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PREFACE

This is the fourth in a series of reports dealing with the findings of
Research Project No. 3-8-66-98, which is comcerned with the evaluation of the
tensile properties of stabilized subbase materials. This report presents some
of the factors which are important in determining the strength of lime=~-treated
materials, }eports the findings of an evaluation by indirect tensile test of
eight factors thought to affect the tensile properties of lime~treated materials,
and summarizes the effects of these eight factors and their interactions on
tensile strength.

Future reports will be concerned with detailed investigation of the
tensile characteristics of asphalt~treated, cement~treated, and lime~treated
materials, Reports will be written on such subjects as (1) factors affecting
the tensile characteristics and behavior of the materials when subjected to
static and dynamic repeated loads, (2) correlation of indirect tensile test
parameters with parameters from standard Texas Highway Department tests, (3)
performance criteria for stabilized materials, (4) feasibility of determining
an effective modulus of elasticity and Poisson's ratio from results of indirect
tensile tests, and (5) development of support value k for a layered system
related to layer thickness, modulus, and the area of loading.

This report required the assistance of ﬁany individuals and the authors
would like to acknowledge the work of all those who contributed to it. Special
thanks are extended to Dr, Virgil L. Anderson, Dr. Gerald R, Wagner, Mr. Raymond
K. Moore, and Mr. Joseph A. Kozuh for their help in designing the statistical
experiment and in providing guidance in the analysis and interpretation of the
data. Special appreciation is also due Messrs. Pat S. Hardeman and James N.
Anagnos for their assistance in the preparation and testing of the lime-treated
materials, and to Messrs. James L. Brown and Harvey J. Treybig of the Texas

Highway Department, who provided the technical liaison for the project.

S. Paul Miller

Thomas W. Kennedy

W. Ronald Hudson
March 1970
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ABSTRACT

The indirect tensile test was used to study the tensile properties of
lime-treated materials. Factors indicated to be important by a literature
review were included in a fractional factorial experiment consisting of three
experimental blocks.

An analysis of variance was run for indirect tensile strength to determine
those factors and their interactions which significantly affected strength at
probability levels of 0.05 or lower. Those effects and interactions which
were felt to be significant in practical application of the results are pre-
sented in graphs and discussed. 1In addition, all of the data from the three
experimental blocks were pooled for a large regression which produced a pre-
dictive equation for indirect tensile strength in terms of the significant
factors and interaction. This equation can be used to estimate the tensile
strength of lime-treated materials and to aid in the design of lime-treated

mixtures.

KEY WORDS: indirect tensile test, tensile strength, lime stabilization,
subbases, experiment design, regression analysis, lime stabilized clay, split

cylinder test.
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SUMMARY

This report details the results of a preliminary factor screening
experiment which investigated some of the more important variables that affect
the indirect tensile strength of lime-treated materials. After a comprehensive
literature review, which is summarized in the report and represents a state-of-
the-art statement concerning lime-treated materials, the factors to be studied
were selected. These variables included compactive effort, compaction type,
curing procedure, lime content, curing temperature, curing time, moisture
content, and clay content.

The use of experimental design and regression techniques enabled the
study of main effects as well as selected two-factor and three-factor inter-
actions between the eight variables listed above. Main effects and interactions
significant at a probability level of 0.001 are discussed and interpreted in
order to produce a better understanding of how the variables interrelate and
interact in lime~treated materials and the extent that they influence tensile
strength.

Regression techniques were used to develop a predictive equation for
indirect tensile strength in terms of the variables studied. The predictive
capability represents a significant advancement within the stabilized materials
area and can be used to estimate tensile strengths for lime-treated materials.
The complexity of the various mechanisms which occur during a lime-stabiliza-
tion or lime-modification process is illustrated by the length and complexity
of the regression required to predict the tensile strength within an acceptable
standard error of estimate.

Thus, this study represents the first large scale investigation of
lime~treated materials using the multifactored approach and the statistical
techniques required to analyze the results. It is the initial step in research
project 3-8-66-98, "Evaluation of Tensile Properties of Subbases for Use in
New Rigid Pavement Design,' to document the factors which affect the tensile
strength of lime-treated materials and, thereby, create a better fundamental

understanding of material behavior.
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IMPLEMENTATION STATEMENT

The research work summarized was not performed for direct practical

application in the field. It is one part of a comprehensive effort to develop

better procedures for designing stabilized materials for use in pavement
design and analysis. Nevertheless, the results are helpful to practicing
engineers, in that they point out the complexities involved in the evaluation
and design of lime-treated materials and provide a better understanding of
tensile strength and the range of tensile strengths which can be expected from
lime-treated materials.

The ultimate application of the results will be found in a comprehensive

design method for stabilized materials in later reports from this project.
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CHAPTER 1, INTRODUCTION

One aspect of pavement performance and behavior which has received little
attention concerns the tensile characteristics of materials used in the various
layers of a pavement. Although increased tensile strengths have been as bene-
ficial, little consideration has been given them in the design and analysis of
pavements. This is due partly to the lack of information on the tensile char-
acteristics of the materials used in the pavement.

In an attempt to develop information on the tensile characteristics of
stabilized materials and to incorporate this information into a new design
method for pavements, the Center for Highway Research at The University of
Texas at Austin has adopted and modified the indirect tensile test for use in
the evaluation of the tensile characteristics of stabilized pavement materials
(Refs 1 and 2). Previous experiments have been conducted on asphalt-treated
and cement-treated materials (Refs 3, 4, 5, and 6), but little work has been
conducted on the tensile characteristics of lime-~treated materials.

The purpose of this study was to determine those factors and their inter-
actions which significantly affect the tensile strength of lime-treated
materials and to obtain a preliminary indication of the nature of these affects,
This experiment is a preliminary investigation which will require more detailed

study.
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CHAPTER 2. CURRENT STATUS OF KNOWLEDGE

During the past 20 years a great amount of information has resulted from
many field and experimental studies conducted on lime-treated materials.
These data have been utilized in formulating this investigation of the tensile

properties of lime-treated materials.

GENERAL EFFECTS

Previous studies (Refs 7 through 14) generally have shown that lime-
treated materials exhibit the following changes with respect to the untreated

soil:

(1) plasticity indices decrease,

(2) plastic limits increase,

(3) 1liquid limits remain relatively unchanged,*
(4) effective grain sizes increase,

(5) strengths increase,

(6) volume changes decrease,

(7) maximum dry densities decrease, and

(8) optimum moisture contents increase.

MECHANISMS OF LIME STABILIZATION

These changes generally are attributed to one or more of three mechanisms
or reactions which occur when soil is treated with lime. These mechanisms,
which are discussed in Herrin and Mitchell (Ref 15), Thompson (Ref 16), and
Diamond and Kinter (Ref 17), are ion exchange and flocculation, cementing
action, and carbonation.

In ion exchange and flocculation, calcium cations of lime replace metallic

cations such as sodium and hydrogen on the surface of a clay particle, and

*
Small increases or decreases in the liquid limit may occur depending on the
type of soil.



additional calcium ions are attracted to the surface. Since the number of
electrical charges on the surface of a particle are changed by both processes,
and particles are attracted to each other, the soil becomes more friable, and
the plasticity is lowered.

Cementing action is usually attributed to a pozzolanic reaction in which
the aluminous and silicous minerals in the soil react with lime to produce a
gel of calcium silicates and aluminates. This gel cements the soil particles
in a manner similar to that of hydrated cement. Lime-cementing action in soil
is a slow reaction which requires more time than the hydration of portland
cement. Lime-soil cementation will occur only when the percentage of lime in
the soil, the soil's natural propefties, and climatic conditions (Ref 16)
favor a pozzolanic reaction. In addition, the mixture of soil and lime must
be well compacted for the desirable cementation to occur.

Carbonation occurs when carbon dioxide, which has been absorbed from the
air, reacts with calcium or magnesium in the lime to form calcium or magnesium
carbonate. Although some strength is gained, the cementing action is weak and
is therefore, a minor source of strength (Refs 9 and 18). More important,
however, is the fact that these carbonates deter pozzolanic action when the
lime is mixed with a soil and thus impede strengthening (Refs 15 and 17).

These mechanisms are generally accepted as the causes of the changes
associated with lime stabilization, however there is still a great deal of

controversy over the subject (Refs 16 and 17).

FACTORS AFFECTING THE PROPERTIES OF LIME-TREATED MATERTIALS

Several factors involving the constituents and treatment of the lime~
soil-water mixture influence the type and degree of modification of lime-
stabilized soil for comstruction utilization. The important factors as deter-

mined from research and construction practices are

(1) lime type,

(2) lime content,

(3) soil type,

(4) moisture content,

(5) time between mixing and compaction,

(6) compaction,



(7) mixing and pulverization, and

(8) curing conditions.

Although little work has been conducted on the effect of these factors
on the tensile characteristics of lime-treated materials, a number of studies
(Refs 8, 9, 10, 16, 19, 20, 21, 22, 23, and 24) have been made on other engi-
neering properties, such as compressive strength, plasticity reduction, and
durability characteristics. The current knowledge concerning these factors is

summarized below.

Lime Type

Commercial and waste lime are available for use as a stabilizing agent.
Because of impurities, however, more waste lime than commercial lime must be
used to achieve the same effects. McDowell (Ref 15) found that finely ground,
pure lime is more effective than waste in reducing the cohesive properties of
clay soils and that strength after one year is also a function of lime purity.
In addition, large quantities of waste lime are not readily available, and that
which is available has quite variable physical and chemical characteristics.
The variability, at this time, eliminates the study of waste lime as a stabi-
lizing agent.

Commercial lime is either dolomitic or calcitic. Dolomitic lime is
produced from either limestone or dolomite which consists of calcium carbonate
plus 30 to 40 percent magnesium carbonate. Calcitic limes are produced by
calcination of materials, such as chalk, shells, calcitic limestone, or calcite
(Ref 26).

Dolomitic lime exists in three forms (Refs 20, 26, and 27): dolomitic
quicklime, which consists of Ca0 and MgO ; dolomitic normal hydrated lime,
which is essentially Ca(OH)2 plus MgO ; and dolomitic dihydrated lime,
which contains Ca()H)2 plus Mg(OH)2 . Calcitic lime is produced in two
forms, calcitic quicklime, Ca0 , and calcitic hydrated lime, Ca(OH)2 .

Davidson and others (Refs 23, 27, 28, 29, and 30) found that dolomitic
lime produces higher strengths than calcitic lime. It is believed, however,
that with time the differences in strength produced by the two types are very
small. Research has not definitely established whether quicklime or hydrated
lime gives higher strengths, although there is some evidence (Ref 29) that
quick and monohydrated dolomitic lime produce greater strengths than the

dihydrated forms.



It was also concluded (Ref 26) that the various manufacturing processes
affect the stabilization qualities of lime. More important, however, it was
found that maximum benefit is derived only from fresh lime. Lime should be
sealed during storage to prevent contact with the air, since air produces car-

bonation, which reduces the lime's effectiveness as a stabilizer.

Lime Content

McDowell (Refs 31 and 32) has shown that increased percentages of lime
generally increase the strength of soil~lime mixtures. However, he also shows
that this strength increase is time dependent; it may take weeks, even years,
to be fully realized. 1In fact, at early curing stages, the mixtures containing
a high percentage of lime may show less strength than those containing a lower
percentage (Ref 32). 1In addition, differences in strength gains due to vary-
ing lime percentages do not appear to be as marked for short curing periods as
for longer curing periods. Compatible findings by Thompson (Ref 9) and Pietach
and Davidson (Ref 10), show that strength increases up to a given lime content
and then decreases with any additional increase in the lime content. The
minimum lime content which changes the plastic properties of a soil has been
termed the lime fixation point. Usually this quantity is smaller than that
required for substantial strength gains (Refs 10 and 19).

The concept of optimum lime content has been used to determine the
percentage of lime that a given soil must contain for the development of maxi-
mum strength when cured under fixed conditions of time, temperature, and mois-
ture content. The problem is fixing the time and temperature. 1In the field,
the range of these variables might be limited by existing conditions; but in
the laboratory the limits may be varied greatly. Thompson (Refs 9 and 16)
used 28- and 56-day curing periods in order to simulate construction conditions.
For the soils studied under these conditions, the optimum lime content was
approximately 3 to 7 percent.

Dawson and McDowell (Refs 20, 32, and 33) have shown that strength gains
may continue for 3 to 4 or more years before leveling off to a constant value.
If design loads are placed on the pavement immediately after the highway is
opened to traffic, the design strength must develop in the shorter curing
periods. If the present trend of increasing loads continues, long range

strength gains would be desirable.



Soil Type

Soils ranging from coarse grained gravels to fine grained silts and clays

have been studied. Usually it has been found (Refs 9, 15, and 16) that clays

react well with lime and that relatively clean gravels and sands require the

addition of material containing silica or alumina for the lime to be beneficial.

Thompson (Ref 9), who studied various Illinois soils stabilized with lime,

*
found that several properties of the soil influenced its compressive strength.

The significant factors were

(1)

(2)

3

(4)
(5

(6)

)

Organic carbon - Excessive quantities of organic carbon in a soil
greatly retard the lime-soil reaction.

PH - Soil pH , an index of weathering, is a good indication of lime-
reactivity which, in general, is displayed by moderately weathered
and unweathered soils with high pH .

Natural drainage - Soil drainage influences lime-reactivity by
affecting weathering processes, i.e., the distribution and oxidation
state of iron in the soil profile. Poorly drained soils exhibit a
higher degree of lime-reactivity than well drained soils.
Carbonates - All calcareous soils react satisfactorily with limes.
Horizons - The influence of horizons on lime-reactivity is quite
pronounced. A-horizons do not react with lime to any significant
degree. B-horizons display varying degrees of lime-reactivity;
depending on the properties of the soil, a B-horizon may be highly
reactive or nonreactive. C-horizons are generally quite reactive,
especially if the soil is calcareous.

