accompanies development.
There is a growing use of strengthening overlays, and
the report brieily discusses premixed materials and
their application.

Reference 9

PERFORMANCE STUDY OF ASPHALT ROAD
PAVEMENT WITH BITUMINOUS-STABILIZED-SAND
BASES

Marais, Claude P.; Freeme, Charles R. Stabilization of
Soils. Transportation Research Board, Washington, DC;
1977; pp. 52-61 (Transportation Research Record 641).

Order from: Transportation Research Board, Publi-
cations Office, 2101 Constitution Avenue, N.W.,
Washington, DC 20418,

The possibility of using the windblown sands that
occur in the northern areas of South West Africa for
the construction of all-weather roads to carry heavy
truck traffic has been investigated. Laboratory
investigations and field trials in Pretoria, South
Africa, showed that bituminous stabilization of these
sands was promising, and a full-scale road experiment
to test a limited number of bases of bituminous-
stabilized sand was constructed in the homeland of
Owambo, South West Africa. This paper describes
the laying of the experiment and the construction
techniques and control measures used. A new
technique that establishes the optimum time for the
compaction of a cutback bituminous-stabilized sand
mixture after aeration by using a vane shear apparat-
us is described. The vane shear apparatus was also
used to measure the in situ shear strengths of the
various experimental bituminous-stabilized sand bases
after compaction and during service; the results of
these measurements, together with performance data
after § years' service with respect to deformation and
cracking, are discussed. Laboratory and field studies
are described and predictions about the performance
of a bitumirous-stabiiized sand base under varying
traffic conditicns are made by using the best known
techniques aveilable at this time.

ADDITIONAL REFERENCES

Reference 10
SOIL AND SOIL-AGGREGATE STABILIZATION

Highway Research Board, Washington, DC; 1955. 175 p.
(A Symposium presented at the Thirty Fourth Annual
Meeting January 11-14, 1955; Highway Research Board
Bulletin 108).

Order from: University Microfilms International, 300
Zeeb Road, Ann Arbor, Michigan 481G6.

This bulletin reviews the state of the knowledge of
soil stabilization in 1955, The 14 papers presented in
this bulletin emphasize the scientific facts and
principles of soil stabilization, and the factors and
phenomena that must be considered in the engineer-
ing application of soil-stabilization methods. The
papers-consider-the ~importance ~of -the-inheritance
factor in the origin of clay minerais; describe the new
discipline, engineering pedology, and its use in scien-
tific soil stabilization; describe colloid science and its
application to soil stabilization; discuss the prediction
of the consistency limits of soils and soil rnixtures;
and comment on the exchange absorption of large
cations by clays. Microbial facters in soil stabiliza-
tion, the stabilization of laterite soils, and the
stabilization of silty and clayey soils with lime-fly
ash mixtures are considered. Soil stabilization with
resins and chemicals is also discussed. Other aspects

~covered include the effect of calcium on the electro-
osmotic flow rate, the elastic behavior of soil-cement
mixtures, the factors influencing physical properties
of soil-cement mixtures, and the stabilization of
Tennessee gravel and chert bases.

Reference 11
SOIL STABILIZATION WITH ASPEALT, PORTLAND
CEMENT, LIME AND CHEMICALS

Highway Research Board, Washington, DC; 1960, 126 p.
(Presented at the 38th Annual Meeting January 3-9,
1959; Highway Research Board Bulletin 241),

Order from: University Microfilms International, 300
Zeeb Road, Ann Arbor, Michigan &8106.

Six papers are published in this bulletin. The first
paper presents the results of a series of tests
performed on four lowa soils stabilized with two
organic, cationic chemicals in combination with
lignin. The second paper describes a study of various
mixtures of soil, cutback asphalt, and water. A
comprornise moisture content (CMC) for mixing was
found, at which the variance of various properties
(the maximum strength, maximum standard Proctor
density, minimum rmoisture absorption during irnmer-
sion, and minimum swelling) is minimized. Chemical
tréatments for surface hardening of soil-cement and
soil-lime-fly ash are discussed in the third paper, and
the improvement of soil-cement with alkali metel
compounds in the fourth paper. The {ifth paper
reports a study of the effectiveness of phosphoric
acid as a stabilizer for two fine-grained soils (a
clayey silt and a heavy clay) with particular emphasis
on the use of {luorine compounds as cure-accelerators
and of amines as waterproofers. The sixth paper
reports work on the use of calcium chloride for soils
base stabilization.
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Reference 12
INFLUENCE OF STABILIZERS ON PROPERTIES OF
SOILS AND SOIL-AGGREGATE MIXTURES

Highway Research Board, Washington, DC; 1961. 159 p.
(Presented at the 39th Annual Meeting January 11-13,
1960; Highway Research Board Bulletin 282).

Order from: University Microfilms International, 300
Zeeb Road, Ann Arbor, Michigan 48106, -

Ten papers are presented in this bulletin. The first
paper reports the results of a study which used
compressive strength to evaluate the stability of five
selected soils of widely varying physical properties
stabilized with portland cement, a lime and fly ash
mixture, phosphoric acid, and asphaltic cutback, The
second paper reports an investigation of soil water-
proofing and dustproofing materials, The improve-
ment of phosphoric acid stabilization of fine-grained
soils with secondary additives is discussed in the third
paper. The effect of phosphoric acid treatments on
the stability of compacted calcareous and non-
calcareous clay soils is discussed in the fourth paper.
Other papers describe sodium-chloride-stabilized
roads in lowa; the relative effects of chlorides,
lignosulfonates, and molasses on properties of soil-
aggregate mix; bituminous stabilization of Wyoming
heat-altered shale; preliminary findings and future
programming of a basic research project involving
calcium chloride with pure clays; current interpreta-
tion of stability measurements on two experimental
projects in Maryland; and a study of the occurrence
of potholes and washboards on soil-aggregate roads.

Reference 13
SOIL STABILIZATION

Bezruk, V.M. Moscow, U.S.S.R. Izdaiel'stov; 1965,
373 p. plus literature (TT 70-57767; PB-280 29G-T/ST).

Order from: National Technical Information Service,
5285 Port Royal Road, Springfield, Virginia 2216].

