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INTRODUCTION

Man. has long been aware that he can alter many of the materials
in nature. Where the natural properties of a soil are not
suited for a particular use, he has demonstrated resourcefulness
in adjusting such properties to permit the soil to function in
an acceptable manner. In recent years, economic realities have
challenged the old philosophy that objectlonable soils should.

be routinely rejected

The current procedure used for asse551ng a soil's sultablllty

for lime-soil stabilization is to fabricate a lime~soil specimen
in the laboratory and test for compressive strength at 28 days.
Some marginal soils ‘may be of such a large quantity as to

command a great economic impact upon a construction project.

This could require a longer laboratory cure interval than 28 days
to insure that a soil is not prematurely rejected as being an
unsuitable construction material. Herrin and Mitchell (21)
suggest that many soils require 4 to 6 months of curing o
_obtaln a major portlon of their developed strength.

The capac1ty to predlct the strength development of a soil
treated with lime and cured for 6 months in the laboratory

could be invaluable as a design tool. On most projects, however,
an extended curing period may not be possible as a result of
construction progress., In most cases the available curing
period would be dlctated by the partlcular situation and type

of appllcatlon.

The ultimate goal of this research project was to formulate
guidelines for estimating a soil's suitability for lime stabili-
zation. Lime treatment has successfully been used by the
California Department of Transportation for many years in the
treatment of basement soils below the pavement structural
section. The California Department of Transportation has also
had an interest in a more extensive application of lime treatment
to improve strength characteristics of embankments, and to
stabilize soft foundations and landslides.

In 1966, a search of lime-soil stabilization literature disclosed
many areas of disagreement in establlshlng the mechanism for the
lime-soil reactlon. -

This prellmlnary llterature seéarch was followed by a second

more extensive search (40) which, in outline form, gave
immediate reference to each partlcular facet in the lime-soil
stabilization field. Additionally, the literature search clearly
indicated that one consequence of restricting the soil tested in



a lime-soil stabilization study would be to reduce the appli-
cability of any research findings. Therefore, this research
project was conducted state-w1de to account for the great variety
of Callfornla 5011 types. :

Whereas most researchers in thls field. have limited their studies
to a narrow range of soil types, Professor Marshall R. Thompson,
University of Illln01s, included a substantial percentage of
Illincois soils in his works (51), and thus gained a better
understanding of the factors which influence the lime-soil
reactlon.

The laboratory ‘study described hereln was patterened after the
manner set forth by Professor Thompson (51). The laboratory
phase is an investigation of the developed strength (lime
reactivity) of 30 representative California soils from more
than 900 soil units to determine the predominant factors
influencing the lime-=soil reaction. The results from testing
22 of these 30 soil units are reported.

Conc0m1tant with this 1nvest1gat10n of the lime-soil phenomena,
a method was sought for a rapid test procedure to predict
long—term strength gain of llme—treated soils.

Dr. Kandiah’ Arulanandan of the Unlver51ty of California, Davis,
has developed a means for measuring the electrical characteristics
of soils (3,4,5,6,36,44). Through his cooperation a contract

was establlsﬂea o electrically monitor lime-soil reactions at

the University laboratory. This information is presented herein
and provides a procedure for determining whether lime can be

beneficial or detr1menta1 to a partlcular soil.

CONCLUSIONS

General

1. " Soils treated w1th lime 1ncrease in unconflned compre551ve
strength as a function of moisture content, density, curing
perlod and increased 11me content.

2. A maximum and niinimim value for the developed unconfined
compressive strength gain resulting from lime treatment can be
estimated based upon the clay content. The Plagticity Index of

a soil can also be used in estlmatlng a minimum value of developed
strength .

‘3.' The unconfined compress1ve strength of an untreated soil
increases as the clay content increases.up to about 50% clay;
thereafter, the strength decreases at about the same rate.



4. Decreasing soil particle size in a lime-soil system results
in an increase in developed strength,

3. The pH of a haturél s0il is not a reliable indicator of
developedzstrength {1ime reactivity). '

6.  Over 90% of the "B" horizon soils tested were classified as

- suitable for lime treatment, based on developed strength. For

;- .the "A"™ and "c¢" horizon soils only about 60% of the soils tested -
are suitable for tréatment. S - '

Electrical TeSting o

1. The electrical response test will delineate those lime
treated soils which will not achieve the minimum developed com-
pressive_s;;ength of 100 psi after 6 months of 1aboratory curing.

2. . The electrical response test identifies two lime-soil
reactiohs‘(adsorption’and'agglomeration) and indicates which
reaction predominates. ‘

- 3." . Each of the two lime-s0il reactions has two subcategories:
AJSOrption,.(mbntmofillonitid;soil and nonmontmorillonitic soil)
and agglomeration, (kaolinitic soil and nonkaolinitic soil). The
dielectric constants of the soils may be useful in delineating
one subcategory from another,

4. Once the 1ime-soil reaction subcategory is established by
electrical means, the long-term (6 months) compressive strength
of a lime treated soil can be estimated from the appropriate

soilnpererty.

5. . In general, the exchangeable potassium ion of a soil is an
indicator of which’limefsoil‘reaction predominates. A knowledge.
of the predominant clay mineral present in a soil can be used

to determine which lime-gsoil reaction subcategory phenomenon
exists, ' ' ' '

6. . As an alternative to determining the clay mineral properties
directly by X-ray diffraction, they may be estimated from a
knowledge of the common engineering soil properties, the
dielectric constant .and the "Instant Test" procedure described

in this report. Together, these soil properties can be used -

to estimate the lime~-soil reaction category.

Sulfate Soils
In general, a lime treated high sulfate content soil will increse

in volume upon curing. Finer grained soils will expand more
than coarser grained soils. -



“Instant Test".

1. A procedure defined as "Instant Test#’ﬁas,been developed
to quickly identify a_soils potential for' gtabilization. Soils
with "TInstant Test" values of developed compressive strength

less than 12 psi are considered unsuitable for lime treatment.

5.  The "Instant Test" can be used to differentiate the adsorptive
montmorillonite. subcategory from the. adsorptive nonmontmorillonite
subcategory. It also differentiates thera@SOrptive nonmontmorillonite
subcategory from the agglomerative nonkaglinitic subcategory and
differentiates the adsorptive nonmontmorillonite subcategory

from the agglomerative kaolinitic subcategory.

Moisture Content . o .
Lime treated montmorillonitic soils containing exchangeable
calcium’ iens greater than 12“399/100.gram$_pf soil produced a
significantly greater ggmpressive{strength at moisture contents
in excess of optimum moisture content. !

Lime treated soils. with iron cpatingicontent greater than 2% and

with-a pH of less than.7 (for the untreated. soil) produce greater
compressive strength at moisture contents below optimum.

The oven moisture content of an "Instant Test" (lime-soil)
specimen can be used to identify a Group 1 or a Group 4 soil.

fime-Soil Mixing

Inadequately mixed lime-soil systems achieve about 25% of the
compressive strength of a well mixed lime treated soil in the
presence of a high.clay content (above 70%) and about 60% of
the  compressive strength of a well mixed lime treated soil in
the presence of a low clay content -(below 12%).