Clay mineralogy - Montmorillonitic and mixed-layer clays display
better lime reactivity than illitic and chloritic clays.

Clay content - There is no significant relationship between clay
content (<2p) and lime-reactivity, but a certain minimum amount of
clay (approximately 15 percent) is required to insure an adequate

source of silica and/or alumina for the lime-soil pozzolanic reaction.

Of special interest is the observation that the engineering properties of

a soil, including plasticity index, liquid limit, clay content (<2j), and group

*

Compressive strength was used as a measure of lime-reactivity.



index value for the AASHO classification, do not indicate its lime-reactivity
(Ref 9 and 33). Thompson considered this fact logical, since engineering
properties do not adequately reflect differences in the mineralogical and
chemical properties of a soil.

Mitchell and Hooper (Ref 22) worked with an expansive California clay
which contained 8 percent organic matter. Although the organic matter possibly
retarded property changes, 4 percent lime treatment considerably reduced swell
and appreciably increased strength.

Eades and Grim (Ref 34) proposed the use of pH values to determine the
amount of lime needed to stabilize a particular soil by increasing its worka-
bility and reducing its plasticity until a friable material was produced.
Compressive strength gain was not included. Strength gain is related to the
mineralogical components of the soil, and a strength test is necessary to show
the magnitude of strength increase to be expected. In the test, the lowest
percentage of lime which maintains a pH of 12.40 in a lime-soil slurry is
determined.

In a study of the effect of freeze-thaw on lime-silt and lime-clay
mixtures, Walker and Karabulut (Ref 21) found that strength decreases after
five freeze-thaw cycles were much greater in lime-clay mixtures. Since no
further loss in strength was produced beyond five cycles, it was theorized
that the bond between particles was broken in the first few cycles.

In general, most soil types can be improved by the addition of lime,
which decreases plasticity and increases strength. Mineralogical and chemical
properties of the soil have the greatest influence on the degree of modifica-

tion obtained with lime.

Time Between Mixing and Compaction

Once lime has started cementation, additional reworking will destroy
earlier strength gains and the remolded soil will be weaker. 1In construction,
long periods of oxidation prior to rolling, such as those which may occur in
thinly spread windrows, are undesirable (Ref 31). Estimates of the maximum
allowable time between the mixing of lime and water with soil and compaction
range up to 2 days. More time may be taken with highly plastic clays treated
with high percentages of lime than with other lime-treated materials (Ref 32).

Mitchell and Hooper (Ref 22) studied the influence of the time between

mixing and compaction on the properties of a lime-treated expansive clay.



Their results showed that delays of 24 hours were detrimental in terms of
density, swell, and strength for samples prepared using constant compactive
effort. 1In practice, improvements in mix uniformity and handling characteris-
tics that may result from allowing a delay between initial mixing and rework-
ing prior to compaction may actually offset any losses in density or strength
that may result from the delay, or such advantages may justify the expenditure

of more compactive effort to obtain high density.

Mixing and Pulverization

To successfully stabilize a soil, the lime must be mixed thoroughly with
the soil, which is difficult with heavy plastic clays. The clay may be made
more workable and the number of lumps reduced by applying lime in a slurry and
allowing it to migrate into the lumps and break them down. This process may
be followed with a second application, in which the lime is mixed thoroughly
with the broken-up soil for the purpose of increasing strength (Ref 35). One
study (Ref 28) suggests that for soils difficult to pulverize, stabilization
might be more effectively and economically realized if the soil is not re-
quired to pass a certain sieve size before mixing with lime. Instead, a maxi-
mum lump size can be specified; this size relates to time allowable for

complete stabilization.

Compaction

Lime-soil mixtures have a lower maximum density and a higher optimum
moisture content than the same untreated soil (Refs 7 and 8). The moisture
content at maximum density is not always the same as that for maximum strength
(Ref 8). Sandy soils may achieve maximum strengths at a moisture content
less than optimum for maximum density (Ref 36), while clay soils tend to pro-
duce maximum strengths at moisture contents greater than optimum for maximum
density (Refs 8 and 36). Jan and Walker (Ref 12) have shown contradictory
results, i.e., maximum strength of clay may be at or slightly less than
optimum moisture content for maximum density.

Montmorillonite, illite, and kaolinite clays showed significant strength
increases when compactive efforts were increased from standard to modified
AASHO density (Ref 23). McDowell (Ref 37) found that definite increases were
produced by greater compactive effort. It was concluded that densification is

of critical importance. This same trend was found in the strength and
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durability of lime-flyash-soil mixtures (Refs 24 and 36). Correlation of

field density tests with laboratory procedures (Ref 37) has demonstrated that
a compactive effort equivalent to 13.26 foot-pounds per cubic inch of material
will compact specimens of flexible base material to the density usually found

in finished construction.

Curing Conditions

The time of curing as well as the conditions during curing, i.e.,
temperature and relative humidity, have an influence on the strength develop-
ment of lime-treated mixtures.

The strength of lime-treated soils increases with curing time, the rate
of increase being more rapid during the initial curing period than at later
times. Strength increases have been noticed in the laboratory beyond four
years, and cores taken from the field after two or three years confirm this
finding (Ref 33). Under normal field curing conditions, the increase in
strength of lime-stabilized soil is slow and gradual, and several months are
usually required for a major portion of the strength to develop. 1In the lab-
oratory, the rate of curing can be considerably increased by altering the
temperature and/or humidity (Ref 14).

When the soil is cured at low temperatures, the gain in strength is low;
the rate of gain in strength increases at higher temperatures. Normal curing
temperatures are 75 % 50 F. While it is believed that the humidity of the air
during the curing of lime-soil mixtures affects strength gain, no definite
conclusions can be drawn regarding its effect. Most authors seem to believe
that greater strengths are produced at higher humidities, but the opposite
effect has also been observed.

Considerable work has been done by Anday (Refs 38 and 39) concerning the
influence of curing time and temperature on lime-soil strength gains. Using
5 percent lime in Virginia soils, it was found that a specimen cured for 18
hours at 140° F or 2 days at 120° F could be used to predict unconfined com-
pressive strength of specimens which had been cured 45 days at summer temper-
atures. Tt was also felt that the curing temperature of 120° F was more
desirable for the following reasons:

(1) There was less condensation between the specimen and the protective

coating.

(2) The temperature was lower and, therefore, more realistic.
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(3) The curing time was convenient.

Anday's (Ref 39) study of Virginia soils also indicates that little lime-soil
reaction can be expected at temperatures below 500 F.

Results from a study by Eades et al (Ref 18) in Virginia indicated that
temperature had a definite effect on the time required to attain a specific
strength gain in a lime-stabilized soil. A section constructed in June
attained the same strength in 90 days that another section built in September
attained in 6 months. It has been noted (Ref 40) that heat accelerates
strength gain and improves durability for montmorillonitic soil treated with

lime.

SUMMARY OF CURRENT STATUS OF KNOWLEDGE

Actual knowledge of the chemical and/or mechanical mechanisms which
cause a strength increase in a soil treated with lime is limited. Many
believe that a cementing action involving soil particles and lime causes these
strength increases. Strength has usually been evaluated by means of compres-
sion and bearing tests, and consequently, a considerable amount of knowledge
has been accumulated on the factors influencing compression and bearing
strengths.

In summary, the following factors tend to increase strength:

(1) an increase in lime content,

(2) wuse of a soil containing at least 15 percent clay,

(3) better mixing and pulverization,

(4) compaction immediately following mixing,

(5) an increase in density,

(6) an increase in molding moisture content in the range below
optimum,

(7) an increase in curing time, and

(8) an increase in curing temperature.

Although it can be reasoned that the same factors significantly affect
tensile strength, there has been little work in determining tensile strengths
of lime-treated materials. In addition, many of the previous investigations
have studied only a few factors, with all others held constant. Such an

approach does not allow the investigation of interaction effects involving the
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variable and the fixed factors. It was, therefore, felt that a preliminary
investigation of the tensile strength of lime-treated materials was needed

in order to determine those factors and interactions which have a significant
effect on tensile strength and to determine the nature of that effect so that

more detailed studies can be designed and conducted efficiently.



CHAPTER 3. EXPERIMENTAL PROGRAM

The indirect tensile test and its application to stabilized materials
have been previously considered and discussed in detail by Hudson and Kennedy
(Refs 1 and 2). Because this evaluation earlier indicated its applicability,
the indirect tensile test was used for a preliminary evaluation of the tensile
strength of asphalt-treated materials (Refs 3 and 6) and cement-treated ma-
terials (Refs 5 and 38). It was also used to evaluate the tensile strength
of lime-treated materials in this study.

The test consists of applying compressive loads along the opposite gen-
erators of cylindrical specimens, an application which results in a relatively
uniform tensile stress perpendicular to and along the diametral plane contain-
ing the applied load. Failure usually occurs by splitting along this loaded

plane, when the tensile stress exceeds the tensile strength of the material.

TEST PROCEDURES AND EQUIPMENT

The testing procedure used in this experiment was the same as that pre-
viously used in the study of asphalt-treated and cement-treated materials
(Refs 3, 4, 5, and 6). Specimens were 4 inches in diameter with a nominal
height of 2 inches. Testing was conducted at 75° F at a loading rate of 2
inches per minute. Stainless steel loading strips were used to apply the load
to the specimens. The overall width of the strip was 1 inch with the middle
half-inch composed of a curved section with a radius of 2 inches. Tangent
sections approximately 1/4 inch long were machined from the curved portion at
each end of the strip to prevent the strip from punching into the specimen
during testing.

Because curved strips were used, the loading area was known and the fol-
lowing equations could be used for the stresses at the center of a cylindrical

specimen of a linear elastic material.

- ?-_P_(. 2_8__2)
Srx  mat $in g D G.1)
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Ory = i%% <sin %2-+ % ) 3.2)
where

Ory = stress in the horizontal direction, in psi;

Orx = stress in the vertical direction, in psi;

P = maximum total load applied to the specimen, in pounds;

a = strip width, in inches;

t = average height, in inches;

D = diameter of the specimen, in inches,

The basic testing equipment consisted of an adjustable loading frame, a
closed loop electrohydraulic loading system, and a loading head (Fig 1) with
upper and lower platens constrained to remain parallel during testing.

A device for measuring the transverse strain in a specimen, was used to
obtain a measure of the specimen deformation in the direction of the tensile
stresses causing failure. This measuring device consisted of two cantilevered
arms with attached strain gages.

Vertical deformations were measured by a DC linear-variable-differential
transducer, which was used also to control the rate of load application. All
measurements were recorded in the form of load-deformation plots on two x-y

plotters.

SELECTION OF FACTORS

Eight factors were chosen for investigation on the basis of the literature
review and were included in the experiment at two or more levels, The factors

and their levels are summarized in Table 1 and are discussed below.

Type of Soil

Three different soils were evaluated. Two of these consisted of gravel
aggregate mixed with two different percentages of clay, 15 and 50 percent; the
third was 100 percent clay. The reactions of granular soils which might
possibly be used as a subbase material were of primary interest. Granular
material generally requires some clay material to react well to lime treatment.

Therefore, gravel plus 15 percent clay was included as the lower level. The



( see detail below )

Fig 1,

Loading Strip
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Configuration of loading head and loading strip.
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TABLE 1. FACTORS AND LEVELS SELECTED FOR STUDY

Level
Factor Low Medium® High Variable Type
A - Compactive effort Low -- High Qualitative
B - Compaction type Impact -- Gyratory Qualitative
shear
C - Curing procedure Air-dried - Sealed Qualitative
D - Molding water content,
% by weight 8 10 12 16 20 Quantitative
E - Lime content,
% by weight 2 4 6 Quantitative
F - Curing temperature, ° F 40 75 110 Quantitative
G - Curing time, weeks 2 4 6 Quantitative
H - Clay content,
% by weight 15 50 100 Quantitative

Midpoint levels were used only in the regression analysis.
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100-percent clay level was included because lime is widely used to stabilize
clay. An intermediate mixture containing gravel plus 50 percent clay was
included so that the effects of clay content, which might possibly be non-
linear, could be ascertained.

Only one gradation was used for each level of clay content. The 100-
percent clay specimens consisted of over-dried clay pulverized to a minus
No. 20 sieve size. Clay for clay-gravel specimens consisted entirely of
material finer than the No. 200 sieve. The gradations for the 15-percent
and 20-percent clay specimens along with a summary of the properties of the

clay and the gravel are contained in Appendix 1.

Molding Water Content

The moisture content during molding varied, depending on the percentage
of clay in the soil mixture. Five different moisture contents were used in
the overall experiment; however, as discussed under Design of the Experiment,
no more than two moisture contents were used in any given phase of the testing
program. The moisture contents chosen for study were 8, 10, 12, 16, and 20
percent by weight of dry aggregate and clay, with the higher moisture contents
being associated with the soil mixtures containing high clay contents. The
actual choice of moisture contents was based on preliminary work with the
two compaction types. This work defined the range of moisture contents for
which the soil could be compacted. It should be noted that these water con-
tents are based on the weight of the dry mixture and not on the weight of

the clay fraction only.

Lime Content

Three different levels of lime content, 2, 4, and 6 percent, by weight
of dry aggregate and clay, were included in the experiment. Previous exper-
ience indicated lime contents less than 2 percent did little to increase the
strength of lime-soil mixtures, while percentages greater than 6 percent
required curing periods longer than six weeks to achieve strength increases
greater than those for smaller lime contents. The type of lime was not a
factor since calcitic lime, rather than dolomitic lime, is used almost exclu-
sively in Texas for stabilization purposes and since almost all stabilization
is done with commercial limes, because sufficient waste lime is not available.

The chemical composition of the lime is summarized in Appendix 1.