This book describes the origin, composition, and
properties of soils and the basic principles and
methods of soil stabilization. The various chapters
discuss the general concept of soils as dispersed,
multiphased systems, the granulometric composition
of non-coherent and coherent soils, and the physical
properties of soils (hydrophily, plasticity, swelling and
shrinkage, wetting, and adhesiveness). The
structural-mechanical properties and the calculation
of strengith and deformation properties are also
discussed.  The methods of field investigation and
determination of the basic soil characteristics are
reviewed. The main features of soil distribution in
the USSR and the typical clay and detrital soils and
their distribution in the USSR are reviewed, The
scientific basis of soil stabilization is set forth. The
improvement of soil strength by artificial compaction
and granulometric additives is covered. Details are
given of soil stabilization with portland cement, with
lime, with organic hinders, and with synthetic poly~
mer resins.  Clay soil stabilization with phosphates
and thermal soil stabilization are also detailed. The
basic technological requirements and means for the
mechanization of soil-stabilization operations are
reviewed. Life test and the results of testing road
surfaces with stabilized soil structural layers are
given, as well as recommendations for road-surface
designs.

Reference 14
LIME STABILIZATION: PROPERTIES, MIX DESIGN,
CONSTRUCTION PRACTICES AND PERFORMANCE

Highway Research Board, Washington, DC; 1961. 147 p.
(Presented at the 40th Annual Meeting- January 9-13,
1961; Highway Research Board Bulletin 304).

Order from: University Microfilms International, 300
Zeeb Road; Ann Arbor; Michigan 48106.

Nine papers are presented in this bulletin. The paper,
Accelerated Curing for Lime-Stabilized Soils, de-
scribes the preliminary phases of a study to develop
specifications for the required compressive strength
of lime-stabilized base and subbase materials. The
influence of time between mixing and compaction on
properties of a lime-stabilized expansive clay is
considered in the second paper. The evaluation of
promising chemical additives for accelerating harden-
ing of soil-lime-fly ash mixtures is described in the
third paper. The fourth paper describes the isolation
and investigation of a lime-montmorillonite crystal-
line reaction product. Other papers describe the
relation of strength to composition and density of
lime-treated clayey soils, the lime and sodium sili-
cate stabilization of montmorillonite clay soil, and
the study of an old lime-stabilized gravel base.
Lime-soil mixtures are reviewed, and the gravels used
in lime-fly ash-aggregate composition are evaluated.

Reference 15
LIME STABILIZATION CONSTRUCTION MANUAL
SIXTH EDITION

National Lime Association, Washington, DC; 1976,
48 p. (Bulletin 326).

Order from: National Lime Association, 5010 Wisconsin
Avenue, N.W., Washington, DC 20016.

This bulletin defines soil stabilization, describes the
effect of lime on soil, and proceeds to sequentially
cover the construction steps. This is followed by a
more detailed treatment of the same steps, including
all significant modifications, alternatives, and com-
parative conclusions, A discussion of subbase, sub-
grade, and base stabilization covers scarification,
pulverization, lime spreading, mixing, watering, cur-
ing, compaction, and final curing. The use of bagged
lime and bulk lime is covered, as well as the pros and
cons of dry vs. slurry methods. The double applica-
tion of lime is also discussed. Comments are made on
miscellaneous considerations such as maintaining
traffic, the need for a wearing surface, climatic
limitations, lime safety precautions, bulk density, and
the use of quick lime and of other stabilizers with
lime. The appendix provides further information on
specifications for hydrated lime and cther pertinent
specification references.

Reference 16

THE GEOLOGY AND GEOTECHNICAL PROPERTIES
OF THE BLACK COTTON SOILS OF NORTHERN
NIGERIA

Ola, S.A. Engineering Geology: An International
Journal. Elsevier Scientific Publishing Cornpany,
Amsterdam, Netherlands. Vol. 12, No. & December
1978; pp. 375-391.



Order from: Elsevier Scientific Fublishing Company,
P.O. Box 330, 1000 AH Amsterdam, The Netherlands.

The paper gives a brief review of the geology of the
black cotton soils of northeastern Nigeria. Miner-
alogical analysis shows the soils to be predominantly
kaolinite and montmorillonite. Results presented
show low strength characteristics, a soaked CBR of
only 1.5, and a residual strength parameter of 12 deg.
The plasticity index decreases from 47% to 5%, linear
shrinkage decreases from !l to 3.6% for an increase
in lime content of 0 to 9%, respectively. Results
presented indicate that a mixture of both lime and
cement is necessary for adequate stabilization of
road bases for heavy wheel loads on the black cotten
soils of northeastern Nigeria. These results are in
general agreement with results previously presented
for other African and Indian black cotton soils.

Reference 17

SOIL. CEMENT CONSTRUCTION HANDBOOK
Portland Cement Association.  Skokie, Ilinois; 1979.
40 p. (Engineering Bulletin).

Order from: Portland Cement Association, 5420 Old
Orchard Road, Skokie, Illinois 60077.

The details are given of procedures for building a
soil~cement base course. The booklet shows how
high-quality soil-cement can be built rapidly and
easily under a wide variety of conditions by adhering
to the principles of thorough pulverization and mix-
ing, adequate cement content, proper moisture con-
tent, and adequate compaction. The uses, properties,
laboratory tests, and general construction procedures
are detailed. The details of preparation and process-
ing are given. Joint construction and multiple-layer
construction are also covered. Street construction
and airport paving are detailed. Other areas covered
include storage and parking areas, widening and
shoulders, the recycling of flexible pavements, and
cement-modified soils. Cement-modified granular
soils, silt, and clay soils are covered.

Reference 18

SOIL CEMENT LABORATORY HANDBOOK
Portland Cement Association.  Skokie, IHlinois; 1971.
61 p. (Engineering Bulletin).

Order from: Portland Cement Association, 5420 Oid
Orchard Road, Skokie, Illinois 60077.

This handbook describes laboratory test methods of
determining the primary requisites for producing soil-
cement with satisfactory characteristics and service-
ability., These requisites are that an adequate
quantity of portland cement be incorporated with
pulverized soil, that the proper amount of water be
mixed uniformly with the soil-cement mixture, and
that the moistened soil-cement mixture be compact-
ed to proper density before cement hydration. The
booklet discusses the following subjects in detail:
methods for testing soil-cement, the selection of
cement contents for tests, soil-cement test methods,
compressive-strength and other supplementary tests,
the establishment of cement factors for construction,

shortcut test procedures for sandy soils, rapid test
procedure, the testing of unusual sandy soils, the
testing of plastic soil-cement, and the modification
of soils with portland cement.