Lime Reactivity (developed strength) *

1. : -There is some evidence to support the argument +hat what
normally are defined as non:eactiVe'sqils can be chemically or
physically highly. reactive. Therefore, .the term "nonreactive™
when applied to lime treated soils. that fail to meet the
_minimum~developedwcompressive.ﬁtrength may not always be
accurate. o ‘ ' :

*The .lime treated soills were grouped according to the magnitude
of developed compressive strength achieved following a 6-month
cure interval. Group numbers were than assigned to each 100 psi
increment. Thus, Group 1 indicates the 0-100 psi increment,
Group 2 indicates the. 100-200 psi increment, Group 3 indicates
the 200-300 psi increment and Group 4 indicates greater than

300 psi developed compressive strength.
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Although the term “"lime reactivity" Was initially used, a more
accurate term would be "developed strength."” Throughout this
report, however, these two terms are used interchangeably.

2. For soils with clay content in excess of 60-70%, as much as
7% 1ime can be required to produce the minimum long-term developed
compressive Strength. '

tnfluence of Clay Mineral Upon Developed Strength (Lime Reactivity)

The average long-term developed strength of the lime treated
kaclinitic soils achieved less than half of the average developed
strength of all 41 l1ime treated soils used in +his study. They
also achieved less than one~third of the average developed
strength of the lime treated_Hydrobiotite-Vermiculite soils.

Soils whose predominate clay mineral was Hydrobiotite-Vermiculite
or Mixed Layer were all classified as suitable for lime treatment.

NearlyAall of the lime treated montmorillonitic clays.were either
highly suitable (Group 4) or unsuitable (Group 1) whereas the
kxaolinitic clays were Group 3 to unsuitable (Group 1).

'RECOMMENDAT IONS

1. TFuture research is recommended to evaluate 12 additional
soil horizons for which testing was only partially completed
and'arejnot_reported herein. These soils are of interest
becausé they possess soil properties not common to the initial
41 soils reported. These soils range from silts {73%) to bay
soilsf(with_oxidizable sulfur and salts}.

5. There remains more than thirty soils upon which electrical
characterization data were not determined. These soils should

be included in any additional research into this electrical
phenomenon. The advantages of using these soils are: (a) the
field sampling has been completed and the natural soil properties
of most of them have been determined; (b? the lime reactivities
(developed strength) up to and including! the 6-month cure interval
are known; and (c) many extra fabricated lime~-soil specimens

which were reserved for the purpose of duplication (in the event
the original,specimens were damaged) remain unused and should be
valuable for evaluation of the 2-5 year cure interval.

IMPLEMENTAT ION

~ Guideline criteria is provided in Appendix D which allows esti-
mates of lime-soil strength development. This information is
suggested as an aid to evaluate lime as a stabilizing agent for
potential landslides, earth embankments, soft foundations and
basement soils. A guideline test procedure will be prepared
based upon the guidelines presented in Appendix D.



! PRELIMINARY CONSIDERATIONS
'PRIOR TO LABORATORY TRVESTIGATION

Soil Selection

performance of lime~treated soils throughout california. a

"Soil Serieg"* classification system established by the

U.s. Department of Agriculture, Soil Conservation Service,

was the system from which the aforementioned soils were selected,

Initially, ‘three criteria controlled the selection of soils for
this study: the first, to select soils exhibiting a wide range
of soil properties; secondly, to choose some soils that
represented large acreage of land; and finally to limit those
selected to the Benchmark Soils*, The various Benchmark Soil
Series were of such limited numbers that this last criterion
could not always be met.

a total of more than 900 50il series in California (see Fig. 1).

counties. While all were gathered from the field and processed
in the laboratory, only 41 of the total 53 soil samples were
tested,and_analyzed for this report. These 41 soils represent
22 soil series from 10 counties in the state while one to three
soil horizons* were sampled from each of the 22 soil series.

Therefore, the soils that are reported herein are not considered
- representative of the more than 900 soil series of California.
These soil sites are depicted on Fig. 1 and Table 1. The basic
engineering and chemical Properties associated with these soils
are shown on Tables 2a and 2b. Classification of these soils

by the United States Department of Agriculture, Soil Conservation
Service, is presented on Table 3. Photos 1 to 3 show the field

location of a typical soil site.
Moisture Content and Particle Size

According to Baver (7) "dehydrated clay colloids can exert a
vigorous cementation action on the soil aggregates. The
reversibility of these dehydrated secondary particles may be
very slow." Reconstituting a soil from its dried components
may not immediately restore its original texture. Elias Zolkov
(55)_cautions, "In order to minimize the influence of changes
in the soil due only to rewetting, it is felt that s0ils should
be wetted well in advance of the commencement of research

- *Refer to Appendix a, Gloséary of Soil Science Terms.



programs." It was therafore decided not to unduly dry soils
Prior to mixing with lime. The solls. would be moisture cured

at their optimum moisture content three to six months in advance
of the lime treatment procedure. The so0il and water mixture

was then assumed to be in equilibrium, SR

For the purpose of clarity the term aggregate describes a soil
unit which was sieved (passing No. 8 mesh) from a soil maintained
at the optimum moisture content of the soil. The soil and _
moisture are in equilibrium before -and after the sieving operation,
Furthermore, the term pParticle is used to describe a soil unit
which was air dried Or ‘oven dried prior to .the sieving operation.
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iLABORATORY-INVESTIGATIONS

Specimen Preparation-
a.

Spil samples collected
bags, each having two plastic
moisture. Occasionally,
inmediately packaged and
sampling site to reduce

an excavated

from the field were packaged
bag liners

was allowed to air dry
the moisture content.

Soil Processing and Specimen Fabrication

in canvas
to preserve field
soil was too wet to be

at the field
Photos 1 through

3 show one such soil excavated below the water table and

allowed to air

temperature was nearly 11l0°F.

The literature search conducted prioxr
revealed that the soil particle sizes
gators in the lime-soil stabilization
No. 4 to a passing No. g0 sieve size.
used passing No. 10 size material.’
screened on the No. 10 size sieve.

the No.
optimum moisture content.

dry to a moist condition while the outside air

to the actual goil sampling
used by various investi-
field ranged from passing
Most of the investigators

A few solls were initially
The NO.
was abandoned in favor of the larger P

10 sieve, however,
assing No. 8 size because

10 sieve would clog too readily using field soil at near

The passing 3/8-inch field soil was screened in the iaboratory.

That portion passing the No.

in 2-inch diameter by
See Photo 4. :

The lime used in
analysis of this
3 measured weight of lime

sprinkled on the rotating soil by

giving an even distribution of lime.

The mixture was then equally divided into four
The weight of each portion

nearest 0.1 gram.

and solil were mixed
motorized turnable and a cultivating blade.
means of

g gieve was stored at optimum moisture
content for a minimum time of three months
4-inch high cyla

prior to fabrication
ndrical brass liners.

this study was a commercial high calciumAhydrated
1ime donated by the Diamonds Springs Lime Company .
1ime is shown in Appendix B.