18

Compaction Type

Two types of compaction, impact compaction and gyratory shear compaction,
were used in specimen preparation. Previous findings and experience have
indicated that the method of compaction definitely affects the strength prop-
erties of soil. These two methods were chosen because they represent definite
differences with regard to soil densification and the shear strains imposed on
the specimen during compaction. In addition, these two methods were previously
used in the evaluation of cement-treated materials (Refs 4 and 5). The com-

pactive procedure used for each compaction type is summarized in Appendix 2.

Compactive Effort

Two different levels of compactive effort were included in this investiga-
tion. They were established on the basis of the resulting relative densities
and the ability to produce a testable specimen for the range of clay and
moisture contents included in the study. Since there was no method of estab-
lishing a quantitative measure of compactive effort for the gyratory shear
compactor, this factor was considered to be a qualitative variable with the
levels described only as low or high. The compactive efforts for the low and
high levels for impact compaction were 21 and 45 foot-pounds per cubic inch,
respectively. The compaction procedures associated with the low and high
levels for the impact and gyratory-shear compactors are summarized in

Appendix 2.

Type of Curing

Two types of curing, air-dried and sealed, were selected. 1In the first,
the specimens were exposed to the air and allowed to dry from their original
moisture condition to that of an air-dried state. 1In the second, the speci-
mens were wrapped with a PVC film to maintain the original moisture content
throughout the curing period. These two methods of curing were intended to
simulate extreme conditions in the field. Air~dried curing was comsidered to
be the low level and sealed curing the high level.

At the end of the specified curing period the specimens were allowed to
air dry at 75° F for four days, thereby reducing the effect of moisture con-
tent at the time of the test by achieving essentially a constant moisture

content. Future studies will evaluate the effect of this air drying procedure.
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Curing Temperature

Three curing temperatures, 400, 750, and 110° F, were chosen. These
temperatures were considered to be representative of the range of temperatures
which, in Texas, actually occur throughout the year. In addition, previous
studies have indicated that essentially no lime-soil reaction occurs at tem-
peratures below 40° F. These temperatures also had been used for previous

evaluations of cement-treated and asphalt-treated materials.

Curing Time

Curing times of two and six weeks were chosen in an attempt to encompass
a range of time considered reasonable for actual construction practice and
to allow for long-range strength gains at the higher lime content percentages.
Much longer periods would allow for larger strength gains, especially with
high lime contents. Thus, even though extended curing periods may not be
acceptable in construction, long-term strength increases, which may occur

under traffic, are certainly desirable and of interest.

Treatment Type

In the analysis, the effect of moisture content was compacted with that
of clay content. This compound factor is referred to as treatment type. The
moisture content of the different soils was varied in the following manner:
15 percent clay and 8 percent water, 50 percent clay and 16 percent water,
and 100 percent clay and 20 percent water. Including this compound factor
made it possible to obtain additional information concerning the effect of
moisture and soil type on the indirect tensile characteristics of lime-
treated materials. This factor was evaluated only in certain portions of the

experiment, as explained in the section on design of the experiment.

DESIGN OF THE EXPERIMENT

This experiment was designed as a preliminary investigation to evaluate
the effects of all eight main factors, all two-factor interactiomns, and
selected higher order interactions. As such it was felt that a fractional
factorial design was appropriate so that the large number of factors could be
investigated with a relatively small number of specimens. The use of a frac-
tional factorial design, however, involves certain inherent limitations on

the interpretation of the results. It should be remembered that all effects
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are confounded with other effects. It is often assumed that when two or more
effects are confounded that the lower order effect, i.e., the effect contain-
ing the fewest number of factors, is the important one. This assumption has
been made in the evaluation of this experiment; nevertheless, the reader
should understand that in some cases the higher order interaction may in
reality be the most important. In addition, this confounding may result in
very complicated results which are difficult to interpret.

Appendix 3 contains a list of the effects which were evaluated and
indicates the interaction effects with which each effect is confounded. Other
factors that may also affect temsile strengths were not considered in this
study since their effect was judged to be small in comparison with the effect
produced by the factors studied. Furthermore, their inclusion would have
required a larger and more complicated experiment.

0Of the eight factors chosen for evaluation, three qualitative factors
were studied at two levels, four quantitative factors at three levels, and omne
other quantitative factor at five levels. The inclusion of three levels or
more for the quantitative factors was to allow the estimation of second degree
as well as linear effects. Moisture content at the time of compaction was
included in the overall design at five levels. The reason, as previously noted,
was to use moisture contents compatible with the soil and its compaction char~
acteristics.

There were two reasons for dividing the experiment into three blocks.

The first was to reduce the number of specimens required in any one day, since
day-to-day environmental effects could invalidate the results if days were not
taken into account in the analysis. The second was the desire to study the
effect of a wide range of clay contents. Since the range of moisture contents
at the time of compaction is limited for any given clay content, it was not
possible to study all three clay contents and still use the full range of
moisture contents compatible with each clay content.

The overall experimental design and the design of each block were
developed by Dr. Virgil Anderson, statistical comnsultant to the project.

Block 1 included the soil consisting of 100 percent clay which was
compacted at 20 percent moisture, and therefore, did not evaluate soil type
and water content at time of compaction. Even though pure clay soils are not
usually used as subbase, this block was included because lime is effective in

the stabilization of clay soils. Block 2 included clay-gravel mixtures
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consisting of two clay contents, 15 percent and 50 percent, compacted at 8
percent moisture and at 16 percent moisture, respectively. Thus, the effects
of clay content in this block are confounded with moisture content at the time
of compaction. Therefore, the two variables together are referred to as
treatment type. Essentially this block contained two one-half replicates of
the same fractional factorial contained in Block 1 except that the type of
soil and molding water content were changed. 1In Block 3, both soil type and
molding moisture content, the two variables that have previously been con-
founded, were evaluated individually. All three soil types were also included
in this block for purposes of evaluating second degree effects. Tables 2
through 4 list the factors which were evaluated in each block of the total
experiment and their levels.

Block 1, which included a 100 percent clay soil compacted at 20 percent
water content, allowed all main effects and two-factor interactions to be in-
vestigated for the factors shown in Table 2. The actual effects which could
be evaluated by an analysis of variance are summarized in Appendix 3. The
design of this experimental block was a one-half replicate of a complete 26

factorial described by the identity
I = ABCEFG

Midpoint levels were introduced for three of the six factors, and duplicate
specimens were used to obtain an estimate of the experimental error. Fifty-

two specimens were divided in the following manner:

1/2 (2)6 = 32 experimental units at two levels
14 experimental midpoint units
_6 duplicate experimental units

52 total experimental units

Block 2, which involved mixtures of clay and gravel, included treatment
type as an additional variable and allowed all main effects, all two-factor
interactions, and selected three-factor interactions to be evaluated for the
factors shown in Table 3. The main effects and interactions which could be
evaluated are shown in Appendix 3. The design was a one-half replicate of a

complete 27 factorial described by the identity



22

6

TABLE 2. FACTORS AND LEVELS FOR 2~ EXPERIMENT BLOCK 1

Level

Factor Low Medium® High Variable Type
A - Compactive effort Low -- High Qualitative
B - Compaction type Impact -- Gyratory Qualitative

shear
C - Curing procedure Air-dried -- Sealed Qualitative
E - Lime content,
% by weight 2 4 6 Quantitative

F - Curing temperature, °F 40 75 110 Quantitative
G - Curing time, weeks 2 4 6 Quantitative
*

Midpoint levels were used only in the regression analysis.
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FOR 2° EXPERIMENT BLOCK 2

Level

Factor Low Medium”™ High Variable Type
A - Compactive effort Low -- High Qualitative
B - Compaction type Impact -- Gyratory Qualitative

shear
C - Curing procedure Air-dried -- Sealed Qualitative
E - Lime content,
% by weight 2 4 6 Quantitative
F - Curing temperature, °F 40 75 110 Quantitative
G - Curing time, weeks 2 4 6 Quantitative
*%
J - Treatment type 8% W.C. -- 16% W.C. Quantitative
15% C.C. 50% C.C.

Midpoint levels were used only in the regression analysis.

*%

Treatment type is a combination of factors d

8
2" block, W.C. = water content and C.C. = clay content.

and h from factors for
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I = ABDEFG

Midpoint levels for three of the seven factors and duplicates of certain treat-

ment combinations were introduced as shown below:

1/2 (2)7 = 64 experimental units at two levels
28 experimental midpoint units
12 duplicate experimental units

104 total number of specimens

Block 3 evaluated both soil type and moisture content at the time of
compaction and allowed all main effects, all two-factor interactions, and
éelected three-factor interaction effects to be evaluated as shown in
Appendix 3, The effects evaluated are summarized in Table 4. The design was

a one-fourth replicate of a complete 28 factorial described by the identity
1 = ABCEG = ABDFH = CDEFGH

Midpoint specimens were included for four of the eight factors along with

duplicate specimens as shown below:

1/2 (2)8 = 64 experimental units at two levels
18 experimental midpoint units
12 duplicate experimental units

94 total number of specimens

Treatment combinations for all three blocks of the experiment are

tabulated in Appendix 4,

PARAMETERS EVALUATED

This study evaluated one parameter, indirect tensile strength, which is
*

the maximum stress required for the specimen to fail in indirect tension and

which is calculated from the following expression:

*For theory and explanation of this test see Ref 1.
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TABLE 4. FACTORS AND LEVELS FOR 2~ EXPERIMENT BLOCK 3

Level
Factor Low Medium* High Variable Type
A - Compactive effort Low -- High Qualitative
B - Compaction type Impact -- Gyratory Qualitative
shear
C - Curing procedure Air-dried -- Sealed Qualitative
D - Molding water content,
% by weight 10.5 -- 15.5 Quantitative
E - Lime content,
% by weight 2 4 6 Quantitative
F - Curing temperature, ° F 40 75 110 Quantitative
G - Curing time, weeks 2 4 6 Quantitative
H - Clay content,
% by weight 15 100 Quantitative

50

AL
~

Midpoint levels were used only in the regression analysis.
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T nat D D)
where
ST = indirect tensile strength, psi;
P = maximum total load required to fail the specimen, in pounds;
a = strip width, in inches;
t = average height of specimens, in inches;
D = diameter of the specimen, in inches.

Originally, consideration was given to the evaluation of four additional
parameters, which are defined below:
(1) Horizontal failure deformation is the horizontal deformation of the

specimen at the maximum load applied, in inches, as recorded on the
load-horizontal deformation plot.

(2) Vertical failure deformation is the vertical deformation of a
specimen at the maximum load, in inches. This deformation is
recorded on the load-vertical deformation plot and is assumed
to be equal to the movement of the upper platen from the point
of initial load application to the point of maximum load as
measured by the LVDT,

(3) Tangent modulus of vertical failure deformation is the slope per
unit of thickness of the load~yvertical deformation relationship
prior to failure as defined by a regression analysis,

(4) Deflection ratio is the ratio between the slope per unit thickness
of load-horizontal deformation plot and the slope per unit thick-
ness of the load~vertical deformation plot.

These four parameters were not evaluated because of problems concerned

with the measurement of vertical deformations and because the horizontal
deformations at failure were not well defined on the x~y plots of load versus

horizontal deformations. However, they will be evaluated in later work,

EXPERIMENTAL RESULTS

The indirect temnsile strength was based upon an equation which assumes
no effect from Poisson's ratio, This assumption is not strictly correct since

a multi-axial state of stress actually exists in the specimen. At the present

time, however, there is no method available for utilizing data from the test
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to estimate Poisson's ratio without the extensive use of strain gages. The

cost and difficulty of attaching strain gages to lime-treated specimens make
this approach undesirable; therefore, the effect of Poisson's ratio has been
neglected (Refs 3, 4, and 5).

For each block of specimens, the experimental results of indirect tensile
strength are given in Table 5. Values marked with a triple asterisk are from
replacement specimens. These values were substituted for original observations
which were invalidated because of damaged specimens or because the recorder
went off scale before maximum load was reached. 1It is recognized that such a
replacement procedure could affect the results of the analysis by introducing
a day-to-day effect. Past experience, however, has indicated that such an
effect is probably small. Nevertheless, a test, which is described in Appendix
5, was conducted to investigate possible differences. The results of this
test indicate that it is unlikely that a serious error was introduced by the

required substitutions.
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TABLE 5.

(a).

100 Percent Clay, Block 1

EXPERIMENTAL RESULTS

Indirect Indirect Indirect

Tensile Tensile Tensile

Specimen Strength, Specimen Strength, Specimen Strength,
Number psi Number psi Number psi
1 x%% 318 21 73 4LO** 66
2%k 115 22 259 4] kerk 150
KR 75 23 120 42 124
4 160 24 45 43 64
6 *F* 68 25 68 44 56
7 36 26 83 45 32
9 36 28 L6 46 25
10 73 29 50 47 33
11 59 30 42 49 65
12 63 31 74 50 98
13 58 32 56 51 97
14 %% 92 33 178 52 75
15 29 35%% 70 53 89
17 101 36%% 43 54 24
18 43 37 92 55 33
19 28 38 109 36 50
20%% 26 39 19 57 46

*

Treatment combinations for each specimen are given in Appendix &.

*%

Duplicate specimens.

Ak%k

These values are from replacement specimens (see Appendix 5).