Reference 19

STABILIZATION OF SOILS WITH PORTLAND
CEMENT: DESIGN, TESTING, PROPERTIES,
ADMIXTURES

Highway Research Board, Washington, DC; 1962, 123 p.
(Presented at the 41st Annual Meeting, January 8-12,
1962; Highway Research Board Bulletin 353).

Order from: University Microfilms International, 300
Zeeb Road, Ann Arbor, Michigan 48106.

Seven papers are presented in this bulletin. The
paper, A Cement-Treated Base for Rigid Pavement,
presents the results of laboratory tests of varjous
mixes of the natura! materials with cement, and
discusses the selection of the design mix. Methods of
working the borrow pit and constructing the cement-
treated base are discussed in detail. The second
paper describes three alternate methods for measur-
ing freeze-thaw and wet-dry resistance of soil-
cement mixtures; length change, compressive
strength, and pulse velocity. Moisture-density,
moisture-strength and compaction characteristics of
cement-treated soil mixtures are described in the
third paper. Other papers discuss the effect of lime
on the cement stabilization of montmorillonite soils,
the strength-maturity relations of soil-cement mix-
tures, and the effect of sulfates on cement- and lime-
~tabilized soils. The seventh paper reports on the use
of fly ash and sodium carbonate as additives to soil-
cement mixtures. Three soils (dune sands, friable
loess, artificial sand-loess mixture), fly ashes from
three ‘different sources, cement type I, and regent
grade sodium carbonate were used.

Reference 20
CEMENT-TREATED SOIL MIXTURES: 10 REPORTS

Highway Research Board, Washington, DC; 1963; 208 p.
(Presented at the 42nd Annual Meeting January 7-11,
1963; Highway Research Record Number 36).

Order from: University Microfilms International, 300
Zeeb Road, Ann Arbor, Michigan 48106.

Ten reports are presented in this bulletin. The
development, purpose and history of use of standard
laboratory soil-cement tests are described in the first
paper, and a California mix design for cement-
treated bases in the second paper. The latter paper
notes the increasing emphasis on the use of granular
materials, resulting in a decrease in cement content
and a minimization of shrinkage cracks. The third
paper describes British practice in the design and
specification of cement-stabilized bases and sub-
bases for roads. The fourth paper reports a laborato-
ry ‘test for evaluating the durability of stabilized
fine-grained soils subjected to repeated freeze-thaw
cycles. Further papers describe developments in
durability testing of soil-cement mixtures, and the
determination of the cement content of soil-cement
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mixtures. The reactions accompanying stabilization
of clay with cement are discussed, and comments are
made on the effect of chemicals on soil-cement
stabilization.

Reference 21
ROAD NOTE 31: A GUIDE TO STRUCTURAL DESIGN

“OF BITUMEN-SURFACED ROADS IN TROPICAL AND

SUBTROPICAL COUNTRIES

Transport and Road Research Laboratory. Crowthorne,
U.K.; 1977 26 p. (Third Edition).

Order from: Her Majesty's Stationary Office, 49 High
Holborn, London WCIV 6 HR.

This guide covers design requirements of most non-
urban roads in developing countries. Traffic is
defined in terms of the cumulative equivalent number
of 8200-kg (18000-1b) axles to be carried during the
design life of the roads. Thus, this guide may be used
to design pavements for traffic flows with widely
different axie-load distributions and gives the design-
er greater flexibility in selecting the design life of
the pavement. The guide emphasizes the importance
of detailed consideration of the influence of tropical
climates on moisture conditions in road subgrades,
and the desirability of adopting a stage construction
approach 1o road building where traffic growth rates
are high, or long-term predictions are uncertain. The
details are given of the three main steps to be
followed in designing a new road pavement: estimat-
ing the amount of traffic (and its axfe-load distribu-
tion) that will use the road over the selected design
life; assessing the strength of the subgrade soil over
which the road is built; and taking into consideration
the influence of subgrade moisture and the stage-
construction approach, in selecting the most econom-
fcal combination of pavement materials and layer
thickness that will be sufficient to provide satisfacto-
ry service over the design life of the pavement.

Reference 22
ASPHALT COLD-MIX MANUAL

Asphalt Institute. College Park, Maryland; February
1977. 106 p. (Manual Series No. 14; MS-14).

Order from: The Asphalt Institute, Asphalt Institute
Building, College Park, Maryland 20740.

This publication is designed to assist and guide
engineers in preparing a specification for the analy-
sis, design, and control of asphalt cold-mix construc-
tion. The text describes typical mixes that are
recognized and proven satisfactory for preparation by
cold-mix methods. With the information provided, it
will be possible to adapt specific conditions to the
general specifications presented in the text. Basic
information on asphalt, aggregates, and mix design
are presented, and equipment for mixed-in-place and
Tfor construction are described. Equipment for plant
mixes and central plant mix construction is also
described. Appendices provide information on sug-
gested plant mix and mixed-in-place specifications,
as well as specifications for stockpile patching
mixtures.

Reference 23
A BASIC ASPHALT EMULSION MANUAL

Asphalt Institute. College Park, Maryland; March 1979,
260 p. (Manual Series No. 19; MS-19).

Order from: The Asphalt Institute, Asphalt Institute
Building, College Park, Maryland 20740.

rhis'manual attempts to impart a basic understanding
of asphalt emulsions, and is designed to be of use in
choosing the emulsion that best fits a project's
specific conditions. It is also designed to help in
evaluating pavement systems for construction and
maintenance. The chemistry of asphalt emulsions is
described, and the storage, handling, and sampling of
asphalt emulsions are reviewed. Emuisified asphalt
tests are detailed. Selection of the right type of
asphalt emulsion is discussed, and asphalt emulsion
and aggregate application, as well as asghalt emulsion
and aggregate mixes, are considered in detail. Mis-
cellaneous asphalt emulsion applications, mainte-
nance mixes, and various aspects of recycling are also
Covered, Emulsified asphalt-aggregate mix design
methods detailed include the Asphalt Institute Meth-
od and the proposed Illinois method.