A chemical

together using a
The lime was
a vibrating action,

portions to the
depended upon the

results of the test maximum density from the California Inpact
compaction Test (90% relative compaction, optimuam moisture},

put was usually about 100 grams.
was then used to fabricate a
one inch in depth

each

Each of the four portions
specimen 1ift with each
and approximately two inches in diameter. A
hydraulic ram was used toO compact each 1ift.
iift was scarified toO mechanically bond

1ift being

The surface of
+he next 1ift to



the previous One. See Photos 5 to, 10. Following fabricationy
the specimen was geometrically“controlled by measuring the
specimen_height and diameter. The specimen was then wraped
with two thicknesses of “Handywrap“ ahd sealed in waX. The
sealed gpecimens were stored in a moisture cabinet maintained

2t 70°F and 100% relative humidity.
b. Laboratory control of the Fabricated Specimens

gravimetric control consiSted of maintaining total specimen
weight within +1% of the calculated weight. The calculated
weight includes the 4dry weight (90%.relative compaction) the
noisture content (“near“.optimum moisture)’ and the lime portion
(3, 5, or 7% of 4ry weight).

Gravimetric control is routinely desirable poth for purposes

of fabrication and storage and also to account for the apparent
changes .in moisture content; Vviz, moisture l0SS from specimen
and the moisture retained by specimen.

Geometric control of the fabricated specimens were established
within acceptable tolerances of diameter (+2mm) and height (+270m) .
The measurements were taken after fabricathn and again following
the curing period put before the unconfined compressive tests
were performed (see Photo 11). This procedure ig useful in
determining the shrink-swell potential of the natural and lime
treated soils.. : : .

Moisture control proved to pe the most significant of the three
basic controls. The oven Ary moisture content of the natural
soil {(near optimum) was observed toO decrease with increasing
1ime content and increasing curing periods of the rreated soils.
This area of investigation regquires much more analysis toO under-
stand the influence of water on 1ime—-soil stabilization. The
moisture content of all the untreated and lime treated soil
specimens were jnitially the same {(near optimum) . nfter the
specimens were tested for compressive strength the oven dry
moisture content was determined. The difference in the
moisture content results were then termed rpixed Moisture"
content (see Table 4). .

Nomenclature

a. Lime Reactiﬁity‘(Developed strength)

A soil‘s-ihteraction_with Llime is known to be influenced by
many factors and this reactivity is considered to be a

conditional property.: The rate of any chemical reaction is
dependent. upon the natural properties of the reactants and



‘the eénviremm
of the react
This is appa
reports that
Very reactiv

ént in which they react, By changing the conditiong
ion, the reaction velocity wiil probably change,
rent in lime-soil Yeactions. por example, Alexander
quartz, which is not an active POzzolan, becomes

e when groundg to a fine powder,

) defined lime reactivity (developeqd strength) ag

the "difference between the maximum Compressive Strength of

the lime-soi

1 mixtures (28-day cure: 3%, 5% or 7% lime treatment)

and the Compressive Strength of the natural soij (0% lime

treatment),
€Xceeds the
reactivity i
model.,

Thus,
Lime-Reactiy
(NOTE: Aag d
pPeriod" lime
otherwise no
Period.)

b. Percent

If the Compressive Strength of the naturaj soi]l
Strengths of the lime~soi] mixtures, the lime
5 0." The Present study ijisg developed along this

ity = Treated Strength - Untreated Strength (Egq. 1)

escribed under the "eriterion for the curing
Teactivity in this research Project, unless

ted,_is based on g 6-month 1aboratory curing

Lime Reactivity (Percent Developed Strength)

Based upon the value of lime«reactivity, the bPercentage increase
in,strength can be.calculated. This term jig useful when

The dévéloped Unconfineqd compressive Strength of a lime treated
soil (1

strength of

¥ Lime React

Lime Relateqg

ime reactivity) ig related to the unconfined Compressive

the untreated s0il as follows;

ivity = LiMe Reactivit (PSI)
VI = Ghtreatara T e_;n'g'th'-'_'(' PST) X 100% (Eq. 2)

Research and Analyses

a. Unconfined Compfessive Streng;h _

Following a Prescribed curing period, each Specimen was measured

-10~
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b. Some Factors Affecting Soil Reactivity

particle size (Fig. 3), moisture content (Fig. 4), and percent
relative compaction (Fig. 5), were all found to influence the
reactivity. of a soil. . Typically, there results a general
increase in lime reactivity with reduced soil particle size
(Fig. 3). vVariation of moisture content from below to above

. optimum for the untreated specimens (Fig. 4) shows a consistent
decrease in unconfined compressive strength. When lime is
added to the natural soil no consistent strength pattern
emerges as moisture content is increased, when all soils are
considered. When clays are distinguished by mineralogy, however,
various consistent patterns emerge as described later in this

report. With increasing relative compaction {85-100%) there

results a consistent increase in unconfined compressive
strength (Fig. 5). : :

C. Reactivity as a Function of Clay Content

Figures 6a and 6b show lime reactivity and percent lime re-
activity as a function of percent clay content. The 41 soils
were treated with 5% 1lime and cured for gaix months. Data
plotted on Fig. 6b is based upon Eq. 2 and calculated from
data which appear on Table 10. For example, sample 10VC has
an untreated strength of 6 psi and a g-months treated strength
of 301 psi with 5% lime. The percent lime reactivity is
therefore o .

'ﬁ‘%—‘ﬁ) % 100% = 4920%.

gimilar results. are found with 3 and 7% lime content. The 5%
plot (Fig. 6a). provides a tentative maximum curve for lime
reactivity which is. an approximate average of the three tentative
maximum curves for +hese three lime contents.

Tn his lime reactivity definition, Thompson does not specify a
1ime content; only the range, viz 3%, 5% or 7%. The lime
reactivity he used,results;from.the maximum compressive strength
of a set of. untreated and lime treated soils having lime contents
of 3, 5 and 7%. The 1isting below shows that nearly sixty percent
of the Illinois soils tested attained the highest compressive
strength using 5% lime COntent,.whereas'twenty-one percent of

these soils exhibited the highest strength using 7% lime. Hence,

the term "lime reactivity" denotes optimum lime content in
VThompson's report.
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- Influence of'Lime Content Upon Developed Compressive
Strength for California and Illinois Soils Based Upon
a 28-day Curing Period

: : Percentage of Soils
No. ‘ Having Highest Average Developed

- of Compressive Strength Strength in psi
State Soils Horizons 3% 5% 7% lime 3% 5% 7% Iime
Califorpia 41 A, B & c 5 2 93 100 148 20s

Illinois" 38 A, BsC 21 59 21 68 84 64

lncreasing lime content for California soils; but not in the case
of Illinois soils. According to Herrin and Mitchell (21) ...
there may" or may not be an optimum lime content, depending
primarily-cn“the-léngth of cure.

R T e

From Figure '6a’ there appears an upward limit of lime reactivity
for the various clay contents. 1In the future, other soils
could be added to this curve to substantiate the possibility

of a "maximum" developed compressive strength for a given clay
content. If substantiated by further experimentation, this

content néaf‘30% would possibly produce as much as 600 psi
gompressive‘strength given an extended curing period,

d. * Criteria for thé'Determination of Lime Content

. load carrying capacity of a roadway material without
deformation, .The relative ease with which a soil can be
deformed 'is called consistency. Thig index broperty is often
expressed qualitatively as very soft, soft, firm, stiff and
hard. This index is also convenient for describing lime

altered soiils.