(Continued)



29

TABLE 5. (Continued)

(b). Clay-Gravel Mixtures, Block 2

Indirect Indirect Indirect
Tensile Tensile Tensile
Specimen Strength, Specimen Strength, Specimgn Strength,
Number psi Number psi Number psi
59%* 90 100 60 141 %% 44
60 37 101 31 142 58
61 23 103 30 143 30
63 44 104 74 144 36
64 37 105 64 145 61
66 16 107 41 l46 22
67%* 21 108 28 147 20
69 **% 91 109 31 148 15
70%* 33 110 37 149%* 19
71 24 111 21 150 39
72 53 112 29 151 23
73 17 113 18 152 36
74 37 114 %% 19 153 39
76 11 115 20 154 19
77 32 116 33 155 94
78 41 118 36 156 38
79 21 119 68 157 66
81 33 120 32 158 36
83 38 121 48 159 60
84 45 123 36 160 74
85 44 124 13 161 35
86 26 125 43 162%* 13
87 87 126 26 163 72
88 Fx* 49 127 32 164 55
89 54 128 36 165 48
90 13 129%% 25 166 22
91 66 130 42 167 51
92 53 132 42 168 54
93 20 133 26 169 15
94 31 135 48 170 55
95 22 136%* 24 171 %% 71
96 *** 76 137 %% 39 172 %% 37
97 29 138 27 173 23
98 22 139 90 174 43
99 57 140 %%* 30

*
Treatment combinations for each specimen are contained in Appendix 4.
*k
Duplicate specimens.

*%** These values are from replacement specimens (see Appendix 5).

(Continued)
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TABLE 5.

(Continued)

(c). Clay and Clay-Gravel Mixtures, Block 3

Indirect Indirect Indirect Indirect

Speci- Tensile Speci- Tensile Speci- Tensile Speci- Tensile

men Strength, men Strength, men Strength, men Strength,
No.* psi No. psi No. psi No. psi
175%%% 19 200 29 224 %% 58 249 10
176 32 201 12 225 24 250 47
177 %% 24 202 20 226 35 251 26
178 35 203 48 227 32 252%% 10
179 22 204%* 48 228 45 253 22
180%* 43 205 25 229 13 254%% 38
181 14 206%* 27 230 34 255%%* 43
182 19 207 36 231 46 256 31
184 8 208 24 232 13 257 14
185 20 209 30 233%% 22 258 35
186 32 210 10 234 62 259 8
187 4 211 27 235 6 260 17
188 22 213 31 236 42 261 16
189 22 214 17 237 13 262 10
190 39 215 74 238%* 6 263 9
191 22 216 16 239 28 262 19
192 5 217 9 240 12 266 22
193 45 218 12 241 10 267 . 22
194 13 219 18 242 54 268%* 29
196 7 220 23 244 10 269 26
197 19 221 38 245 49 270 8
198 53 222 15 246 29 271 36
199 4 223 40 247 24 272 21
273%% 44
274 8

*

k%

*k*k

Treatment combinations for each specimen are contained in Appendix 4.

Duplicate specimens.

These values are from replacement specimens (see Appendix 5).



CHAPTER 4. DISCUSSION OF RESULTS

The principal objectives of this investigation were to determine the
factors which significantly affect the tensile strength of lime-treated
materials and to develop a preliminary predictive equation for strength. The
indirect tensile strengths were analyzed using analysis of variance and
regression techniques.,

The results of the analyses of variance for indirect tensile strength
are summarized in Tables 6 and 7 and in Appendix 6. The residuals shown are
the pooled mean squares for all the remaining factors and interactions which
were not found to be significant at a probability level of 0.05. The error
mean square terms were calculated from the duplicate specimens and represent
an estimate of the true error.

Initially, a separate analysis of variance was conducted for each of the
three blocks using only the high and low levels for each of the factors in
these blocks. The results of this analysis are contained in Appendix 6.

Since the error terms are essentially equal for each of the three blocks and
since the identities describing Blocks 1 and 2 are the same, Blocks 1 and 2
were combined and analyzed as a single experiment which tested three different
clay and water content combinations. Thus, the clay and water contents are
confounded in this combined analysis and arekdescribed as treatment type
(Factor J).

The relationships of the highly significant main effects and interactions
for tensile strength are shown in Figs 2 through 38 for the combined analysis
of Blocks 1 and 2 and for Block 3. The data points in these figures are the
average values of strength for all specimens containing a given level or
combination of levels for the main effect or interaction, Midpoint means are
not included in the figures nor in the analysis of variance because the levels
of the other factors are not the same as those for the high and low levels and
because the number of observations on the midpoint means is smaller, which
might result in a larger variance at the midpoints. Hence, the midpoint means

cannot be easily compared to the endpoint means. Nonlinear effects as

31



32

TABLE 6. ANALYSIS OF VARTANCE FOR TENSILE STRENGTH,
BLOCKS 1 AND 2 COMBINED

Source of Degree of Mean F Significance
Variation* Freedom Squares Value Level, %
B 1 39516 919 .1
J 2 20664 481 .1
F 1 15048 350 .1
BJ 2 14504 337 .1
CF 1 7058 164 .1
ABJ 2 5482 127 .1
A 1 5258 122 .1
A 2 4322 101 1
AB 1 3376 78.5 .1
AEG - BCF 1 2558 59.5 .1
ACF -~ BEG 1 2332 54.3 .1
AEGJ-BCFJ 2 2210 51.4 .1
CFJ 2 2148 50.0 .1
AC 1 2014 _ 46 .8 .1
EGJ 2 1976 46 .0 .1
ACFJ-BEGJ 2 1474 34.3 .1
E 1 1436 33.4 .1
AE 1 1194 27.8 .1
C 1 1146 26.6 .1
EG 1 1084 25,2 .1
BF 1 1072 24,9 .1
BC 1 1054 24,5 .1
BCJ 2 982 22.8 .1
AcJ 2 860 20.0 1

*
Factors are listed on page 34.

(Continued)
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TABLE 6. (Continued)

Source of Degree of Mean F Significance
Variation* Freedom Squares Value Level, %
ACG - BEF 1 840 19.5 .1
AEJ 2 834 19.4 .1
BE 1 742 17.2 .1
ABF - CEG 1 718 16.7 .1
ABEJ-CFGJ 2 714 16 .6 .1
ABC - EFG 1 658 15.3 .5
AG 1 652 15.2 .5
CJ 2 594 13.8 .1
AFG - BCE 1 502 11.7 .5
G 1 494 11.5 .5
EF 1 454 10.6 .5
EFJ 2 428 9.95 .5
ABE - CFG 1 400 9.30 1.0
AEF - BCG 1 344 8.00 5.0
CGJ 2 326 7.58 1.0
EJ 2 306 : 7.11 1.0
BG 1 274 6.37 5.0
AEFJ-BCGJ 2 256 5.95 5.0
ABCJI-EFGJ 2 204 4.74 5.0
ABFJ~-CEGJ 2 202 4,69 5.0
Residual 20 53

Within Treatments
Treated Alike 18 43
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TABLE 7. ANALYSIS OF VARIANCE FOR TENSILE STRENGTH, BLOCK 3

Source of Degree of Mean F Significance
Variation Freedom Squares Value Level, %
1 2008 72.4 .05
1 1976 71.3 .05
DH 1 1455 52.5 .05
H 1 1269 45.8 .05
A 1 721 26.0 .05
EH 1 672 24,2 .05
CF 1 658 23.7 .05
BH 1 615 22.2 .05
AH 1 580 20.9 .1
AB 1 481 17.4 .5
AF 1 373 13.5 .5
FH 1 346 12.5 .5
DF 1 257 9.3 1
CFH - DEG 1 222 8.0 5
AD 1 210 7.6 5
BD 1 184 6.6 5
BF 1 178 6.4 5
Residual 46 22

Within Treatments
Treated Alike

ot
[
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Legend of Factors

- Compactive effort
- Compaction type

- Curing procedure

- Moisture content
Lime content

- Curing temperature
- Curing time

- Clay content
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measured by the midpoint levels, will be discussed in conjunction with the

regression analysis.

STATISTICAL INFERENCE

Conclusions drawn from this experiment are valid and applicable only
within the inference space of the population defined by the experiment, i.e.,
the levels of the factors studied and the procedures used. Any attempt to
apply the results outside of this particular inference space should be made
with care. As previously mentioned, the analysis of variance involved only
two levels for each factor, except treatment type, which was included at three
levels. 1In addition, it must be remembered that since this experiment involved
fractional factorial designs, confounding of effects occurred causing difficulty
in interpreting results. Consequently, the results of this preliminary experi-

ment should be considered exploratory.

ANALYSIS OF VARIANCE

As previously noted, Blocks 1 and 2 were combined and analyzed together,
and Block 3 was analyzed separately (Tables 6 and 7, respectively). The results
of the combined analysis will be discussed, with the results from Block 3
used to explain the effects further. As shown in Table 6, 39 factors and their
interactions were found to significantly afféct the tensile strength of lime-
treated materials at a probability level of 0.01; 30 were significant at a
probability level of 0.001.

Although all of these effects were measurable and were significant under
the controlled conditions of this test, some were not large and probably would
make little difference in actual application of results. Only those effects
judged to be of practical significance are discussed herein.

Main effects can be referred to only in terms of the average effect, since
the actual effect for any set of conditions is dependent on the interactions
associated with these conditions. Consequently, significant higher order

interactions are discussed first and main effects last.

Four-Factor Interactions

Three four-factor interactions were found to have a significant effect

on the tensile strength of lime-treated materials at a probability level
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of 0.001. These occurred in the combined analysis of Blocks 1 and 2 when they
were confounded with other four-factor interactions.

The primary importance of these confounded four-factor interactions is
that they emphasize possible complex interrelationships between the factors
studied. Since they are confounded it is impossible to determine which
interaction produced the effect. It should be noted, however, that all of
these four-factor interactions contained Factor J, a treatment type, which

involved both clay content and water content.

Three-Factor Interactions

Ten three-factor interactions were found to have a significant effect on
the tensile strength of lime-treated materials at a probability level of
0.001; four were confounded with other three-factor interactions.

As previously noted, it is impossible to determine which interaction
produced the effect when the interaction is confounded with another interac-
tion containing the same number of factors; however, Daniel (Ref 41) states
that when interactions are confounded, the interaction containing the greatest
number of significant main effects probably is the most important.

This criterion for analyzing the confounded three-factor interactions
indicates that the following are probably the more important:

Compaction Type X Curing Procedure X Curing Temperature (Interaction
BXCXF) '

Compactive Effort x Curing Procedure X Curing Temperature {Interaction
AXCXF)

Compaction Type X Lime Content X Curing Temperature (Interaction BXEXF)

Compactive Effort X Compaction Type X Curing Temperature (Interaction
AXBXF)

The six significant three-factor interactions which were not confounded

are graphically shown in Figs 2 through 7 and are discussed below.

Compactive Effort X Compaction Type X Treatment Type (Interaction AXBxJ -

Fig 2). The average strength increased from a minimum for specimens containing
15 percent clay compacted by gyratory shear at a moisture content of 8 percent,
to a maximum for specimens containing 100 percent clay compacted by impact
compaction at a moisture content of 20 percent. These trends were true for
both low and high compactive efforts, although specimens compacted at high
compactive efforts were slightly stronger. An exception to this latter obser-

vation was detected for specimens containing 50 percent clay and compacted by
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impact compaction at a moisture content of 16 percent. For these conditions,
the low compactive efforts resulted in slightly stronger specimens. More
important, however, is the relative strengths for the 100 percent clay speci-
mens compacted by impact compaction at 20 percent moisture. TFor these condi-
tions the strength of specimens compacted at high compactive efforts was
essentially twice that of specimens compacted at low compactive efforts, whereas

for other conditions the difference was very small,

Curing Procedure X Curing Temperature X Treatment Type (Interaction

CXFxJ - Fig 3). The average strength tended to increase with increasing clay

content and increasing curing temperature, although specimens containing 50
percent clay exhibited slightly lower strengths than those containing 15
percent clay. The most significant characteristics of this interaction are
the substantial strength increases associated Qith 100 percent clay specimens
and the fact that the air-dried specimens were stronger at a curing tempera-
ture of 40° F while sealed specimens were stronger at 110° F. This latter
phenomenon probably can be attributed to the fact that the lime-soil reaction
was retarded at the lower temperature and, therefore, did not benefit from the
higher moisture content associated with sealed curing. This higher moisture
content, however, did result in lower strengths. In the case of the specimens
cured at 110° F the benefit derived from sealed curing more than offset the

strength increase associated with drying.

Lime Content X Curing Time X Treatment Type (Interaction EXGxJ - Fig 4).

The average strength tended to decrease slightly as the clay content increased
from 15 to 50 percent and then increased substantially as the clay content was
increased to 100 percent. Generally, the average strength was higher for
specimens containing 6 percent lime and for specimens cured 6 weeks. The one
exception was for specimens containing 100 percent clay and cured for 6 weeks.
In this case the average strength was less than that for specimens cured 2

weeks and less than that for specimens containing 2 percent lime.

Compaction Type X Curing Procedure X Treatment Type (Interaction BXCXJ -

Fig 5). As previously noted, the average strength was a minimum for specimens
containing 50 percent clay and a maximum for specimens containing 100 percent
clay, with the 15 percent clay specimens displaying intermediate strength

values. It can also be noted that, at the intermediate level of clay content,

the method of curing and type of compaction had essentially no effect, but at
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the low and high levels of clay content, sealed curing and impact compaction

produced stronger specimens.

Compactive Effort X Curing Procedure X Treatment Type (Interaction AXCxJ -

Fig 6). As previously discussed, the average strength tended to decrease
slightly and then increase substantially as the clay content increased from

15 to 50 to 100 percent. It can also be seen, in Fig 6, that curing procedure
and compactive effort had very little effect at the lower levels of clay con-
tent, but sealed curing and high compactive effort produced specimens with

higher average strengths for the 100 percent clay specimens.