Reference 24
A GUIDE TO SHORT-CUT PROCEDURES FOR SOIL-
STABILIZATION WITH ASPHALT

Vallerga, B.A. Oakland, California. Materials Research
and Development Incorporated; April 1968, 38 p. (TN-
955; sponsored by Naval Civil Engineering Laboratory,
Port Hueneme, California; report #AD 668 699).

Order from: National Technical Information Service,
5285 Port Royal Road, Springfield, Virginia 2216l.

Short-cut laboratory and field procedures for the use
of asphalt in soil stabilization are detailed. These
procedures are applicable only when the plasticity
index (PI) is 6 or less, the sand equivalent is 30 or
more, no more than 25% of the soil passes the No.
200 sieve, and when the product of PI times percent
passing the No. 200 sieve does not exceed 72. The
laboratory determinations covered here include gra-
dation of soll, the sand equivalent or plasticity index,
the asphalt requirements, selection of asphalt type
for emulsified asphalts, mixing water content, com-
pacting water content, laboratory density, asphalt
requiremnent for cutback asphalts, the selection of the
asphalt type for cutback asphalts, and the laboratory
density for cutback asphals. The field operations
covered here include site preparation for in-place
mixing, preliminary processing of material, applica-
tion of asphalt for in-place mixing, mixing operation
for in-place mixing, site preparation for stationary
pldnt-mixing preliminary processing before mixing by
stationary plant, mixing operation by stationary
plant, placing plant mix, checking plant mix, spread-
ing and compacting, checking density, and finishing
and curing.



Index

The following index is an alphabetical list of
subject terms, names of people, and names of
organizations that appear in one or another of
the previous parts of this compendium, i.e., in
the overview, selected texts, or bibliography.
The subject terms listed are those that are most
basic to the understanding of the topic of the
compendium,

Subject terms that are not proper nouns are
shown in lower case. Personal names that are
listed generally represent the authors of selected
texts and other references given in the

bibliography, but they also represent people
who are otherwise identified with the
compendium subjects. Personal names are
listed as surname followed by initials.
Organizations listed are those that have
produced information on the topic of the
compendium and that continue to be a source of
information on the topic. For this reason, postal
addresses are given for each organization listed.
Numbers that follow a subject term, personal
name, or organization name are the page
numbers of this compendium on which the term

Indice

El siguiente indice es una lista alfabética del vo-
cablo del tema, nombres de personas, y nom-
bres de organizaciones que aparecen en una u
otra de las partes previas de este compendio,
es decir, en la vista general, textos selecciona-
dos, o bibliograffa. Los vocablos del tema que
aparecen en el indice son aquellos que son ne-
cesarios para el entendimiento de la materia del
compendio.

Los vocablos del tema que no son nombres
propios aparecen en letras minusculas. Los
nombres personales que aparecen representan
los autores de los textos seleccionados y otras
referencias dadas en la bibliografia, pero tam-
bién pueden representar a personas que de otra
manera estan conectadas a los temas del com-
pendio. Los nombres personales aparecen con
el apellido seguido por las iniciales. Las organi-

zaciones nombradas son las que han producido
informacion sobre la materia del compendio y
gue siguen siendo fuentes de informacion sobre
la materia. Por esta razén se dan las direcciones
postales de cada organizacion que aparece en
el indice.

Los nUmeros que siguen a un vocablo del
tema, nombre personal, o nombre de organiza-
cion son los numeros de pagina del compendio
donde el vocablo o nombre aparecen. Los nu-
meros romanos se refieren a las paginas en la
vista general, los numeros arabigos se refieren a
paginas en los textos seleccionados, y los nu-
meros de referencia (por ejemplo, Ref. 5) indi-
can referencias en la bibliografia.

Algunos vocablos del temay nombres de or-
ganizaciones estan seguidos por la palabra see.
En tales casos los numeros de pagina del com-

lex

Cet index se compose d’'une liste alphabétique
de mots-clés, noms d’auteurs, et noms d'organi-
sations qui paraissent dans une section ou une
autre de ce recueil, c’est a dire dans I'exposé,
les textes choisis, ou la bibliographie. Les
mots-clés sont ceux qui sont le plus élémen-
taires a la compréhension de ce recueil.

[Les mots-clés qui ne sont pas des noms pro-
pres sont imprimés en minuscules. Les noms
propres cités sont les noms des auteurs des tex-
tes choisis ou de textes de référence cités dans

la bibliographie, ou alors les noms d’experts en
la matiére de ce recueil. Le nom de famille est
suivi des initiales des prénoms. Les organisa-
tions citées sont celles qui ont fait des recher-
ches sur le sujet de ce recusil et qui continue-
ront & étre une source de documentation. Les
adresses de toutes ces organisations sont inclu-
ses.

Le numéro qui suit chaque mot-clé, nom d’au-
teur, ou nom d’organisation est le numéro de la
page ou ce nom ou mot-clé parait. Les numeros
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or name appears. Roman numerals refer to
pages in the overview, Arabic numerals refer to
pages in the selected texts, and reference
numbers (e.g., Ref. 5) refer to references in the
bibliography.

Some subject terms and organization names
are followed by the word see. In such cases, the
compendium page numbers should be sought

under the alternative term or name that follows
the word see. Some subject terms and
organization names are followed by the words
see also. In such cases, relevant references
should be sought among the page numbers
listed under the terms that follow the words see
also.

The foregoing explanation is illustrated below.

pendio se encontraran bajo el término o nombre
alternativo que sigue a la palabra see. Algunos
vocablos del tema y nombres de organizaciones
estan seguidos por las palabras see also. En
tales casos las referencias pertinentes se encon-

traran entre los nimeros de pagina indicados
bajo los términos que siguen a las palabras see
also.

La explicacién anterior esta subsiguiente-
mente ilustrada.

écrits en chiffres romains se rapportent aux pa-
ges de I'exposé et les numéros écrits en chiffres
arabes se rapportent aux pages des textes
choisis. Les numéros de référence (par exem-
ple, Ref. 5) indiquent les numéros des réfé-
rences de la bibliographie.

Certains mots-clés et noms d’organisations
sont suivis du terme see. Dans ces cas, le nu-

méro des pages du recuell se trouvera apres le
mot-clé ou le nom d’organisation qui suit le
terme see. D'autres mots-clés ou noms d'orga-
nisations sont suivis des mots see also. Dans ce
cas, leurs références se trouveront citées aprés
les mots-clés qui suivent la notation see also.
Ces explications sont illustrées ci-dessous.