-12-



Table 5 shows the ranges of compressive strengths which corres-
pond to these descriptions as employed by the California
Department of Transportation for estimating the unconfined
compressive strength of soils. Also noted on Table 5 are the
field descriptions corresponding to these ranges. Note that
the consistency description "firm" is estimated to have an
unconfined compressive strength range of 0.7 to 1.4 tons/sqg. ft.
which is equivalent to 10 to 19 psi. A value of 15 psi was
selected to represent an average for this range of strength
values.

While the relationship between stabilization and consistency
is not perfect, a consideration of these variables can be of
potential benefit in this area of research. A lime-soil
mixture with a minimum lime content which results in a "firm"
consistency can then be visualized as a reasonable goal in
1ime~soil Stabilization technology. The 28-day cure lime-soil
specimens with a 3% lime content (optimum moisture and 90%
relative compaction) have met the criteria for firmness,
although this firmness may have resulted in part from only the
"drying" of the mixture by the jime. Most of the 28-day cure
3% lime treated soil specimens used in this study had a firm
texture. '

Thus, based on previous literature and preliminary investigation
on this project, the criteria established for acceptable
consistency of lime treated soils after a 28~day field curing
period was established at 15 psi using 3% lime. Laboratory

data suggests an increase in developed strength of about 150
percent at 28 days cure when the lime content is increased

from 3% to 5%. This factor may be somewhat bias since the

soils tested are not a representative sampling of all California
soils. This factor does, however, provide a working relationship
for strength developement with increasing lime content. A
guantitative relationship using the ratio of lime contents

could also provide a reasonable value in the absence of test
data.

e. Criteria for the Determination of the Curing Period

The selection of a curing period should be of sufficient duration
to permit long-term strength gain resulting from lime treatment.
Also, the curing period should not be of such time length as to
cause undue delay in data collection and analyses. In order to
prevent - possible construction delays, an upper limit of 28 days
of field curing was considered.

-13-



' Figure 7 shows the basic relationship for the average strength
"gains (based on all 41 samples) at three different lime contents
(3%, 5% and 7%) as a function of curing period. The average of
the 41 untreated specimen strengths is 38 psi.

A laboratory curing period of six months was considered since
the rate of strength gain tends to diminish at the end of this
period (Fig. 7). Figure 8 shows the percentage of lime-treated
soils that failed to gain additional strength or actually lost
strength over various curing periods up to 182 days (6 months).
This plot served as additional justification for selecting a
6~month laboratory curing period for this study because this
time interval was sufficient for the majority of the soils to
gain the major portion of their developed strength and thus to
provide a better evaluation of questionable soils. (Note: When
lime content and mixing conditions are accounted for, the developed
. strength based upon a 6-month laboratory curing period can be
estimated for the 28~day field developed strength as described
in the next section).

f. Mechanics for Predicting Field Performance Based Upon
Laboratory Test Data -

A mean lime reactivity value for each cure interval was determined
using the developed strength data from all 41 soils. A compari-
son of laboratory-developed strengths indicated that the 28-day
mean value had achieved about one-half of the 6~-month mean

value. Therefore a factor of 2 was introduced to convert the
28-day strength to an approximate 6-month strength.

The relationship of the laboratory compressive strength to the
field compressive strength is not known. Since the field mixing
of soil with lime will not be as uniform as the laboratory-mixed
controlled specimens, a tentative factor of two has been assigned
to clayey soils. The basis for this factor is presented in the
next section where an average mixing value for two heterogeneously
lime treated soils was found to be about 2,

Using the three aforementioned factors: lime content increase,
cure time change and the field mixing expression, an overall
correction factor was assigned,

Strength gain factor based on

lime increase from 3% to 5% 1.5
Laboratory curing time factor - 28 davs to 6 months 2.0

‘ Field to Laboratory mixing convérsion factor 2.0
- Multiplying these 3 factors together vields 6.0

-14-



In summatlon, a lime treated soil in the field containing 3%
lime which is fabricated at optimum moisture content and which
developes a compressive strength of 15 psi after a 28-day field
cure is presumed to be comparable to a developed compressive
strength of about 90 psi (15 x 6.0) following a 6-month cure
interval under laboratory conditions usihg 5% lime. For
convenience this developed strength was assumed to be 100 psi
(sec Fig. 9).

g. Effect of Uniformity of Mixing on Developed Strength

Some investigators (53) report on the difficulty of obtalnlng
a uniform mixture of lime and soil when either the soil has a
high clay content or is wet.

Some of the soils in this study appeared wetter than others
although they were all cured at optimum moisture content.

Rarely was a soil not readily miscible with lime. Higher clay
content soils did not appear to be less adequately mixed.

An experiment was de51gned to determine the effects of adequate
versus inadequate mixing on strength parareters. The lime
treated soil specimens fabricated in the conventional way are
considered adequately mixed and are called "Regular" as shown

on Table 6. The inadequately mixed lime-soil system presented

a problem since there was a gquestion as to whether two poorly
mixed specimens could be compared. Since moisture samples

were difficult to obtain from the untreated and treated portions
when randomly mixed, the specimens were fabricated with an equal
degree of disorder. The two distinct specimen constructions
were of the horizontally stratified and the vertically stratified
configurations (see Photo 11).

The horizontally stratified specimens (horizontal configuration
Fig. 10) consisted of alternate layers (llfts) of untreated

and treated soils. Overall the soil specimen contained 3% lime,
but since this 3% lime was mixed with half of the soil, each
treated layer contained 6% lime.

The vertically stratified specimen was constructed of four

horizontally stacked layers, each layer of which consisted of

a treated and untreated portion (vertical configuration Fig. 10).

Refer to Photos 11 and 12 for additional details. . All of the

specimens were fabricated at optimum moisture content and 90%
relative compaction.

. The specimens after the 28-day cure 1nterval appeared similar

to the conventlonally fabricated specimens except for the "lime
stratification.”
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After determining the unconfined compression strength of the
specimens the failing shear planes were observed. Both vertical
and inclined shear surfaces were observed for both treated

and untreated specimens with no particular trends emerging.

The resulting data is tabulated on Table 6. The values listed

under the subheading of "regular" are for comparative purposes,
and were obtained from the conventional 28-~day sources. In the
lime content column, the 5% values are an average of the 28-day
cure data for the regular 5% and 7% lime treatments

The aforementioned ccnclusion (inadequate mixing of lime with
" s0il results in less developed compressive strength) is supported
by an experiment concerned with soil particle size. The
" outcome of this soil particle size experiment was that the
larger aggregate sizes (analogous to the more inadequately
"mixed lime-soil mixtures) resulted in less developed compressive
strength.