Compactive Effort X Lime Content X Treatment Type (Interaction AXEXJ -

Fig 7). As has been the case in the previously discussed interactions,
strength tended to decrease slightly when the clay content was increased from
15 to 50 percent; the change, however, was very small. 1In addition, the in-
creased compactive effort produced little effect on the clay-gravel specimen.
However, strength increased when lime content increased from 2 to 6 percent.
The most significant change occurred when the clay content increased from 50
to 100 percent. It also can be seen that, for the 100-percent clay specimens,
increased compactive effort produced an increased strength, but that, at a
low compactive effort increased lime content resulted in a decreased strength,
while the reverse was true at the high compactive effort.

In all six of these three-factor interactions, the dominate factor
affecting strength was treatment type (Factor J). The general trend was for
the average strength to be a minimum for specimens containing 50 percent clay
and compacted at 16 percent moisture and to be a maximum for specimens con-
taining 100 percent clay and compacted at 20 percent moisture. The change in
strength between specimens containing 50 and 100 percent clay was very large,
while the specimens containing 15 percent clay were only slightly stronger

than those containing 50 percent clay.

Two Factor Interactions

Fourteen two-factor interactions were found to be significant at a
probability level of 0.0l; 11 of these were highly significant at a probability
level of 0.001. These effects, which are considered to have practical signi-

ficance, are discussed below and illustrated in Figs 8 through 18.
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Compaction Type X Treatment Type (Interaction BXJ - Fig 8). The average

strength of specimens compacted by gyratory shear compaction increased
slightly with the increased clay and moisture contents. For specimens com-
pacted by impact compaction, however, the average strength was nonlinear, de-
creasing toward 50 percent clay and then increasing, with the maximum strength
occurring for specimens consisting of 100 percent clay compacted at a water
content of 20 percent. As previously noted, the effect of type of compaction
was negligible for 50 percent clay mixtures but substantial for 100 percent

clay.

Curing Procedure X Curing Temperature (Interaction CXF - Fig 9). This

interaction was found to be highly significant in all three blocks when each
block was analyzed separately. It may be noted that for a curing temperature
of 40° F the average strength of sealed specimens was lower than the average
strength of the air-dried specimens, but the reverse was true for specimens
cured at 110° F. It may also be noted that while the average strength in-
creased with an increase in curing temperature from 40 to 110° F, the amount
of this increase was much greater for the sealed specimens.

This behavior is probably a function of the moisture content at the time
of testing and the probability that the reaction of lime with soil was negli-
gible at 40° F. Thus, at 40° F the air-dried specimens were stronger because
they were drier at the time of testing. However, at 110° F, a significant
lime~soil reaction probably occurred. This reaction requires moisture, which
is associated with sealed curing. 1In addition, air-drying at these tempera-
tures caused some cracking of the specimens, which may have reduced the average

strength of the air-dried specimens cured at 110°F.

Compactive Effort X Treatment Type (Interaction AxJ - Fig 10). The

average strengths for specimens containing 15 and 50 percent clay compacted
with high and low compactive efforts were essentially equal; however, the
average strength increased when the clay content was increased to 100 percent,
and the amount of this increase wés much greater for a higher compactive
effort. Apparently increased compactive effort produced a significant effect
only in those soils composed of 100 percent clay with little if any benefit

occurring for soils containing gravel.

Compactive Effort x Compaction Type (Interaction AxB - Fig 11). The low

and high compactive efforts used to compact specimens with the gyratory shear
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compactor produced specimens of essentially equal average strengths. Impact
compaction produced specimens which had substantially larger average strength
values, with the largest increase being associated with the high compactive
effort. A comparison of the densities for the four conditions illustrated in
Fig 11 shows no obvious differences in density which could account for the

observed behavior. Similar behavior was also observed in Block 3 (Fig 29).

Compactive Effort x Curing Procedure (Interaction AXC - Fig 12). The

high compactive effort produced stronger specimens for both air-dried and
sealed curing conditions, but the increase in strength was much greater for
the sealed specimens. The increased strength of the sealed specimens might
have resulted because the higher densities and increased particle contact,
which were caused by the greater compactive effort, were beneficial to the
lime-soil reaction. 1In addition, this reaction would also benefit from
adequate moisture during curing. It also can be noted that although sealed
curing resulted in much higher strengths for specimens compacted at a high
compactive effort, the strength of specimens compacted at a low compactive

effort decreased slightly.

Compactive Effort X Lime Content (Interaction AXE - Fig 13). The higher

compactive effort produced a much greater increase in strength for specimens
containing 6 percent lime than for specimens containing 2 percent lime. In
addition, it would appear that specimens comﬁacted at low compactive effort
benefited little from increased lime content, whereas the increased lime con-
tent resulted in an increased strength in specimens compacted at the high com-
pactive effort. This finding emphasizes the need for adequate compaction if
strength is to develop as the result of the lime-soil reaction. Without ade-
quate compaction the beneficial effects of the increased lime content were not

realized.

Lime Content X Curing Time (Interaction EXG - Fig 14). Specimens with a

low lime content increased in strength with the increased curing time, whereas
specimens at the higher lime content decreased in strength. In fact, the
increased curing time resulted in a slightly lower average strength for the
specimens containing 6 percent lime. Similar behavior has been observed in
other studies. It would be anticipated that if the high lime content specimens
were cured for a long period, their strength would eventually increase sub-

stantially.
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Compaction Type X Curing Temperature (Interaction BXF - Fig 15). Both

impact compaction and curing at 110° F produced specimens with higher strengths
than those compacted by gyratory shear and cured at 40° F. The increase in
strength resulting from curing at 110° F, however, was greater for specimens
compacted by impact compaction. The cause of the improved strength associated

with impact compaction is not apparent.

Compaction Type X Curing Procedure (Interaction BXC -Fig 16). These

results indicate that sealed curing resulted in a substantial increase in the
strength of specimens compacted by impact compaction, but had essentially no
effect on specimens compacted by gyratory shear compaction. This behavior is
similar to that observed in the interaction effect produced by compaction

type X curing temperature (Fig 15).

Compaction Type X Lime Content (Interaction BxE - Fig 17). Increasing

the lime content from 2 to 6 percent increased the average strength for all
specimens regardless of the method of compaction; however, the strength in-
crease was larger for impact compacted specimens but practically negligible

for specimens compacted by gyratory shear.

Curing Procedure X Treatment Type (Interaction CXJ -Fig 18). For the

specimens composed of a mixture of clay and gravel, the method of curing
appeared to have little effect, although the sealed specimens did exhibit
slightly higher strengths. In addition, it can be noted that increasing the
clay content from 15 to 50 percent had little effect, although the average
strength of the specimens containing 50 percent clay was slightly less than the
average for the specimens containing 15 percent clay. The 100 percent clay
specimens, however, did exhibit a substantial increase in strength; the magni-

tude of the increase was much greater for those specimens cured by sealing.

Main Effects

Six of the main effects were found to be significant at a probability
level of 0.001. Figures 19 through 24 illustrate the effects produced by
these factors. It can be seen that the average indirect tensile strength was

significantly increased by

(1) using impact rather than gyratory shear compaction (Factor B), Fig 19;

(2) wusing 100 percent clay rather than a mixture of clay and gravel
(Factor J), Fig 20;
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(3) curing at a temperature of 1100 F rather than 40° F (Factor F),
Fig 21;

(4) wusing a high compactive effort (Factor A), Fig 22;

(5) 1increasing the lime content from 2 percent to 6 percent (Factor E),
Fig 23; and

(6) using sealed rather than air-dried curing (Factor C), Fig 24,

The main effect of compaction type (Factor B) was significant in the
analysis of Block 3 as well as in the separate analyses of Blocks 1 and 2,
which are contained in Appendix 6. Similarly, curing temperature (Factor F)
was significant in all three blocks while compactive effort was significant
in Block 1 and Block 3. Block 2 was not significantly affected because com-
pactive effort had a greater effect on clay specimens than on mixtures of clay
and gravel, as evidenced by the Interaction AXJ in Blocks 1 and 2 and by AxH
from Block 3. The latter two main effects, lime content and type of curing,
are of little practical significance although they are highly significant
statistically. 1In the case of lime content, it is felt that the curing time
was not sufficiently long to allow the beneficial effects of the increased
lime content to be realized. As shown, sealed curing resulted in only a
slight increase in strength, and it is doubtful that such a small difference
could be considered of practical significance unless increased curing time
magnified the difference. In this regard, it can be noted that only curing
time failed to produce an effect judged to be highly significant and of prac-

tical significance.

Block 3

The primary purpose of Block 3 was to allow the effect of clay content
and water content to be evaluated separately, since their effects were con-
founded in Blocks 1 and 2. 1In terms of the levels used for these two para-
meters, it would appear that clay content (Factor H) has a greater effect than
water content (Factor D) since it appeared in five two-factor interactions and
as a main effect, all of which were significant at a probability level of 0.01l.
Water content, however, occurred in only two two-factor interactions signifi-
cant at a 0.01 level. Nevertheless, the main effect associated with treatment
type, the very high strengths associated with 100-percent clay specimens
compacted at 20 percent water content, appears to have been the result of

water content rather than clay content.
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Effects significant at a probability level of 0.0l are graphically
illustrated in Figs 25 through 38 and are discussed below.

Water Content X Clay Content (Interaction DxH - Fig 25). An increase in

clay content from 15 to 100 percent had little effect on the strength of speci-
mens compacted at a water content of 12 percent; however, the same increase

in clay content caused a decrease in strength for specimens compacted at 10
percent moisture. Similarly, it can be observed that the increased water con-
tent produced a decreased strength for soils containing 15 percent clay and

an increased strength for the specimens composed entirely of clay. If this
effect is compared with that of treatment type (Factor J) in the combined
analysis of Blocks 1 and 2, it can be seen that while clay specimens compacted
at 20 percent were stronger than the mixtures of gravel in Blocks 1 and 2,

the clay specimens in Block 3 were weaker., Since there is a definite inter-
action and since it appears that the strength of the clay specimens increased
with increased water content, the average strengths for the various combina-
tions of clay and water content have been combined in Fig 26. From this
figure, it would appear that the high strengths associated with the 100 per-
cent clay specimens compacted at 20 percent water content were caused by the

water content at the time of compaction.

Lime Content X Clay Content (Interaction EXH - Fig 27). An increase in

lime content from 2 percent to 6 percent resulted in an increased average
strength for specimens containing 15 percent clay and a decreased strength
for specimens composed entirely of clay. Likewise, an increase in clay con-
tent from 15 to 100 percent resulted in a decrease in strength regardless of
whether the specimen contained 2 or 6 percent lime; however, the decrease in

strength was much .greater for specimens containing 6 percent lime.

Compaction Type X Clay Content (Interaction BXH - Fig 28). Specimens

compacted by impact compaction were significantly stronger than specimens com-
pacted by gyratory shear. The differences in strengths, however, were much
greater for specimens containing 100 percent clay. Thus, it would appear that
the reaction causing differences in strength between specimens compacted by
the impact method and those compacted by the gyratory shear method was more

effective on clay soils. A similar observation was made in Blocks 1 and 2 for
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compaction type X treatment type (Interaction BxJ), (Fig 8), except that the
magnitude of strength was less for clay specimens due to the effect of water

content,

Compactive Effort X Clay Content (Interaction AXH - Fig 29), Increased

compactive effort had little effect on the strength of specimens containing
15 percent clay but resulted in a substantial increase in the strength of
specimens countaining 100 percent clay. By comparing this interaction effect
with the interaction of compactive effort X treatment type (AxXJ), shown in
Fig 10, it can be seen that the two exhibited similar effects. Because of
the effect of water content in the interaction that included treatment type,
however, the strengths of the specimens containing 100 percent clay were
greater than those of the specimens containing 15 percent clay, while the

reverse was true for the interaction that included clay content,

Curing Temperature X Clay Content (Interaction FxH - Fig 30). The

average strengths were greater for specimens cured at 110° F than for specimens
cured at 40° F. The increase associated with the increased curing temperature
was much greater for specimens containing 15 percent clay than for those con-
taining 100 percent clay. 1In additiom, it may be noted that the increase in
clay content resulted in a decrease in strength; this decrease was much greater
for specimens cured at 110° F than for specimens cured at 40° F. This de-
creased strength might possibly have been caused by cracking, which would

occur at 1100 F.

Water Content X Curing Temperature {Interaction DxF - Fig 31). 1Increasing

the curing temperature from 40° F to 110° F resulted in increased strengths.
The magnitude of the increase was much greater for specimens compacted at 12
percent water than for those compacted at 10 percent water. 1In addition,
increased water content during compaction resulted in decreased strengths for
specimens cured at 40° F and in increased strengths for specimens cured at
110° F. This comparison would suggest that little, if any, soil-lime reaction
occurred at 40° F; therefore, the reduced strength of the specimens cured at
40° was due to their higher water content at the time of test. On the other
hand, because a soil-lime reaction reaction had occurred, the increased water

content was very beneficial under the curing conditions of 110° F.
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Curing Procedure x Curing Temperature (Interaction CXF - Fig 32). This

interaction was found to be highly significant in all three blocks. It may
be noted that, for a curing temperature of 40° F, the average strengths of
specimens cured by sealing were lower than the average strengths of the air-
dried specimens, but the reverse was true for those specimens cured at 110° F.
In fact, in all three blocks the strength of the sealed specimens increased
with an increased curing temperature, while the strength of the air-dried
specimens decreased.

This behavior may be associated with the moisture content at the time of
testing. Tt is also possible that the reaction of lime with soil was negli-
gible at a curing temperature of 40° F. Thus, at 40° F the air-dried specimens
may have had greater strength because they were drier at the time of testing.
At 110° ¥, however, air drying may have brought about cracking and a resulting
decrease in strength. On the other hand, a significant lime reaction which
would cause a substantial increase in strength, may have occurred in the sealed

specimen.

Compactive Effort x Compaction Type (Interaction AxB - Fig 33). An

increase in compactive effort did not result in a change in the strength of
specimens compacted in the gyratory shear compactor, while it did result in a
substantial increase in the strength of specimens compacted by impact compac~-
tion.