Hlustration (from Comp. 1)

Selected Text page numbers
Nlmeros de pagina en los Textos

Hustracién (del Comp. 1)

Hlustration (du Recueil 1)

Subject term and see also terms

Seleccionados
Numéros des pages des Textes Choisis

Organization name and address
Nombre y direccidn de la organizacion
Nom et adresse de I'organisation

Overview page numbers and
reference number
Niimero de pagina en la Vista

e

~==> National Association of Australian State Road Author-

General y niimeros de referencia
Numéro des pages d,e V'Expose et
.
numeros des references

Subject term and see term
Vocablo del tema y término see fver)
Mot-clé et see

Personal names
Nombres personales
Noms propres

[ non-passing sight distance, see stopping sight distance
/ Odier, L.s Ref.3
Oglesby, C.H.s 231, 233, 234, 239, 240, 241, 242, Ref.14

Vocablo del tema y términos see also
fver también)
Mot-clé et see also

mountainous terrain (see also degree of curvature;
design speed; maximum gradient; radius of curva-
ture; shoulder width): 11, 17, 34, 35, 38, 173, 175,
217, 234, 238

ities(P.O. Box J141, Brickfield Hill, N.SW. 2000,
Australia):
publications, xxiii, Ref. 8, Ref. 9

no-passing markings and signss 31, 95, 132

Selected Text page numbers and reference
number

Ndmeros de pégina en los Textos
Seleccionados y ndmero de referencia

Numéros des pages des Textes Choisis ot
numéros des références




AASHO soil classification system: 28
A-horizon soils: 31

additives, see bitumen stabilization; cement stabilization;
lime stabilization; lime-fly ash stabilization; stabilizers

aeolian sand, bitumen stabilized: xxvi, 213-221, Ref. 9

Africa (see also Ghanaian soils; Kenya; Nigeria; Sierra
Leone): 193, 196, 213, 214, 215, Ref. 15

age, influence of, on soil cement: xxii, 128-129, 132,
133, 160, 169, Ref. 5

aggregates: 40, Ref. 22, Ref. 23
classification, 39
stabilization, Ref. 10, Ref. 12, Ref. 14

Air Force soil stabilization index system (SSIS): xviii,
25-28

airfield pavement design: 135-143, 146
stabilization, Ref. 5, Ref, 17

arid regions: 193, 195
Arman, Ara: Ref.7

asphalt cement: 11, 41
base course construction, 37

asphalt emulsion, see bitumen emulsion

Asphalt Institute (Asphalt Institute Building, College
Park, Maryland 20740):
publications, Ref. 22

asphaltic concrete: 37, 38
surfaces, xxvi, 203

asphalts (see also asphalt cement; asphaltic concrete;
performance; bitumen stabilization; cutback):
base course stabilization, 37
cold-mix, Ref. 22

Atterberg limits: 28
lime soil mix, 55, 58
soil cemnent, 93, 94, 153

B horizon soils: 113
base exchange: 104, 105

bases, road (see also bitumen stabilization; cement
stabilization; lime stabilization):
bitumen stabilized, xxv, &1, 193-210, 213-221, Ref{. 8,

Ref. 9

cement stabilized, 36, 79-85, 139, Ref. 17, Ref. 20
lime-soil, 32, 57, Ref. 3, Ref. 14, Ref. 15
shaping and finishing, 11
stabilization, xxi, 16, 20, 27, 28, 66, Ref. 3, Ref. 11

batch mixers: 148, 149

Bezruk, V. M.: Ref. 13

Bhatia, H. S.: Ref. 5

binders, see bitumen stabilization; cement stabilization;

lime stabilization; lime-fly ash stabilization; stabilizers;
viscosity of binders

bitumen emulsion (see also bitumen stabilization;
emulsified asphalts): xxvi, 9, 11, 213, 214, 218, Ref. 23

bitumen stabilization: xii, xvii, xviii, xxv, 6-9, 19, 25,
28-29, 30, 31, 35-42, 193-210, 213-221, Ref. 1,
Ref. 2, Ref. §, Ref. 9, Ref. 11, Ref. 24

black cotton soil: xxi, 79-83, Ref. 3, Ref. 16

blasting: 17-18

blending of soils: xiv, 154

borrow pits: Ref, 19

C.B.R., see California bearing ratio

calcareous fillerss xxviy 215, 216, 220

calcium chloride: 112, 113, 116, 117, 118, 154, Ref, 11,
Ref. 12

calcium hydroxide (see also lime-fly ash stabilization;
lime stabilization): &5, 116, 117, Ref. 19

California bearing ratio (CRR): »xxvi, 104, 105, 195,
Ref. 16
lime soil mix design, 55
lime treated soil, 50, 51, 58, 81
soil cement mixtures, 8, 124, 125, 126, 140, 141,
143, 144, 145-147
testing gravelly soils, 7, 8

California mixture desigh procedure: 59, Ref. 20
Callihan, Clayton D.: Ref. 7

Casagrande's soil classification system, see unified
soil classification system

cation exchange, see lime stabilization
CBR, see Califernia bearing ratio

cement contents and cement concentrations: 108,
130, 131, 154, 155, 156, 157, 161, 173-175, 182,
Ref. 6, Ref. 17, Ref. 18, Ref. 20

cement hydration: 110, 116, 118, 159, 181, 188, 189,
Ref. 7, Ref. 18

cement stabilization: xii, xv, xvii, xxii-xxiv, 6-9, 16, 17,
19, 20, 25, 28, 30, 31, 34-35, 90-161, 173-178,
Ref. 2, Ref. 5, Ref. 6, Ref. 10, Ref. 11, Ref. 12,
Ref. 13, Ref. 17, Ref. 18, Ref. 19, Ref, 20
influence of excess compaction moisture, 181190,
Ref. 7
selection of soil, 98-108