The soil 16IA, classified CH (Unified System), with a high clay
content (70%) with inadegquate mixing yielded only 25% of the
developed strength of an adequately mixed specimen; whereas,
the soil 19AB (classified SM in the Unified System) a silty
" sand with a clay content of 12%, and inadequately mixed gained

nearly 60% of the developed strength of the adequately mixed
specimen. ' -

' The oven moisture data suggests that the moisture in the
untreated lifts of soil 16IA did not migrate to accommodate

the lime in the treated 1lifts which resulted in a low percent
of developed strength (25%). With the silty sand soil, 19AB,

" however, there is evidence that the moisture in the untreated
lifts did migrate (or was forced to flow during fabrication) to
the lime treated 1lifts to give a developed strength of nearly
60% of the level achieved by the. regular specimen.

h. Lime Reactivity Gfoups

Based upon the foregoing, lime reactivity Group 1 is resexrved
" for those soils that, when treated with 5% lime, Ca(OH)z, and
cured for 6 months, will not attain a lime reactivity wvalue
greater than 100 psi in the laboratory. Similarly, the other
reactivity Groups were established using a multiple of the
100 psi increments and were classified as follows:

" Lime Reactivity Group 1 - nonreactive . <100 psi developed strength
Lime Reactivity Group 2 - low reactive 100-200 " " "
Lime Reactivity Group 3 - medium reactive 200-300 " N "

Lime Reactivity Group 4 - highly reactive >300 " " "
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A tabulation of lime reactivity for each treated soil as a
function of lime content and curing period is presented on

Table 7. The data is further subdivided according to reactivity
groups. A plot of the means of the reactivity groups for each
lime conterit as a function of curing period is shown on Figure 11,

1. Soil properties vs. Lime Reactivity For All Groups (1, 2, 3 and 4)

Table 8 shows various natural soil properties and "Instant

Test" data (as discussed in a later section) for the 41 samples
tested. The data is arrangefl according to previously defined
reactivity groups. The mean value of the various test results
for each reactivity group are also listed. When the mean values
of test results for the different reactivity groups are examined
the only positive correlation noted is between treated "Instant
Test" results and lime reactivity (based on the average "Instant
Test") as a function of increasing (6-month cure) lime reactivity
group number. '

2. Lime Reactivity Group 1

There are only three nonreactive soil series in this study which
have more than one nonreactive soil horizon. These soil series
are 35S, 4T and 16I. The Sacramento soil, 3S, is nonreactive
although it has many natural soil properties which are thought
to be desirable for lime stabilization such as a high percent
base saturation and a very large exchangeable calcium ion content.
Some properties that are thought to be detrimental are: some
exchangeable acid, about 1% organic carbon content, 1% iron
coating and a large amount of clay. These last four properties
taken together probably account for the overall nonreactivity of
this soil. ;

The Tournguist soil, 4T, is rich in exchangeable hydrogen and
iron coating with some organic carbon. These properties
appear to have a great bearing upon the reactivity status of
this soil and, being detrimental, the resulting reactivity is
very low.

The Imperial soil series, 16I, is a calcareous soil. Calcareous
soils are in general considered to be chemically reactive, but
with the very large clay content (about 70%) the lime probably
does not migrate sufficiently to bring about the desirable
reaction. It is surmised that the natural soil property deter-—
mination of the Mecca soil, 17M, is not complete and requires
some special analysis before this nonreactive soil is understood.
The "Instant Test" was successful in identifying the nonreactive
soils about 50% of the time. '
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3. LiméiReac%iVity'GfouPS 2, 3, and 4 (reactive)

When lime reactive Group 1 is exempted from analysis, there
‘appears some correlation of various magnitudes between the soil
reactivity groups and soil properties such as pH, CEC, percent
base saturation, Ca/Mg, exchangeable H, sand and clay content,
untreated strength (gy), and the "Instant Test" results. The
exchangeable Ca and Mg and the CO3 content shows no correlation.

i. Soil Horizons of the Various Lime Reactivity Groups

In all, there are eight soil series, namely 1P, 4T, 7C, 88, 10V,
"11H, 14P and 19A, within which the 6-month cure lime reactivities
(5% lime) of the individual soil horizons are in a ratio of 2 to

I or greater (viz., 1PC,, 428 psi vs. 1PB ... 210 psi). Tables

9, 10 and 11 list the treated and untreated compressive strength

of the 41 natural soils treated with 3, 5 and 7% lime, respectively,
and cured for various time intervals.

These soil horigzons had an average of 13 soil properties which
differed significantly when the soil horizons of the same soil
series were compared. Of these thirteen soil properties, the
exchangeable calcium, the sand/clay ratio and the sand equivalent
were the most consistent, appearing as a significant property

in all instances. The colloid, sand and clay properties were
the next most significant while the pH, exchangeable magnesium,
and the unconfined compressive strength of the untreated

natural soil (qy;)}) were a factor about 60% of the time. Once
again, referring to the 13 s50il properties, only four of these
were reasonably consistent 80% of the time. Those soil horizons
having the largest exchangeable calcium and magnesium ion
contents were also the most reactive soil horizons in terms of
developed strength. The soil horizons with the largest sand
equivalent value and largest sand/clay ratlo were the 1east
reactlve of the paired soil horizons.

In summation, an andlysis of the soil properties in lime reactivity
Group 1 (nonreactive), listed near the top of Table 8, demonstrates
that the natural soil properties taken together may be misleading
in evaluating a soil's potential lime reactivity. The time and
cost of obtaining these soil data may also be prohibitive. For
the soils studied, the natural soil properties do not delineate
between the reactive soils (Group 2, 3 and 4) and the nonreactive
soils (Group 1l). However, the natural soil properties are of

value in estimating the degree of developed strength for those
soils which are classified beforehand as being suitable (Group 2,

3 and 4) for lime stabilization.
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j. "Instant Test" Method

Early in this laboratory phase, it was suspected that certain
lime treated soils which exhibited small early strength gain
had increased in strength merely because of increased specimen
density and/or decreased moisture content provided by the
addition of lime to the soil.

The soil that first aroused suspicion was soil 4TA. The seven-
day cure treated unconfined compressive strength (gross) was

75 psi at 5% lime. The subsequent data (l4-day cure to 6-month
cure) varied slightly from a high of 82 psi (28-day) to a low of
61 psi for the 6-months cure interval., The resulting developed -
strength-time curve is flat (see Fig. 12a - 5% lime). The
strength of the untreated soil averaged 41 psi. The guestion
remained: did this "developed" strength (41 psi to about 75 psi)
increase gradually, from zero days to seven days or abruptly?

In an attempt to resolve this problem the cure interval was
reduced to less than 30 minutes. The resulting compressive
strength for the zero-day specimen at less than 30 minutes

was 78 psi. The intervening cure interval strengths are assumed
to vary between the zero-day and seven-day values. It appeared
that, for this soil, the so-called developed strengths (lime
reactivity) at the zero-day may be the result of increased
specimen density and/or decreased moisture content. Other
factors, such as particle grading characteristics may also
significantly influence this zero~day developed strength. The
decision was then made to continue to routinely determine the
zero-day values for all of the soils. This zero-day test at
less than 30 minutes was then designated as the "Instant Test".

The validity of the "Instant Test" procedure is supported by
Figure 13 which shows an increase in lime reactivity for
"specimens of increasing density above 100 pcf. This plot
suggests that the physical presence of lime may have produced .
this increased strength since the average compressive

strength results for the untreated soils produced lower
strength beyond 100-109 pcf density. The effects of average
clay content and colloid content on strength parameters are
also indicated.