It would be expected that the strength would increase with increased
compaction, but examination of wet densities did not indicate such an effect.
Because there is no way to describe compactive effort quantitatively, it is
possible that the difference in compactive effort for the low and high levels

of gyratory shear compaction may have been small.

Compactive Effort X Curing Temperature (Interaction AXF - Fig 34).

Compactive effort had little effect on specimens cured at 40° F. However,
specimens cured at 110° F and compacted at a high compactive effort were sub-
stantially stronger than those compacted at a low compactive effort. Thus,
the beneficial effects of increased density were enhanced by the 110° F tem-

perature, while at 40° F very little reaction between the soil and lime occurred.

Main Effects. Only four main effects were significant at a probability

level of 0.01. These four effects are shown in Figs 35 through 38 in which it

can be seen that strength was significantly increased by
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(1) wusing impact compaction rather than gyratory shear compaction
(Factor B), Fig 35;

(2) curing at 110° F rather than 40° F (Factor F), Fig 36;

(3) using a mixture of gravel with 15 percent clay rather than 100
percent clay and no gravel (Factor H), Fig 37; and

(4) wusing a high compactive effort (Factor A), Fig 38.

The third main effect is in contrast to the findings from the combined analysis
of Blocks 1 and 2, which showed that the specimens composed of 100 percent

clay and compacted at 20 percent water content were significantly stronger.

As previously indicated, however, the higher strength associated with speci-
mens composed of 100 percent clay and compacted at 20 percent water content

was caused by the water content rather than the clay content.

REGRESSTION ANALYSIS

A stepwise regression analysis was conducted to obtain a preliminary
predictive equation for indirect tensile strength and to evaluate the quadra-
tic characteristics of the response surfaces.

The initial regression analysis was conducted for each of the three blocks
using all main effects, two-way interactions, and measurable three- and four-
way interactions. Stepwise regression analysis was conducted using the results
from these analyses and inputting all main effects and all two-way interactions
from all three blocks. TFrom this analysis, an equation was developed which
allows indirect tensile strengths to be estimated within a standard error for
the inference space defined by this experiment.

The quadratic characteristics of the response surfaces were evaluated
using an F test. A partial F wvalue for each variable considered in the
regression analysis was compared with the critical F wvalue. If the critical
F value was smaller than the F value associated with any of the effects
being evaluated, i.e., linear, quadratic, or linear-quadratic, the term was
considered to have a significant effect, and the relationship between the

dependent variable and the variable tested was curvilinear.

Regression Equations

The following regression equation was obtained for indirect tensile

strength:
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ST = 144,4088 - 54,3664B - 11.5896D - 1,5873H + 5,0769AB

7.793AC - 1.3943AD + 4,1335BD - 0,1471BF + 1.2549BH

+ 0.2087DH + 0.0017F% - 0.0089H% - 0.1691ABH + 0.1021ACF

+ 0,0442ACH + 0,1178ADE - 0,0051ADF + 0,1072ADG + 0,0222ADH

0,0569BCH + 0,0136BDF ~ 0,0876BDG - 0,0017BFH + 0,0009CFH

- 0,0042EGH
where
ST = predicted value of indirect tensile strength, in psi,
A, B, C,D, E, F, G, H = factors considered for prediction,
i = 1level of the factor (see Table 8 for levels used in this

analysis).

The multiple correlation coefficient for the indirect tensile strength
predictive equation was R = 0.90 , and the standard error of the estimate was
+ 16.8. |

The factors and interactions found significant in the analysis of
variance are not the same as those found significant in the regression analy-
sis, for several reasons. First, in the regression analysis, all the blocks
were combined. Also, new levels of the quantitative factors were introduced
in the regression analysis; these were not studied in the analysis of variance.
Most important, however, is the fact that each analysis of variance used
orthogonally coded factor levels, while the prediction equation used in the
regression analysis was generated from the actual uncoded, correlated factor
levels. This uncoded analysis moved the response surface away from the origin
(the VIEWER) and thereby dislocated trends. Consequently, the prediction
equation should not be regarded as an accurate estimate of the physical pro-
perties of individual factors shown on the response surface, but should
instead be regarded as one large term that does a reliable job of estimating

tensile strength.
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TABLE 8. LEVELS OF FACTORS USED IN REGRESSION EQUATIONS

100

Factor Description Level
A - Compactive effort Low AO = 0
High A2 =
B - Compaction type Rainhart BO = 0
Gyratory sghear B, =
C - Curing procedure Air dry =0
Sealed =
D - Molding water content, 8 D8 = 8
% by weight 10 D. =10
10
12 D12 = 12
16 D16 = 16
20 D20 = 20
E - Lime content, % by weight 2 E2 = 2
E4 =4
6 E6 =
F - Curing temperature, °F 40 F40 = 40
75 *E‘?5 = 75
110 F110 = 110
G - Curing time, weeks 2 G2 =
G4 =4
G6 =
H - Clay content, % by weight 15 HlS = 15
50 50 = 50
100 H = 100
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Nonlinear Effects

The predictive equation can, to a certain extent, be used to evaluate
the nonlinear effects for the five factors that contain more than two levels,
i.e., quantitative factors (see Table 1). A factor which appears in the
equation in the form of a squared term suggests a possible nonlinear effect.
Thus, it appears that curing temperature (Factor F) and clay content (Factor
H) may produce curvature of the response surface of indirect tensile strength;
however, the coefficients on these terms are quite small and contribute very
little to the equation. Evaluation of Factor J in the combined analysis of
Blocks 1 and 2 indicates that clay content prbduces curvature of the response
surface (Fig 20), but that this effect was closely associated with that of
water content at the time of compaction. Thus, the effects of clay content

should be considered further.

DISCUSSION

A number of effects appear to have dominated the results of the experiment.
Several effects also appear to have definite practical significance to the en-
gineer. These effects are discussed in detail in the following paragraphs.

The first effect is associated with type of compaction (Factor B). 1In
both the combined analysis of Blocks 1 and 2 and in the individual analyses of
Blocks 1, 2, and 3, it was found that impact compaction produced significantly
stronger specimens than did gyratory shear compaction even though the densi-
ties of the two specimens were essentially equal. This effect was most pro-
nounced for the specimens composed entirely of clay, as evidenced by the inter-
action of compaction type X treatment type (BXJ) in Blocks 1 and 2 and by the
interaction of compaction type X clay content (BXH) in Block 3. This observa-
tion is unexplained although two possible explanations will be suggested. One
is that the structural arrangements of the clay particles were very different
in specimens compacted by different methods. Previous research has indicated
that impact compaction would be expected to produce a more flocculated clay
structure, which has been shown to be stronger in triaxial compression.
Whether this explanation can be applied to tensile testing is unknown at this
time. A second hypothesis is that the specimens compacted by gyratory shear
have a shell around the periphery that is denser than the core. It is possi-

ble that the overall density of the specimen is essentially equal to that of
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the specimen compacted by impact compaction; failure of the specimen occurs in
the center of the specimen, which is less dense.

In support of the hypothesis that this effect was caused by density is
the fact that compactive effort produced an effect similar to that produced by
compactive type. Higher compactive efforts resulted in higher strengths;
however, the effect was much more pronounced for the clay specimens than for
clay-gravel specimens, as is evidenced by the interaction of compactive effort
X treatment type (AXJ) in Blocks 1 and 2 and by the interaction of compactive
effort X clay content (AxH) in Block 3.

Furthermore, the three factors, compactive effort, compactive type, and
treatment type, also interact to produce a three-factor interaction effect.

As shown in Fig 2, clay specimens compacted by impact compaction produce
higher average strengths regardless of compactive effort; however, the most
striking difference is the effect of the high compactive effort on specimens
compacted by impact compaction.

The reason a strength difference between high and low compactive effort
was not noted for the clay-gravel specimens may be that the clay in these
specimens tended to act as a mortar around the aggregate. 1In addition, the
aggregate was not randomly distributed throughout the specimen; rather, the
larger aggregates were placed in the mold prior to compaction with the clay
fines spread around this center to insure a smooth, uniform specimen. Further-
more, since specimens fail near the center, it was thought that the influence
of the aggregate should be concentrated in that region so that a valid indica-
tion of the aggregate effect could be obtained. This cluster of aggregate is
not as compactable as the clay. After a minimum void ratio is obtained, the
compactive energy is absorbed by the aggregates reacting against each other,
and, consequently, a high compactive effort is ineffective.

A second main effect which had a large influence on the tensile strength
of the specimens involved treatment type (Factor J), which was the factor re-
lated to both clay content (Factor H) and molding water content (Factor D) and
which was contained in Block 2 and in the combined analysis of Blocks 1 and 2.
It is interesting to note that, in the combined analysis of Blocks 1 and 2,
the clay specimens which were compacted at 20 percent moisture were found to
be much stronger, while in the analysis of Block 3, the clay specimens com-
pacted at 10 and 12 percent moisture were weaker. This apparent contradiction

was the result of an interaction in which water content during compaction was
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the primary variable. 1In the combined analysis of Blocks 1 and 2 the water
content was 20 percent, while in Block 3 the water content was lower. As
shown in Fig 26, the 20 percent water content resulted in much stronger speci-
mens than did the water contents of 10 and 12 percent, which were used in
Block 3. Evidence of such an interaction effect was detected in Block 3 since
moisture content X clay content (Interaction DxH) was found to produce a sig-
nificant effect.

As is shown in Fig 26, the mean tensile strength decreases for 10 percent
water content as the clay content increases. 1In the 15 percent clay specimens,
the clay acted as a mortar within an aggregate matrix. Enough water was pre-
sent for the lime stabilization effect to take place. However, as the clay
content was increased, the clay particles themselves began to absorb the water,
since water's affinity for the hydroscopically dry Taylor Marl is much greater
than that of lime, and the moisture was not utilized in the hydration process.
Hence, the tensile strength decreased.

Most of the additional effects which were shown to be statistically
significant are consistent with previous findings. Nevertheless, some discus-
sion of these is warranted.

As in previous studies that used other strength tests, increased lime
content resulted in greater strength. As a main effect, the increase in
strength was very small and of little practical significance. Lime content,
however, was a factor in a number of interactions which might have practical
significance. It was noted, for example, that lime content interacted with
curing time, as shown in Fig 14, where it can be seen that the increased
curing time resulted in increased strength for specimens containing 2 percent
lime but in slightly decreased strength for specimens containing 6 percent
lime. This observation is consistent with previous findings and indicates
that longer curing times are required for adequate evaluation of the effects
of both time and higher lime content.

It also was found that all curing factors, except curing time, produced
significant effects. As would be expected, a higher curing temperature
(Factor F) produced much higher strengths. 1In fact, the results of the analy-
sis of variance indicates that curing temperature was one of the dominate
factors. It is felt, however, that additional temperatures should be consi-
dered, since little reaction apparently occurs between the lime and the soil

at the relatively low temperature of 40° F. 1t also was found that sealed
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curing (Factor C) resulted in significantly higher strengths than air-dried
curing but that the difference was not very great.

The complex interrelationships and large number of higher order
interactions which developed suggest that full factorial designs be used in
future experiments, rather than the fractional factorial design used in this
experiment. 1In addition, it is felt that future experiments should test only
clay-aggregate mixtures, since the pure clay treated with lime appears to
react differently than did the mixtures.

On the basis of this experiment it is recommended that two of the original
eight factors be eliminated in future experiments. Although type of compac-
tion produced a large effect on strength, it is felt that gyratory shear com-
paction should be used, since it produced more uniform specimens and since it
is commonly used by the Texas Highway Department. Type of curing should be

eliminated, and an attempt should be made to provide sealed curing conditions.



CHAPTER 5. CONCLUSIONS AND RECOMMENDATIONS

CONCLUSIONS

The study described in this report was a preliminary experiment designed
to evaluate the effects of eight factors and their interactions on indirect
tensile strength, to determine which effects were significant for lime-treated
materials, and to develop a preliminary regression equation which could be
used to predict tensile strengths.

Conclusions are limited to the range of variables included and evaluated
in the experiment. It was not the intent of this study to provide a detailed
and final answer to all questions concerned with the tensile strength of lime-
treated materials. Although a great deal of information was obtained from the
study, caution should be exercised in the application of these results because
of their extreme complexity. The information resulting from the experiment
is summarized in the following paragraphs.

Seven of the eight factors evaluated in this study produced significant
main effects on the indirect temsile strength, at a probability level of 0.01.

The data indicated that the average strength was significantly increased by

(1) wusing impact compaction rather than gyratory shear compaction,
(2) wusing 100 percent clay rather than a mixture of clay and gravel,
(3) curing at a temparture of 110° F rather than 40° F,

(4) wusing a high compactive effort,

(5) 1increasing the lime content from 2 to 6 percent,

(6) wusing sealed rather than air-dried curing, and

(7) curing for 6 weeks rather than 2 weeks.

It should be remembered that the actual effect of an individual factor
can be expressed only in terms of the other factors involved, as evidenced by
the large number of significant interactionms.

The only factor which did not cause a significant main effect was the
molding water content; however, it was involved in a number of highly signi-

ficant interaction effects. Thus, it was found that all of the eight factors
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chosen for evaluation on the basis of a literature review were important to
the tensile strength of the lime-treated materials. Curing time, although
significant, had very little practical effect, probably because the longer
curing time was still relatively short.

Eleven two-factor interactions produced, on the indirect tensile strength,

effects significant at a probability level of 0.001, These interactions were

(1) compaction type X treatment type,

(2) curing procedure X curing temperature,
(3) compactive effort X treatment type,
(4) compactive effort X compaction type,
(5) compactive effort X curing procedure,
(6) compactive effort X lime content,

(7) 1lime content X curing time,

(8) compaction type X curing temperature,
(9) compaction type X curing procedure,
(10) compaction type X lime content, and

(11) curing procedure X treatment type.