Chadda, L. R.: Ref. 4

chemical additives, see bitumen stabilization; cement
stabilization; lime stabilization; lime-fly ash
stabilization; stabilizers

chemical analysis of soil cement: 183, 188

chippings: 17

clayey soils '(g_e also clays); 14, 97, 106, 107, 131,

134, 143, 154, 182, Ref. 10, Ref. 12,Ref. 13, Ref. 14,

Ref. 17
red, 19
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clays (see also black cotton soils): 48, 124, Ref. 10,
Ref. 12, Ref. 13, Ref. 14
cement stabilization, 7, 46, 103, 124
minerals, 7, 46, 124, Ref, 10

climate (see also arid regions; dry season; rainy season):
xix, 27, Ref. 21

codes, engineering: Ref. |

coefficient of uniformity: 6

cohesion of lime treated soils, 51
cohesionless soils compaction pressures: 14
cohesive soils: 194

compaction: xv, xviii, xxvii, 8 11-17, Ref. |
energy, xxii, 92, 108, Ref. 5
equipment, 13, 14
lime-treated soil, 47, 6&, Ref. 15
soil-bitumen, 200, 216-217, 217-218, 219-220
soil-cement, 92, 93, 108, 109, Ref. 7, Ref. 17, Ref. 19
time delay, xv, xxv, 187, 188, 189, Ref. 7, Ref. l#

compressive strength (see also unconfined compressive
strength): 144, Ref. 12
lime-soil, 32, 56, 62, Ref. 14
soil-cement, 93, 95, 111, 112, 117, 124, 125, 126,
127, 130, 131, 134, 140, 160, 161, 173, 174, 184,
Ref. 6, Ref. 18, Ref. 19

concrete pavements, see rigid pavements
cone penetrometer methodss 196, 197

consistency index (see also liquid limit; plasticity;
plasticity index): Ref. 10

costs of constructions [149-150

cracking: 7, Ref. 20
bitumen stabilized pavements, 220, 221

crushed stone, spreading of: 10
crushing: 17-18

curing: xx, Ref. 24
accelerators, Ref. 11
lime-soil, 58, 68, 71, Ref. 14, Ref. 15
soil-cement, 158-159, 168, 169
temperature, xii, xx, xxii, 7, 49, 92, 97, 129-134,
160, Ref. 5

Currin, D. D.s Ref. 2

cutback (see also bitumen stabilization):
asphalts, 38, 39, 41, 42, 159, Ref. 11, Ref. 12, Ref. 24
bitumens, xiii, xxvi, 9, 35, 196, 213, 214, 218, 220,
Ref. 9
tar, xxvi, 214, 220

cylinder penetration ratios 145
decp stabilization of lime-soil: 62, 63

deformation of bitumen stabilized pavement: 219220,
22]

density: (see also molsture-density relations); 96,
Ref. 24
determinations, 14-16
dry, 12, 13, 14-16, 108, 181, Ref. 7
field tests, xviii, 158
lime treated soils, 48, 51
maximum dry, xv, xxiv, 8, 12, 108, 156
soil cement mixes, 110, 183, 189, Ref. 7, Ref. 18

deserts: -107-108

Dhawan, P. K.: Ref. 4

dolomite: 45

drilling: 17-18

dry season: xi, 119

Dunlap, W. A.s Ref., 2

durability (see also wet-dry tests):
bitumen-stabilized bases, 213
lime-soil, 32, 55

soil-cement mix, xxii, xxv, 110-112, 183, 184, 188,
189, 190, Ref. 7, Ref. 20

Eades and Grim mixture design procedure: 32, 59
earthworks: 16
elasticity (see also modulus of deformation): 121

Elsevier Scientific Publishing Company (P.O. Box 330,
1000 AH Amsterdam, The Netherlands): Ref. 16

emulsified asphalts: 40-42
engineering codes: Ref. |
Epps, J. A.: Ref. 2
equipment: xiv, xix, 19, 63, 66, 69, 82-85, 168, Ref. 5,
Ref. 22
agricultural, xxi, 19, 82-85, Ref. 4
compaction, 13, 14, 69, 200, 216
grader, 10, 19, 167, 216
mixing machines, xxiii, 19, 20, 21, 69, 148, 149, 51,
152, 153, 167, 199, Ref. 22
spreaders, 10, 66
expansive soils: 79

extrusion test; 39

fatigue: xx
lime treated soils, 52-55

field studies, biturninous surfacing: 217-220
fillers, calcareous: 215, 216, 220

flexible pavements: 136, 137-141, 206, Ref. 1, Ref. 5,
Ref. 9, Ref. 17

flexural strength: 136
lime treated soils, 54
soil-cement, 93, 95, 97, 137

flocculation-agglomeration, see lime stabilization

flow charts for selecting the type and amount of stabilizers

xviii, 25, Ref. 2




Freeme, Charles R.: Ref. 9
freeze-thaw cycles:
lirne-soil, 56, 57
soil cement, Ref. 20
freeze-thaw test: 32, 36, 111, 112, Ref. 19
Gallaway, B. M.: Ref. 2
Ghanaian soils: 90-161, Ref. 5
gradation:
of materials suitable for bituminous stabilization,
37, 216, Ref. 24
soil cement, 124

grain size (see also soil particles): 28

gravel: 104, 105, 144, 216, Ref. 10, Ref. 14
lateritic, 108, 109, 144

hand spreading of stabilizers: 8-9

Highway Research Roard {now Transportation Research
Boagd) (see also Transportation Rescarch Board):
pu‘il)igcations, Ref, 2, Ref. 4, Ref. 7, Ref. 10, Ref. 12,

Ref. 14, Ref. 19, Ref. 20

Hitch, L. S.: Ref. 8

Hooke's law: 119

Hubbard-Field stability: xxvi, 198, 204, 205

Hveem stabilometer test: 55, 58

hydrated lime application: 64, 67, 81

Illinois mixture design procedure: 59

illite: 124, 126

improved roads: Ref. 1

in-place mixing: (see also mix-in-place construction):
cement stabilization, xxiil
lime-soil, xxi, 61-64