Although the mechanism of the zero-day developed strength is

not thoroughly understood, the data could be useful in establish-
ing a strength threshold beyond which all higher strengths

would be assigned to the chemical advantage of the lime-soil
reaction.

-~19-~



K. Sensitivity of the Natural and Lime-Treated Soils to
Changes in Moisture

1.. Discussion

Many investigators have stated that the developed strength will
increase when water is added beyond the optimum moisture content
of the soil. Boynton (9) advises that, "because of lime's
pronounced drying actlon, a copious amount of water is required
when (lime is) used in the dry form. Use at least 5% over
optlmum "

Figure 4 indicates the influence of moisture content on the
unconfined compressive strength of variocus treated and untreated
soils. These lime-soil specimens were fabricated in the usual
way and cured for 28 .days. The moisture content level based on
the natural soil as a datum was dry of optimum, optlmum, and wet
of optlmum. :

Table 12 was constfucted using the compressive strength perform~
ance as a criteria for these lime-treated soils when they were
fabricated drier and wetter than the optimum moisture content.

Based upon this limited testind, and using the optimum moisture
content of the natural soil as the criteria, the following tentative
conclusions can be helpful in predicting the performance of lime
treated soils following a 28-day cure interval.

a. If a lime‘treated-éail is fabricated with a moisture content
wetter than optimum for the natural soil there will be an increase
in the treated strength value when

1. the exchangeable calcium value of the natural soil
is large; say about 12 meg/100 grams of soil and

2. the natural soil contains the clay mineral
montmorillonite.

b. When the lime treated soil is fabricated drier than the
optimum moisture level of the natural soil there will be an
increase in the compressive strength when the pH of the natural
soil is less than 7 and the iron coating percentage is relatively
high; say about 2% and the soil contains the mineral kaolinite.
Perhaps this acid condition softens the iron oxide coating and
allows the lime to permeate this barrier.

c. When soils are grouped according to the scheme outlined
in the section entitled "Lime Reactivity Groups," there is no
apparent correlation between developed strength and moisture
content for lime treated soils. .
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2. Implementing the Soil Moisture Sensitivity

Figure 14 is an attempt to predict developed compressive strength
(lime reactivity) using the mineral content and the moisture
~content (near optimum) of the natural soil.

From Figure 4 and Table 13 it became apparent that some lime
treated sbils increased in strength when the moisture content
of the natural soil was wetter than optimum. The predominate
.¢lay mineral of these soils is montmorillonite (>15%). It was
thought that some combination of montmorillonite content and
moisture content of the soil would in general reflect the
developed strength,

Several plots were constructed in an attempt to deévelop this
idea. The most promising (shown in Fig. 14) incorporates the
three aforementioned elements: clay mineral content, moisture
content and developed strength, and utilizes the ratio of the
clay mineral content to the moisture content.

According to the implications of Table 12 there should be an
inverse relationship between the aforementioned ratioc and the
developed strength. This approach is complicated by the
difficulty in accurately determining the clay mineral content.

A difference of ten percent in. the clay mineral content can
reflect a change in the ratio (clay mineral/moisture content)

of 0.5, Soil 21PA, for example, containing 25% montmorillonite
has a montmorillonite-moisture ratio of 1.25. This soil was
independently analyzed by Dr. James L. Post, Associate Professor
of Civil Engineering at California State University, Sacramento,
and was reported to contain 15% montmorillonite. The ratio of
montmorillonite to moisture was calculated to be 0.75 when

the montmorillonite content is taken as 15% and the ratio is
1.25 when the montmorillonite content is 25%. At present the
plot may be used to estimate developed strength at 6 month cure.
This approach is presented in Appendix D, "Implementation
Guidelines" under D-2 Rule~of-Thumb Estimation.

Attempts were also made to develop clay mineral/moisture content-
developed strength relationships for kaolinitic, mixed layer

and hydrobiotite-vermiculitic soils; however, data were insufficient
and results proved inconclusive.

1. Moisture Content of "Instant Test" Data

The oven moisture content of a lime treated "Instant Test" specimen
was observed to be less than the original moisture content., This
difference in oven moisture content was termed "Fixed" moisture
content because it was initially thought that the lime in the
specimen mechanically held some moisture so that it remained in

the specimen after the oven moisture determination procedure was
complete.
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I+ was noted that this "Fiked" moisture content of the "Instant
Test" specimens varied. The largest values (>2.0%) were found
to be associated with both Group 1 and Group 4 soils. This led

. to the contention that this large value of "Fixed" moisture
content reflects high physico-chemical lime=soil activity but
not necessarily high developed strength. This theory is also
supported by the electrical characterization test results, viz
absorptive Group 1 soils and agglomerative Group 4 soils both
having a large change in conductivity when a slurry of lime and
soil is allowed to react for about 50 hours.

Perhaps the high oven temperature (about 220°F) accelerates the
lime-soil reaction. This could accelerate the production of
various hydrates {(e.g., tobermorite gel ~- a calcium silicate
hydrate) which ties up ("retains") some soil moisture. WNot to
be overlooked is the posgssibility that the oven moisture
determination results may be different from the actual moisture
content. Other methods of moisture content determination of
lime treated soils may result in other "Fixed" moisture content

values.
m. - Sulfate Soils =
1.  Discussion

The insidious nature of sulfates has become well known in the
technology of concrete (23, 25). Sulfates can also be detrimental
to lime treated soils because they enhance swelling and may induce
disintegration when the mixture is saturated (45, 1l6). The
sulfate component may be a part of the soil or may “be dissolved

in the ground water. .

While sulfates vary, there is a tendency to use the term "sulfate"
as if it possessed consistent properties. One of the difficulties
stems from the fact that the analytical chemist may hesitate to
assign a cation when he reports the sulfate content of a soil.

Such reluctance is understandable when there are many possible
~candidates for this role. Calcium, iren, sodium and lithium

are some of the more common cations. Although X-ray diffraction
can distinguish between some crystalllne sulfates, the threshold
for detection of sulfate minerals is near the 5% content level.
This level is not low enough for detection of sulfates in most
soils (of the 41 soils investigated in this research project

the highest sulfate content was 1.03%). At present 2 chemical
analysis is required to attain the necessary precision for
detecting sulfate contents less than 5%,
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There is evidence that sulfate will react with a lime-soil
mixture resulting in the production of the mineral Ettringite.
Some investigators report that small juantities of sulfate are
beneficial in lime stabilization: (53) "MgSO improves the
strength characteristics of the stabllized soil," and (24)

"calcium sulfate ... can enhance the pozzolanic activity of
pulverized fuel ash." Sherwood (45), however, advises that

although the sulfate ion can be beneficial in lime-stabilized
soils, the possibility of deleterious effects (disintegration
of the mixture when immersed in water) on the durability must
not be overlooked. Sherwood suggests that the Ettringite
produced occupies a greater volume than the reactants which
results in an overall expansion of the mixture. According

to Lea (29), Ettringite (calcium Sulphoaluminate - a
two-molecule cell of 30a0-A1203-3CaSO4-31H20} vields two peaks

in a Differential Thermal Analysis, the largest at 160°C and
. the smaller at 300°C. X-ray diffraction can also detect
Ettringite according to ASTM Powder Diffraction File (1966) ,
9-414. It ligts the main peak at 9.73 A followed by the 80%
peak at 5.61 A while the 50% peak will be at 3.88 A, etc.