In addition, ten three-factor and three four-factor interactions were
found to be significant at a probability level of 0.00l. The four-factor
interactions were all confounded with another four-factor interaction, and
four of the three-factor interactions were confounded with other three-factor
interactions; thus, the majority of the higher-order interactions could not be
evaluated. The six three-factor interactions which were not confounded and

which could be evaluated were

(1) compactive effort X compaction type X treatment type,

(2) curing procedure X curing temperature X treatment type,
(3) 1lime content X curing time X treatment type,

(4) compaction type X curing procedure X treatment type,

(5) compactive effort X curing procedure X treatment type, and

(6) compactive effort X lime content X treatment type.

The significant effects appear to be dominated by compactive effort,
treatment type, and curing temperature, all of which appeared as main effects
and occurred in many interaction effects. The most important of these factors

was treatment type, which combined the factors of water content and clay content.
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Evaluation of treatment type indicated that both water content and clay
content were important and that they also interacted to produce a significant
effect.

The only factor which did not appear to be important was cvring time,
probably because the curing times used in this study were too short since
strength gain in lime-treated materials is a long-term process. Future in-
vestigations probably should include a much longer curing time.

It is also felt that more temperatures should be included, since
temperature was one of the dominant factors. 1In this experiment, the lower
temperature did not produce a significant lime-soil reaction.

It should also be noted that all specimens were tested in an air-dried
moisture condition. Subsequent investigations should give consideration to
testing at a higher moisture content, which would more closely resemble cur-

rent practice and more closely simulate the worst condition.

RECOMMENDATTIONS

On the basis of this study, as well as other portions of the investigation
directed toward ultimately developing an adequate design procedure for stabi-

lized subbases, it is recommended that

(1) a method be developed to relate the elastic properties of lime-
treated materials to the applied loads and the resulting deformations
of the specimen being tested by indirect tension; information on the
elastic properties is necessary to the development of a design pro-
cedure and should be evaluated in terms of the effects produced by
the various factors which may influence the tensile characteristics
of the materialj;

(2) a detailed investigation be conducted for certain factors found to
significantly influence the tensile strength of lime-treated
materials; the design should allow a more complete evaluatiorn of the
interaction effects and should include additional levels of the
quantitative variables so that the response surface can be more
closely defined and adequate predictive regression equations devel-
oped;

(3) an evaluation be made to determine the factors which significantly
affect the tensile characteristics of lime-treated materials sub-
jected to repeated indirect tensile stresses and at the same time
to determine the nature of these effects.
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APPENDIX 1, PROPERTIES AND GRADATIONS OF MATERTALS
USED IN EXPERIMENT

LIME

The lime used in the experiment was a hydrated calcitic lime manufactured
by the Austin White Lime Company, Austin, Texas. The following properties were

reported by Texas Highway Department laboratories,

Percentage
Composition by Weight

Ca(OH)2 92,80

Ca0 0,0

Free water content, H20 1,31
CaC0, 4,606

Inert matter, 8102 etc, 1,22
Retained on No, 30 sieve 0.0

CLAY

The clay used is known locally as Taylor Marl and is described as

follows:
Liquid limit 59
Plastic limit 18
AASHO classification A-7
Unified classification CH
Specific gravity 2,67

For grain size distribution see page 84.

GRAVEL

The aggregate used in the experiment was a rounded, pit run gravel known
locally as Seguin gravel. It is quarried near Seguin, Texas, and is currently

used as base material. 1Its properties are as follows:
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Texas triaxial classification
Unified classification

Texas Highway Department
classification

Specific gravity
Unit weight (dry)
Wet Ball Mill

Los Angeles abrasion

89

3.0

My

Type B Grade 3
2.64
113.9 1bs/ft°

37.2
(100 rev.) 7.2

(50 rev.) 27.3

50 low optimum moisture 7.3%

%
Liquid limit
Plastic index

Linear shrinkage

AGGREGATE GRADATIONS

The aggregations used in this experiment are shown in the following

tabulations:

Sieve Size

7/8 inch
1/2 inch
3/8 inch
4 inches
10 inches
40 inches

80 inches

k%
200 inches

Sieve Size

7/8 inch

21.3%
7.4%
5.6%

15% Clay Gradation

Percent Passing by Weight

100
85
74
58
43
28
23
15

50% Clay Gradation

Percent Passing by Weight

100

*
Atterberg limits tests were conducted on material passing the No. 40 sieve.

*k
Material passing the No. 200 sieve was considered to be the clay binder, a
mixture of silt and clay minerals.
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50% Clay Gradation (Continued)

Sieve Size Percent Passing by Weight
1/2 inch 91
3/8 inch 85
4 inches 76
10 inches 67
40 inches 58
80 inches 55
200 inches* 50

*
Material passing the No. 200 sieve was considered to be the clay binder, a
mixture of silt and clay minerals.
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APPENDIX 2. ©PREPARATION OF THE SPECIMENS

BATCHING AND MIXING PROCEDURE

(1)

(2)

3)

%)
(5)

(6)

™)

Oven dry the clay at 140° C; pulverize the dried clay and screen
with No. 200 sieve, rejecting all sizes which are retained on the
sieve. Oven dry the aggregate at 140° C and screen into appropriate
fractions as required by experiment gradation specifications.

Select the gradation to be used. Batch the material by weight in
the following manner:

(a) Weigh the portion of aggregate which is retained on the No. 10
sieve and store in a container.

(b) Weigh the portion of aggregate which passes the No. 10 sieve
and store in a different container.

On the day before mixing and compacting, weigh out the appropriate
amount of lime (2, 4, and 6 percent by total weight of aggregate)
for each specimen and store in a separate container. Seal the
container to preserve the freshness of the lime.

Hand mix the lime with the dry material which passed the No. 10 sieve.

Add the required mixing water (percentage based on the total weight
of aggregate and lime) to the coarse fraction of aggregate (retained
on the No. 10 sieve) and mix until the aggregate surfaces are wet.

Add the premixed fines and lime to the wet coarse aggregate. Hand
mix briefly to distribute moisture uniformly throughout the fines.

Machine mix for one minute and then remove the fines stuck to the
bottom of the bowl; mix an additional one and one-half minutes.
(The mixing procedure in the experiment used a Model AS-200 machine
manufactured by the Hobart Company, Troy, Ohio.)

COMPACTION PROCEDURES

Gyratory Shear Compaction

1

(2)

Coat the mold and base plate with a thin layer of kerosene and
place a circular-shaped paper at the bottom of the mold to avoid
losing fines during gyrationm.

Place the first layer of material in the mold, keeping the coarser
aggregates away from the walls of the mold. Pour the remainder of
the material into the mold, punching several times with a rod.
Level the top of the mold with a thin layer of fines.
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(3) Put another rounded paper at the top of the leveled material and
place the mold directly below the ram of the compactor.

(4) Apply pressure to the specimen until 40 psi is reached on the low
pressure gage. Gyrate the specimen three times and stop. Repeat
until 75 psi, in the case of the lower compactive effort, or 125 psi,
in the case of the higher compactive effort, is registered during
gyration.

(5) Release the pressure in the low pressure system. Now, at approxi-
mately one stroke per second, increase the presgure to 200 pounds,
as measured on the high pressure gage. Then release the pressure
and remove the ram from the mold.

(6) Take the 4 x 2-inch specimen from the mold using the extractor.
Details and specifications for the gyratory shear compactor can be
seen in Ref 42,

Automatic Rainhart Impact Compaction

(1) Proceed in the same manner as in Steps 1 and 2 for the gyratory shear. .
compaction.

(2) Set the specified number of blows in the automatic counter. For low
compactive effort set 35 blows and for high compactive effort set
75 blows.

(3) After the mixture is compacted, apply a static leveling load of
1,000 pounds, using a mechanical screw jack for leveling the
specimen.

{(4) Remove the specimen from the mold using the extruding apparatus.

CURING AND TESTING PROCEDURE

(1) After extruding it from the compaction mold, weigh the specimen and
measure its height and diameter.

(2) Wrap the specimen with a commercially available PVC film or leave
it as extruded from the mold, according to the type of curing
desired for each specimen.

(3) Store the specimen in the envirogmental chamber at 40° F,Oin the
air-conditioned laboratory at 75 F, or in an oven at 110" F,
according to the curing temperature desired.

(4) Remove the specimen from the curing temperature after 14, 28, or 42
days according to curing time and remove PVC film. Weigh the speci-
men and measure its height and diameter.

(5) Allow the specimen to dry at 75° F for four days in order to
stabilize moisture content for all specimens at approximately the
.same level and thus eliminate the influence of moisture content
on testing.

(6) Test the specimen at 75°Fr £ 2° F by placing a preload of 25 pounds
on the specimen and then loading at a rate of 2 inches per minute.
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*
APPENDIX 3. FACTORS AND INTERACTIONS ANALYZED IN EXPERIMENT

100 Percent Clay, Block 1

Confounded
Main Effects Two-Factor Interactions Three-Factor Interactions
A AXB BXG AXBXC -~ EXFXG
B AXC CXE AXBXG - CXEXF
C AXE CXF AXBXE - CXFXG
E AXF CXG AXBXF ~ CXEXG
F AXG EXF AXCXG - BXEXF
G BxC EXG AXCXE - BXFXG
BXE FXG AXCXF - BXEXG
BXF AXEXG ~ BXCXF
AXFXG - BXCXE
AXEXF - BXCXG
Clay-Gravel Mixtures, Block 2
Main Effects Two-Factor Interactions Three-Factor Interactions
A AXB CXE AXBXJ BXEXJ
B AXC CXF AXCXJ BXGXJ
C AXE CXG AXEXJ  CXEXJ
E AXF CxJ AXFXJ  CXFXJ
F AXG EXF » AXGXJ CxXGxJ
G AxJ EXG BxCxJ EXFXJ
J BXC ExJ BXEXJ EXGXJ
BXE FXG
BxF FxJ
BXG GxJ
BxJ

*In a half-replicate, each effect is totally confused with another effect; in
a quarter-replicate each effect is totally and mutually confused with three
other effects. Effects which are confused in this way are termed ALTASES.
Theoretically, the magnitude of an individual effect can be assigned to any or
all effects in its alias set; practically, however, when common sense and
engineering judgment are applied, one effect in an alias set can usually be
selected as the chief contributor. Effects shown in this appendix have been
assumed to be the most important effect in each alias set.
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Clay-Gravel Mixture, Block 2 (Continued)

Confounded
Three~Factor Interactions

AXBXC - EXFXG
AXBXG - CXEXF
AXBXE - CXFXG
AXBXF - CXEXG
AXCXG ~ BXEXF
AXCXE - BXEXG
AXCXF - BXEXG
AXEXG - BXCXF
AXFXG - BXCXE
AXEXF - BXCXG

Clay and Clay-Gravel, Block 3

Main Effects Two-Factor Interactions

A AXB CXE
B AXC CXF
C AXC CxXG
D AXE CxH
E AXF DXE
F AXG DXF
G AXH DXG
H BXC DXH
BxD EXF
BXE EXG
BXF ExH
BXG FXG
BxH FxH
CxD GxH

Legend of Factors

- Compactive effort

- Compaction type

- Curing procedure

- Molding water content
Lime content

-~ Curing temperature

- Curing time

- Clay content

G aEEDTOwW >
1

content were confounded)

Three-Factor Interactions

AXCXD BXCXD
AXCXF  BXCXF
AXCxH  BXCXxH
AXDXE  BXDXE
AXDXG  BXDXG
AXEXF  BXEXF
AXEXH  BXExH
AXFXG  BXFXG
AxXHXG  BxGxH

Confounded
Three~Factor Interactions

CXDXE ~ FxGxH
CXDXF - ExXGxH
CXDXG ~ EXFxH
CXDXH - EXFXG
CXEXF - DxGxH
CXExXH - DXFxG
CXFxG - DxExH
CXFxH - DXEXG
CxXGXH - DXEXF

- Treatment type (used in Block 2 in which molding water content and clay
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APPENDIX 4, TREATMENT COMBINATIONS

100 Percent Clay, Block 1

Spec Level of Factor Spec Level of Factor

No. A B C E F G No. A B C E F G
1 2 0 2 6 110 2 38 2 0 2 2 40 2
2% 2 0 2 2 40 2 39 0 2 2 2 40 2
4 2 0 0 6 110 6 40% 2 0 ¢ 2 110 2
6 0 2 0 2 110 2 41 2 0 0 & 40 2
7 o 2 2 2 110 6 42 2 0 2 6 40 6
9 2 2 0 & 40 6 43 2 2 2 6 110 6
10 0 0 0 6 110 2 44 0O 0 2 6 40 2
11 0 2 2 6 110 2 45 2 2 2 2 40 6
12%% ¢ 0 0 6 75 4 LgEk 2 2 2 4 40 4
13%% 2 2 2 4 75 6 47 2 2 0 6 110 2
14%% 0 ¢ 0 4 110 & 49 0 0 0 6 40 6
15%% 2 2 2 4 75 2 50 0 0 0 2 110 o
17%% ¢ 0 0 4 75 2 51 0 0 0 2 40 2
18%% 2 2 2 4 75 4 52%% 0 0 0 4 75 6
19 0 2 C 6 40 2 53 0 0 2 6 110 6

20% o 2 0 6 40 2 54 0o 2 2 6 40 6

2 1%% 2 2 2 4 110 4 55 2 2 0 2 40 2

22 2 0 2 2 110 6 56 2 0 0 2 110 2

23 o 0o 2 2 110 2 57 2 2 0 2 110 6

24 2 2 2 2 110 2 58 2 2 2 6 40 2

25%% 0 0 0 4 40 4

26 0O 0 2 2 40 6 A

2.8%% 2 2 2 6 75 4 Note: Factors D and H were at

29 0 2 0 2 40 6 the following levels for this

30 0 2 0 6 110 6 block.