Indian soils: 79, 80, 95, 106, 112, Ref. 16

kaolinite: 46, 124, 126, Ref. 16

Kenya: 20

laboratory control during laying of experimental pavement:
217-219

laboratory tests: xiii, xvii, 7, Ref. 24
bitumen surfacing, 217-219
eptimum moisture content, 108
soil-lime mix design, 55-58
strength of soil-cement, 173-178, Ref. 6, Ref. 19,
Ref. 20
level pegs, placement of: 217
Lightsey, George R.: Ref. 7
lime, see calcium hydroxide

lime~asphalt stabilization: 29

lime-cement stabilization: 29, 106

lime-{ly ash stabilization: 29, Ref. 10, Ref. 11, Ref. 12,
Ref. 14

lime stabilization: xii, xvii, xviii, xx-xxi, 6-9, 16,
19, 25, 28, 29, 30, 31-33, 45-74, 79, 106, Ref. 2,
Ref. 3, Ref. 11, Ref. 13, Ref. 14, Ref, 15, Ref. 19
cation exchange, xix, 45-46, Ref. 11}
flocculation-agglomeration, xix, 45-46
pozzolanic reactions, xx, 46
liquid limit: 104, 105
of materials suitable for bituminous stabilization, 37
soil-cement, 108, 109, 182

loam (see also sandy loam; silty loam; silty clay loarn):
soil~-cement, 94

Louisiana mixture desigh procedure: 60
low-cost roads: xxv, 193210, Ref. 1, Ref. 8
macadams: 203

machines, see equipment

manual labor (see also hand spreading in soil stabilization):
pulverization, &1-82

Marais, Claude P.: Ref. 9
Marshall method criterias 37, 38, 40-42
Marshall stability: xxvi, 198, 204, 205
Marshall test: 196 235
measurement of lime stabilization: 68-72
Mehra, S.R.: Ref. |
Melancon, James L.: Ref, 6
Millard, R. S.: Ref. |
minerals: 7, 46, 103, 124, Ref. 16
mix-in-place construction: xviii, 19
bitumen stabilization, 198-199
soil cement, xxiii, 19, 147, 150
mixture design: Ref. 14, Ref. 22, Ref, 23
soil bitumen, 39
soil cement, xxiii, 142-147, Ref. 5, Ref. 19, Ref., 20
soil-lime, xix-xx, 55-75, Ref. 14
modulus of deformation:
lime treated soils, 52, 53
soil~-cement, 93, 95, 97, 119, 138, 142
modulus of elasticity, see modulus of deformation
moisture content (see also moisture~density relation;
optimum moisture content): xi, xxi, 13, 14, 15,
19, 71, 83, 84, 105, 155-158, Ref. L1, Ref, 24
soil cement, 111, 120, 168, 181-190, Ref. 17
moisture-density relations: 48
soil-cement, 108-110, 160, 185, 189, 190, Ref. 5,
Ref. 19

molding water content: 181-190
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montmorillonite: 46, 48,79, 124, 126, 128, Ref. 14,
Ref. 16, Ref. 19

mortar; 203

National Lime Association (5010 Wisconsin Avenue,
N.W., Washington, DC 20016);
publications, Ref. 15

Nigeria: 197
Northern, 196, Ref. 16

Odier, L..: Ref. 1
Oklahoma mixture design procedure: 60
Ola, S.A.: Ref. 16

optimum moisture content: xv, xviii, 12
soil cement, xxiv, 108, 110, 154, 182, 185, 190, Ref. 7

organic soils: xxii, 31, 34, 106, 107, 112-118, 154, Ref. 10
overlays, bituminous: 194

P.L, see plasticity index

pavement design: 135-141, 160, 206, Ref. 1, Ref. 21
payment for lime stabilization: 68-72

performance: xix
asphalt pavements, xxvi, 213-221
bitumen stabilized pavements, 220-221
compaction equipment, 14
stabilized soils, 27

permeability of soil-cement: 95, Ref. 5

pH: 31, 32, 33, 34
soil-cement, 26
soil-lime, 46

phosphoric acid and phosphates: Ref. 11, Ref. 12.
Ref. 13

plant mixing:
lime stabilization, xx, 64
soil-cement construction, 147, 148, 150

plasticity {see also plasticity index):
lime stabilized soiis, xx, 7, 45, 47, 48
limit, 104, 105

soil-cement, 106

plasticity index: 19, 28, 104, Ref. 16
lime stabilized soils, 7, 49, 62
materials suitable for bituminous stabilization, 37,
Ref. 24
soil cement, 108, 109, 182

pneumatic tyred rollers: 13, 14, 69, 200, 216

Poisson's ratios:
lirne treated soils, 52, 54
sdil-cement, 119

Portland cement (see also cement stabilization): xviii,
112, 120, 127, 128, 132, Ref. 2, Ref. 18, Ref. 19

Portland Cement Association (5420 Old Orchard Road,
Skokie, Illinois 60077): 34, 91, 118, 155
publications, Ref. 17, Ref. 18

pozzolanic reactions, see lime stabilization

Prandtl bearing capacity: 197, 198, 208

premix process: xviii, 199-200

pressure injection in lime stabilization: xx, 64
priming: 203

Proctor test, standard: xxiv, 181, 182, Ref. 7, Ref. 11
pugmills 19, 21

pulverization: xiv, xxi, 9, 19, 67, €8, 154, Ref. 15, Ref. 17
black cotton soil, 79-85, Ref. 3

quality control
soil cement construction, xxii-xxiv, 150, 133-159,
Ref. 5
soil lime construction, 70
quarries: 17-18, Ref. 1
quicklime: 65, 66, 67
R-value, see Hveem stabilometer test
rainfall (see also rainy season): xix, 102, 103
rainy season: (see also rainfall): xi
references:
bitumen stabilization, 201-202, 22[-222
lime, cement and bitumen stabilization, 42-44
lime stabilization, 72-75
pulverization of black cotton soils, 85
soil-cement, 162-166, 190
residual strength: 32, Ref. 16
resins, stabilization with: Ref, 10, Ref. 13
retardation of the setting of cements: 113, 115, 116
riding quality: 10, L1
rigid pavements: 136-137, Ref. 5, Ref. 19
rolled asphalt: 203
rotovator: 19, 21, 167
Russel, R. B. C.: Ref. 8
sand replacement method: 14
sands: xxvi, 182, 189, Ref. 19 .
bitumen-stabilized, 193, 194, 197, 204, 207, 208,
210, 213-221, Ref. &, Ref. 9

sandy clay: 144
compaction, 13

sandy loam soil cement: xxv, 94, 182, 186, 188, 190,
Ref. 7

sandy soils (see also sandy loam soil cement; silty
sand): 9, 110, 113, 143, Ref. 6, Ref. 18
California bearing ratio, 8