2. Analysis

Of the 41 soils included in this report only ten have a sulfate
content of 0.05% or greater. A geographical distribution of the
sampled sources was presented on Figure 1.

The DTA diffractograms of the sulfate-lime-soil systems reported
here did not indicate the production of the 160° and 300°C peaks.
However, there was a disappearance of the familiar hemihydrate
peak near 200°C (calcium sulfate) from many of the soils (namely:
16IA, 16IC and 21PC), while two other soils, 1PB and 22MC having
35 meq/100 gm and 23 meqg/100 gm of exchangeable Na, respectively,
are perhaps sodium sulfate soils and may have a little gypsum
present. Soil 22 MC does have a small 7.56 & on the X-ray
diffraction scan which gives evidence that calcium sulfate is
present. ' '

The X-~ray diffraction scans of two soils, both natural and lime
treated, are reproduced in Figure 15 and suggest the presence

of Ettringite in the lime treated soils, while the untreated

soil scan does not give evidence of this mineral. Figure 16
shows a typical DTA of an untreated and treated soil at different
curing intervals. Table 14 summarizes the mineralogy of the
whole soil in percent X-ray diffraction-differential thermal
analysis-microscopy.
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A plot of the sulfate ion content and the percent volume increase
‘(swell) is illustrated on Figure 17. This plot indicates that
with an increase in the socil sulfate content there is a general
increase in swell potential (percent volume increase). With
coarser grain soils (71-94% sand content - MA) such as, 8MC,

7CA, 7CC and 19AA, the percent volume increase is less than 1%
while the relatively finer grain soils (1-46% sand) 1PB, 5CB,
16IA, 16IC, 21PC and 22MC, have a volume increase greater than
1%. Perhaps the coarser grain soils can accommodate this crystal
growth (Ettringite) with less outward dlsruptlon because they
have 1arger voids than the relatively f£iner graln soils.

'_ The surface area of all of these soils were calculated (37)

and are listed on Table 4. The coarsei grain soils have an
extreme range of calculated surface area of 60 to 240 cm /gram
whereas the finer grain soils ranged from about 400 to over

- 600 om /gram. S

' Those soils which have a percent volume increase greater than
1% have a sand equlvalent less than 11 whereas those soils
having a percent volume increase less than 1% have a sand
equlvalent between 22 and 38.

ot Influence of pH

Many authorities (34, 55, 31, 8) advise cautious use of a so0il's
pH because of the many parameterq that account for this easily
obtained measurement. Bear's (8) cautions to the users of pH
are worth repeating here. "Evaluation of factors associated
with soil pH must be based ... on full consideration of the soil
. constltuents controlling the pH situation rather than on pH per
se." Thompson (51) states that good lime reactivity is expected
when the soil pH is above 7. However, if pH values for all of
the natural soils involved in this study are considered (refer
to Fig. 18) Thompson s statement is not substantiated here.
As described later in the electrical portion, a distinction
between reactive and nonreactive California scils can be
accomplished by an electrical test procedure. If this test
can discriminate between soils which are suitable or unsuitable
for lime stabilization, as our data indicates, then a better
correlation is evident between the developed strength and the
pH of the natural soil. The soils symbolized by a triangle

on Figure 18 are those soils classified as nonreactive,
belonging to Lime Reactivity Group 1, principally by the
6-month-5% developed strength being less than 100 psi. Of

the five soils classified as being nonreactive or unsuitable

for stabilization by virtue of their low developed strength
(<100 psi), the results of the electrical test classified all

of these five soils - and only these five - from a total of

17 soils tested, as being nonreactive.
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The various natural scils used in this study are listed on
Table 15 both by lime reactivity Group and by pH ranges {(acid
or base). This table illustrates that each of the four lime
reactivity groups contains acidic and basic soils. Of the
reactive soils, the higher the reactivity group number the
lower the percentage of acid soils in the group. Lime
reactivity Group 2 is the least reactive of the three reactive
groups based on developed strength and this group contains 60%
"acidic soils, whereas, lime reactivity Group 3 has 25% acidic
soils and lime reactivity Group 4, the most reactive, has about
12% acidic soils. Table 16 presents data on developed strength
values for the different clay mineral sgoils under investigation.

From Table 15 a pH of 7 or greater was found in 77% of the cases
(23 out of 30). This result is not significant since 73% (30 out
of 41) of the soils used in this study are suitable for lime
treatment. A pH on the acid side (<7) indicates a nonreactive
soil in only 35% of the cases which is again not encouraging
since 27% of the soils are nonreactive or unsultable for lime
treatement.

If the nonreactive soils are initially identified (i.e., by the
electrical characterization test), then the 6-month cure (5%
lime content) minimum and maximum developed strengths can be
estimated for lime treated soils whose natural soil pH (1:1)
ranges from 7 to nearly 8.5 (Fig. 18). Nearly 60% of the

soils used in this study have a pH value in this range. The
soils with pH values less than 7 represent 27% of the total
soils used while the remaining soils, 13%, have a pH above 8.5.

In conclusion, the pH alone of a natural soil is not a reliable
indicator of the potential minimum developed strength of a large
variety of soils (as exists in California). However, once a
soil has been established as reactive or suitable for lime
stabilization (e.g., by electrical testing) there tends to be

a general trend between increasing pH and developed strength.

0. Base Saturation

Figure 19 is a plot of the influence of base saturation on pH
of all the natural soils used in this project. Note that when
the pH is 7 or above, the minimum base saturation is about 80%.
Also, when the pH of the soil is in the acid zone (<7) there
appears to be a linear relationship between the base saturation
and the pH. According to Thompson (49), "In general, soil pH
is a reliable indicator of percent base saturation.”
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‘The following 1isting cbmpares petceht base saturation with
soil pH (l:1):

Percent Base
: Saturation of the
Percent Base Saturation . California Soils

" Soil pH from Thompson (49) Used in This Study
Less than 5 Soil is strongly acid and is

likely to be low in exchange-
able bases such as Ca, Mg and

K.
5 - 5.5 : 0-45
-6t ‘ - 70-80 50-70
7+ 90~-100 80-100
8+ Usually contains free basic 80-100

‘salts, primarily CaCO3, and,
less frequently, salts of Mg
and Na.

There is a good positive correlation between percent base

saturation and pH for those soils which were assumed (by virtue

of the electrical response test)} to be predominately "adsorptive"

in' their reaction with lime. The percent base saturation also

correlates reasonably well with the colloid conteni of the
natural soil. .

p.': Scoil Plasticity vs. Developed Strength

Much has been written about the importance of the plasticity
factor on the developed strength of a scoil. Herrin and
Mitchell (21) state that highly plastic soils are likely to
be more reactive with lime whereas low plastic soils exhibit
~little lime reactivity. They gualify this latter observation
by noting that a non-plastic pit-run gravel was treated with
16% lime and resulted in a "sizeable" increase in strength.
In contrast, Thompson (51) states that the Plasticity Index
as well as other engineering properties do not significantly
.;nfluence lime reactivity.