31%% 0O 0 O 4 75 4

32%% 2 2 2 2 75 4 D = 20

33 2 0O 0 2 40 6 H = 100

36% 0 2 o 2 40 6

37%% 0O 0 0 2 75 4

Duplicate specimens.

Midpoint specimens.
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Clay-Gravel Mixtures, Block 2

[p]
[

Spec. Level of Factor Spec. Level of Factor
No. A B C E F G J No. A B € E F
60 2 2 0 6 110 2 2 101 2 2 2 6 40
61%% 2 2 2 4 75 2 0 103*%* 2 2 2 2 75
63 2 2 2 2 110 2 2 104%% 0 0 0 4 110
64 2 0 0 2 40 6 O 1054 0 0 0 6 75
66 2 0 0 2 40 6 2 107 0 O 0 6 75
67% 2 0 0 2 40 6 O 108 2 0 0 6 40
69 0O 0 2 6 110 6 O 109%% 0 O O 6 75
70% 2 2 0 2 110 6 O 110 0 0 0 2 75
71 0o 2 0 6 40 2 2 111 0o 2 0 6 40
725 0 0 0 4 75 2 0 112 2 2 0 6 40
73 2 2 2 6 40 2 0 113 0 2 0 2 40
74 0O 0 0 2 40 2 O 114 0 2 0 2 40
76 0 2 2 2 40 2 0 115%*% 2 2 2 6 75
77%« 2 2 2 4 75 6 2 116 0O 0 2 2 40
78 0O 0 0 2 110 6 2 118 2 2 2 6 110
79 0 0 2 2 40 6 2 119 0O 0 2 2 110
81 2 2 0 2 110 ¢ O 120%% 2 2 2 4 75
83 0O 2 2 2 110 6 2 121 2 0O 0 6 30
84 2 2 0 2 110 6 2 123%% 2 2 2 6 75
85 2 0o 2 6 40 6 O 124 0o 2 0 2 40
86 2 2 0 2 40 2 2 125%** 0 0 O 4 75
87 2 0 0 6 110 6 O 126 0 0 0 2 40
88 0o 2 0 2 110 2 2 127 2 0 2 6 40
89 0 O 0 4 40 4 O 128 0O 0 2 2 110
90 o 2 2 6 40 6 O 130 2 2 0 6 40
91 o 0 2 6 110 6 2 132 - 2 0 2 2 110
92 o 2 2 6 110 2 2 133 2 0 o0 2 110
93 2 2 0 2 40 2 0 135%% 2 2 2 4 110
Qg 2 2 2 2 75 4 2 136% 2 0 2 2 40
95 o 2 2 6 40 6 2 137 0 0 0 2 110
96 2 2 2 6 110 6 2 138%¥% 2 2 2 4 75
97 0O 0 2 6 40 2 2 139 2 0 2 2 110
98 0o 2 2 2 40 2 2 140 0o 2 0 2 110
99* o 0 o0 2 75 4 O 142 2 0 0 6 110
100 0 0 O 6 110 2 2 143 2 0 2 2 40
(Continued)

Duplicate specimens.

Fk . .
Midpoint specimens.
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Clay-Gravel Mixtures, Block 2 (Continued)

.
w

Midpoint specimens.

"<
Duplicate specimens.

Spec. Level of Factor

No. A B ¢ E F G J
44 0 O O 4 75 6 2
45 0 0 0 4 75 4 O
146 2 0 2 2 40 2 2
147%% 2 2 2 4 40 4 2
148%* 2 2 2 4 40 4 O
150 0 O 0 4 110 4 2
151 2 2 0 6 10 2 O
152 0 2 2 6 110 2 O
153 2 2 2 2 110 2 O
154 2 2 2 2 40 6 2
155 2 0 2 6 10 2 O
156 0 2 2 2 110 6 O
157 0 0 O 2 110 6 O
158%% 0 0 0 4 40 4 2
159 2 0 2 6 110 2 2
l0%* 0 O O 4 75 6 O
161*%*% 2 2 2 4 75 4 2
162* 2 2 2 2 40 6 2
163 0 0 0 6 110 2 O
164 0 0 O 6 40 6 2
165 0 0 2 6 40 2 O

Spec. Level of Factor
No. A B Cc E F G J
1l66%* 2 2 2 4 75 4 0
167 2 0O 0 2 110 2 0
168 0O 0 o 6 40 6 0
169 2 2 2 2 40 6 0
170%% 2 2 2 4 110 4 2
171* 0O o0 o0 6 40 6 0
172% 0 2 2 2 110 6 0
173 0o 2 0 6 110 6 0
174 0o 2 0 6 110 6 2
Note: J denotes the levels of D
and H as follows:
when J = O,
D = 16 and
H = 50
when J = 2,
D = 8 and
H = 15
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Clay and Clay-Gravel, Block 3

Level of Fadtor

Spec. Spec. Level of Factor

No. A B C D E F G H No. A B C D E F G H
175 0o 2 0 12 6 40 2 15 225 2 0 0 10 2 40 6 100
176%*% O 0 0 10 4 75 2 50 226 2 2 2 12 2 110 6 15
177% 2 2 0 10 2 40 2 15 227 o 2 0 10 6 110 2 15
178 2 0 0 10 2 110 6 15 228 0 0 2 12 6 110 2 15
179%% 2 2 2 12 4 75 4 50 229 2 2 2 10 2 110 6 100
181 o 2 2 12 6 40 6 15 230 2 0 0 10 6 110 2 15
182 2 2 2 10 6 40 2 15 231%*% 0 O 0 10 4 75 4 50
184 0o 2 2 12 2 40 2 15 232%% 2 2 2 12 4 75 4 15
185 2 2 0 12 2 110 2 15 233% 2 2 0 12 2 110 2 15
186%*% O 0 0 10 6 75 4 50 234 2 o 2 10 6 110 6 15
187 0 0 2 10 6 110 2 100 235 o 2 2 10 2 40 2 100
188 2 0 2 10 6 40 6 100 236 2 o 2 10 2 110 2 15
189 0 0 2 12 2 40 6 100 237 2 2 0 12 6 40 6 100
190%* (O 0O -0 10 2 75 4 50 238%* 0 2 0 12 6 110 2 100
191 0 0 0 12 2 40 2 100 239 0 0 0 12 6 110 6 15
192 2 2 0 10 6 110 6 100 240 2 2 0 10 2 110 2 100
193%% O 0 0 10 4 75 6 50 241 2 0 2 12 2 40 2 15
194 2 2 2 12 2 40 6 100 242 2 0 0 12 2 110 6 100
196 o 2 0 12 6 110 2 100 244 0o 2 2 12 2 110 2 110
197 2 0 0 12 2 40 6 15 245%% ( 0O O 10 4 110 4 50
198 2 0o 2 12 6 110 6 100 246 2 2 0 12 6 110 6 15
199 0 2 0 10 2 40 6 100 247% 2 2 2 12 4 40 4 50
200%* 2 2 2 12 6 75 4 50 249 2 2 2 12 6 40 2 100
201 0 2 0 12 2 40 6 15 250 0o 2 2 10 6 110 6 15
202 2 2 0 10 2 40 2 15 251 0 0 0 10 2 40 2 15
203%* 2 2 2 12 4 110 4 50 253 2 0 2 10 2 40 2 100
204% 2 0 0 10 6 110 2 15 254% 2 2 2 12 6 110 2 15
205%*% 2 2 2 12 4 75 6 50 256 2 2 2 12 6 110 2 15
207 o 2 2 10 2 110 2 15 257 0 0 0 12 6 40 6 100
208%*% 2 2 2 12 4 75 2 50 258 0 0 0 10 6 40 6 15
209 0 2 0 10 2 110 &6 16 259%*% 0 0 0 10 4 75 4 100
210 0 0 0 10 6 110 6 100 260 0O o0 2 10 2 40 6 15
211 2 0 0 12 6 40 2 15 261 0 o 2 12 6 40 2 100
213 0 0o 2 12 2 110 o 15 262 0 2 0 12 2 110 6 100
214 2 o 2 12 6 40 6 15 263 0 2 2 10 6 40 6 100
215 2 o 2 12 2 110 2 100 264 2 0 0 10 6 40 2 100
216 2 2 0 12 2 40 2 100 266 0O o0 0 12 2 110 2 15
217 0o 2 2 12 6 110 6 100 267%% 2 2 2 12 2 75 4 50
218 2 2 2 10 2 40 6 15 268% 2 2 0 12 6 110 6 15
219%% 2 2 2 12 4 75 4 100 269 2 2 0 10 6 40 6 15
220 0 0o 2 10 6 40 2 15 270 o 2 0 10 6 40 2 100
221%% 0 0 0 10 4 75 4 15 271 2 0 0 12 6 110 2 100
222 0 0 0 10 2 110 2 100 272 0 o 2 10 2 110 6 100
223%% Q 0 0 10 4 40 4 50 273% 2 0 0 12 2 110 6 100
224% 0 2 2 10 6 110 6 15 274 2 2 2 10 6 110 2 100

Duplicate specimens.

PN

Midpoint specimens.
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APPENDIX 5. MISSING VALUE RESULTS

A second series of specimens was prepared and tested. These results
were used to replace observations which were lost in the original experiment.
Each specimen was duplicated twice, and an average of the strengths was used as
the replacement observation. In addition, five specimens with valid results
in the original experiment were randomly chosen to be duplicated as a check on
the error between experiments. The results of the second experiment and the

test for errors are summarized in the following tabulatioms.

Results of Second Experiment

Original Average
Specimen Indirect
No. Tensile Strength
1 318.0
6 67.6
14 91.6
41 149.5
69 91.0
88 48.6
96 75.6
140 35.8
175 19.4

Tests for Experimental Error

Original Experiment

Mean Squares from Duplicates (30 Specimens) = 36.85

Second Experiment

Mean Squares of Duplicated Specimens (9 Specimens) = 178.63

Mean Squares of Duplicates Between Experiments (5 Specimens) = 374.0
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F Tests
F(5 9) - i;g.g3 = 2.09 significant at @ = 0,25
’ ’ not significant at @ = 0,10
178,63 o
= - o =
F(9,30) 36.85 ~ 489 significant at 0.0005

On the basis of the above tests and from past experiences, it is concluded
that the test values from the replacement specimens can be substituted into

the original experiment,
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TABLE A6.1. ANALYSIS OF VARIANCE FOR TENSILE STRENGTH,
BLOCK 1
Source of Degree of Mean F Significance
Variation® Freedom Squares Value Level, %
B 1 59512 1933.0 0.1
AB 1 14012 455.0 0.1
A 1 13862 456,0 0.1
CF 1 10310 335.0 0.1
AEG = BCF 1 6950 226.0 0.1
F 1 6110 199.0 0.1
ACF =~ BEG 1 5212 169.0 0.1
EG 1 4812 156.0 0.1
AC 1 3548 115.0 0,1
BC 1 2968 96.4 0.1
AE 1 2838 92.2 0.1
c 1 2268 73.7 0.1
ABE -~ CFG 1 1756 57.0 0.1
EF 1 1256 40,8 0.1
CG 1 1190 38.7 0.1
ABF -~ CEG 1 1020 33.1 0.5
ABC -~ EFG 1 980 31.8 0.5
ACG - BEF 1 920 29,9 0.5
RKF 1 914 29,7 0.5
AEF -~ BCG 1 852 27.7 0.5
AG 1 810 26.3 0.5
AFG ~ BCE 1 436 14,1 1.0
AF 1 382 12.4 5.0
CE 1 313 10,2 5.0
G 1 282 9.16 5.0
Residual 6 82
Within Treatments
Treated Alike 6 31

%*
Legend of Factors

wiIm OO OW
[

~ Compactive effort
- Compaction type

- Curing procedure

- Moisture content
Lime content

- Curing temperature
-~ Curing time

- (lay content

- Treatment type
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TABLE A6,2, ANALYSIS OF VARIANCE FOR TENSILE STRENGTH,

BLOCK 2
Source of Degree of Mean F Significance
Variation* Freedom Squares Value Level, %
I 1 8846 181.0 .05
IR 1 5166 105.0 .05
B 1 4092 83.5 .05
I 1 1844 37.6 .05
cr 1 922 18,8 0.1
B 1 784 16,0 0.5
BI'J 1 578 11.8 0.5
J 1 395 8.05 5.0
BF 1 324 6.62 5.0
Residual 54 58
Within treatments
treated alike 12 49

*
Legend of Factors

- Compactive effort
- Compaction type

~ Curing procedure

- Moisture content
Lime content

- Curing temperature
- Curing time

- Clay content

-~ Treatment type

uIoomEoOO®w >
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TABLE A6,3. ANALYSIS OF VARIANCE FOR TENSILE STRENGTH,

BLOCK 3"
Source of Degree of Mean F Significance
Variation Freedom Squares Value Level, %
1 2008 72 .4 .05
1 1976 71.3 .05
DH 1 1455 52.5 .05
1 1269 45,8 .05
1 721 26,0 .05
EH 1 672 24,2 .05
CF 1 658 23.7 .05
BH 1 615 22,2 .05
AH 1 580 20.9 .1
AB 1 481 17.4 o5
AF 1 373 13.5 5
FH 1 346 12,5 o5
DF 1 257 9.3 1.0
CFH ~ DEG 1 222 8.0 5.0
AD 1 210 7.6 5.0
BD 1 184 ‘ 6.6 5.0
BF 1 178 6.4 5.0
Residual 46 22
Within treatments
treated alike 12 28

*
Same as Table 7 in text.

**Legend of PFactors

- Compactive effort
- Compaction type

- Curing procedure

- Moisture content
Lime content

- Curing temperature
- Curing time

- Clay content

- Treatment type
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