clay mixtures, 126

dos Santos, Pimentel: Ref. |



sealant, see waterproofing agents
selection of a soil for cement stabilization: 98-108
Shah, S. C.: Ref. 6
shale, stabilization of: Ref. |2
shaping: 10-11
shear box test: 207
shear strength:
bitumen stabilized sand, 213, 218, Ref. 9
lime treated soil, 50
soil-cement, 142
sheepsfoot rollers: 13, 69
shrinkage: 7, Ref. 13, Ref. 16
clay, 92, 95
soil-cement, 160, Ref. 20
Sierra Leone: 20
silts, soil cement: xxv, 181, 182, 188, 189, 190
silty clay: 15, 128, 184-185

silty clay loam soil cement: xxv, 94, 130, 181, 182, 185,
186, 188, 189, 190, Ref. 7

silty loam soil cement: xxv, 94, 182, 184, 189, 190
silty sand: &, 144

silty soils: 94, 107, 182, 186, Ref. 6, Ref. 10, Ref. 17
slurry method of lime application: 65-67

slurry sealing: 203

smooth-wheeled rollers: 13

sodium chloride: Ref. {2

soil aggregate stabilization: Ref. 10, Ref. 12

soil cement construction (sce also cernent stabilization):

147-153, Ref. 17, Ref. 18
soil classification systemss 25, 28, 97-98
soil engineering maps: 98, 100, 101

soil indexing systems (see also soil stabilization index
system, Air Force): 25

soil particles:
aggregation, 187-188
size and shape, 187, 188

soil selection for cement stabilization: 98-108

soil stabilization index system, Air Force (SSIS): xviii,
25-28, Ref. I, Ref. 2

soil survey: 97-98
soils, properties of: Ref. 13
South Dakota mixture design procedure: 60

specific gravity: 104, 105, 109

specifications, asphalt cold-mix: Ref. 22
spreading of stabilizers: 18-19

stability (see also Hubbard-Field stability, Marshall
stability):
bitumen stabilization, 38, 42, 213

stabilizers (see also bitumen stabilization; cement
stabilization; lime-fly ash stabilization; lime stabilization):
Reif. 10, Ref. {1, Ref. 12, Ref. 13, Ref. 19
combination, 29, 106, Ref. 2, Ref. 16
selection of, xviii, 28-31, 32, 35, 40, 194-200, Ref. 2

stage construction: Ref, 1, Ref. 2}
standard Proctor test: xxiv, 181, 182, Ref. 7, Ref, 11
stationary plants: 148, 150

strength of stabilized soils (see also California bearing
ratio; compressive strength; residual strength; unconfined
compressive strength): xv, xx, 6-7, Ref. 11, Ref. {3
lime-soil, 32, 33, 45, 47, 49, 50, 56, 57
soil-cement, xxiv, 34, 93, 95-97, 123-134, 154, 160,
169, 173-178, 183, 188, 189, 190, Ref. 5, Ref. 6,
Ref. 9

stress-strain characteristics (see also stress-strain
curves for lime treated soils): xx
biturnen stabilization, 197, 207, 208
lime treated soils, 50-52, 54
soil~-cement, xxii, 119-123, Ref. 5

stress-strain curves for lime treated soils: 51, 53

sub~base:
bitumen-soil, 206
finish, 11
lime-soil, 32, Ref. 3, Ref. 4, Ref. 15
shaping, 10
soil-cement, 139, 146, Ref. 20
stabilization, 27, Ref. 4

subgrade: 102-103, 136, Ref. 21
conditioning, xxiii
finish, 11
lime-soil, 32, 49, 57, 59-60, 71, Ref. 3, Ref. 15
shaping, 10
soil-cement, 137, 138, 139, 142, 146, 153
stabilization, 27, 28

sulphates and sulphate contaminated soils: xxii, 31, 34,
36, 118-119, 120, Ref. 19

surfacing layers:
asphaltic concrete, xxvi, 203
bituminous, xvii, 18, 193-210, 217, Ref. 8, Ref. 21
compacting, 14
finish, 11
shaping, 10-11
swell pressure of lime-treated soil: 48
tack coating: 203

temperature (see also curing)
bitumen stabilization, 218-219

tensile strength of lime treated soil: 50, 53

Texas mixture design procedure: 60
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thermal expansion: 95, 96
soil cement, 94, Ref. 5

thermal stabilization: Ref. 13

thickness of pavements: 136, 150
bitumen film, 209
design for flexible pavement, 138, 139, 140
design for rigid pavement, 137

Thompson mixture design procedure:- 60-61
time dependent reactions (see also compaction): xx, xxiv

Transport and Road Research Laboratory (Old Wokingham
Road, Crowthorne, Berkshire RG11 6AU U.K.):
136, 140, 143, 155, 195, 197
publications, Ref. 8, Ref, 21

Transportation Research Board (see also Highway
Research Board) (2101 Constitution Avenue, N.W.,
Washington, DC 20418):
publications, Ref. 3, Ref. 6, Ref. 9

travelling plants: 148, 151

uncenfined compressive strengths
bitumen-soil mixtures, 39
lime-soil mix design, 55, 62
lime-soil mixtures, 33, 47-50, 51, 57
soil-cement mixtures, 8, 97, 114, 120, 123, 125,
132, 136, 143-145, 182, Ref. 7
test, 7

unified soil classification system: 28, 98
unimproved roads: Ref. |

Union of Soviet Socialist Republics, soils of the: Ref. 13

Uppal, H. L.: Ref. 4

use factors: xviii-xix, 27

Vallerga, B. A.: Ref. 24

vane shear strength, measurement of: 213, 218, Ref. 9
vibrating rollers: 13, 14,71

Virginia mixture design procedure: 61

viscoelasticity of bituminous mixtures: xxvi

viscosity of binders: 35, 195, 197, 203, 204, 208

voids: 12
percentage in bitumen stabilization, 37

volume change:

lime-treated soils, xx, 47

soil-cement, 92-95, 111, 119, Ref. 5
waterproofing agents: 194, 203, Ref. 11, Ref, 12
Westergarrd's pavement design method: [37
wet-dry tests: 36, 111, 112, 182, Ref. 19
wet-sand process (see bitumen stabilization): xxvii, 215
windblown sand, see aeolian sand

workability of lime treated soils: xx, 45, 47

x-ray diffraction studies of soil-cement: 183, 188