On Figures 20, 21, and 22 the developed strengths are plotted
against the Plastlclty Index as a function of 3%, 5% and 7%

lime content, respectively. (The normally ant301pated positive
correlation between percent clay size and PI is shown on Fig. 23.)
An interesting characteristic of these plots, also noted in
Thompson's plot (51), is the absence of data in the lower
portion of each plot bounded by the two solid lines and the
abscissa. The absence of Plasticity Indices occurs in the

0-28 portion on the 7-day; 28-day and 6-month plots. A

similar absence of data area is found on Fig. 24.
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1. Estimating the Compressive Strength Using P.I. of the
Natural Soil .

The vertices of the aforementioned triangular areas shown on
Figures 21 and 22 were found to increase with curing time and
lime conteht. . These plots are useful in establishing a simplified
procedure for estimating the minimum developed strength achieved
knowing the value of the Plasticity Index between the limits

of 0 and 28. Table 16 developed from Figures 20, 21 and 22

shows the numerical values of the minimum developed strength
achieved for a soil with a given Plasticity Index. For example,
a lime-soil mixture having 3% lime content is expected to achieve
the 6-~month minimum lime reactivity of about 100 psi for those
soils with a P.I. in the range of 15-20. When 5% lime content
and a 6-month cure is used, the lime-soil mixture achieves the
minimum developed strength when the natural soil P.I. is between
7 and 20. The early (7-day) 100 psi developed strength for

the 5% and 7% lime content mixes can also be estimated from

this table.

If the soil in gquestion is first established as a kaolinitic
soil, the developed strength can be estimated from Figure 25
using the P.I. of the untreated soil.

2. Fconomical Use'of Lime and Utilization of Soils Thought
+o be Unsuitable for Lime Stabilization

The purpose here is to reduce the lime content for suitable
soils and to increase the utilization of nonreactive or unsuit-
able soils. The Plasticity Index range of the natural soil

can be used to estimate an economical 1ime content. Figure 26
was constructed for this purpose. The sokls were grouped into
four Plastic Index ranges. These P.I. ranges are non-plastic,

1 to 9, 10 to 19, and 20 or greater. Mean values of developed
compressive strength were then calculated for the 7~day, 28-day
and 6-month cure interval for all soils treated with 5% lime.
These mean strength values for the three cure intervals were
then plotted as shown on Figure 26. (The supporting statistical
data for this presentation is shown on Table 17). A separate
.s0lid line connects the mean developed strength values for

each Plastic Index range. Note that the soils with P.I.'s in
the 10-19 range have the highest developed strength, while

the soils in the non-plastic and highly plastic range have the
lowest. The mean developed compressive strength (lime reactivity)
for the lime treated soils in the P.1. range (10-19) is about
425 psi (Figure 26). In the interest of economy the lime
content of these soils can be reduced. A 3% lime content is
recommended for the soils in this P.I. range. The mean 6-month
cure value of developed strength for these soils, using 3% lime
content, is about 280 psi as shown by the highest dashed line on

—-27—



" Figureé 26. (These dash lines represent an attempt to normalize
the developed strength curve over the entire range of P.I.
investigated by using a variable lime content (3%, 5% or 7%)

for a specific P.I., range). The soils with P.I.'s in the 1-9
range have a mean developed compressive strength (6-month cure -
5% lime content) of 300 psi. Twenty percent of these soils

have a developed strength value less than 100 psi. In spite

of these low values, a lime content of 5% 1s recommended for

the soils in this P.I. range.

The soils in the extreme P.T. - ranges, non—plastlc and over 20,
have a mean ‘developed compressive strength (6-month cure - 5%

- lime content) of 190 and 200 respectively (Fig. 26). It is of
interest to note that nearly 90% of the Group 1 soils are in
these extreme P,I. ranges. Also, nearly half of all the soils
in this study are in these extreme ranges. Thus, 41% of the
non-plastic soils are classified as Group 1 (less than 100 psi
developed strength - 6-month cure -~ 5% lime content) while
67% of the highly plastic soils (P.I.>20) are Group 1 soils.

A general recommendation for these soils is to use 7% lime
content. By increasing the lime content in these soils the
mean developed compressive strength increased about 30%.

For a particular soil an estimate can be made as to whether the
soil is below or above "average." Soils which are classified
as being below average may have black color (high organic
carbon) or be red or brown (high iron coating). They may

alsc have high mica content or contain considerable sulfates.
If the soil is estimated to be below "average", about 6 to 7%
lime content can be used dependlng upon how far below "average"
the questlonable soil remalns. If the soil in guestion is
"average" or above, use 5% lime content or less.

Table 18 provides a listing of estimated lime requirements

based upon one soil property. These lime contents could provide
a 'starting point for estimating the required lime content to
provide a minimum developed strength of 100 psi at a designated
curing period of 6 months or at some shorter interval.

:‘-q. 'Clay Content vs. Developed Strerngth

Another approach in estimating a minimum developed strength
of lime treated soils is by the clay content of the natural
soil. Most investigators are vague about the influence of the
clay content upon the developed strength. Generally +they
indicate that some clay is needed for a lime treated soil to
increase in compressive strquth.
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Figure 23 suggests a good correlation exists between the clay
content of a natural soil and its P.I. It would be expected
that clay content could also be related to developed strength.
A relationship was found to exist between clay content and
developed strength which is similar to that presented on Figs.
20, 21 and 22 for developed strength vs. P.I. The triangular
area previously mentioned with absence of data reaches its
apex at about 40% clay content. Therefore, it is possible to
predict developed strength using natural soil clay content.

If the soil in question is established. as a kaolinitic soil,
the developed strength can be estimated from Figure 27.

The kaolinitic soils (2aa, 2AB, 2AB2, 4ATA, 4TB and 4TC) con-
taining large amounts of iron coating (>2.5%) have the lowest
developed strength of all the soils in the 152 to 43% clay
content range. The soils with clay content <12% have low
developed strength and can be identified by a very low unconfined
compression strength for the untreated soil of less than 5 psi
(easily crushed with fingers ~ 90% relative compaction - optimum
moisture) or a "Fixed" moisture in the 1.3% - 1.6% range or the
>2.0% range.

The lime reactivities of the predominate clay mineral soils tested
during this study are presented in Table 19.

r. an Alternative to Using the Natural Soil Properties
to Estimate Developed Strength

An alternative to the laborious and expensive task of determining
the natural soil properties for estimating developed strength
would be to empirically ascertain the predominating phenomenon
of agglomeration or adsorption. This can be acomplished
electrically in a day or so, at relatively low cost. The
electrical response test as described in the following section
can be used to achieve this goal. At present, the prime value

of the electrical response test is that it permits the deter-
mination of a soils potential reactivity. Secondly, it is

useful in estimating the developed long-term (6 months) compressive
strength of a lime treated soil.
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FLECTRICAL TESTING -TO PREDICT DEVELOPED
STRENGTH (LIME REACTIVITY)

Introduction

A search of the literature was undertaken to determine if any
test method existed for indicating the presence of the lime-
soil reaction for the purpose of predicting long term strength
development. This search disclosed that Arulanandan and
Mitchell (5) correlated a natural soil's electrical properties
with its compressive strength, (Fig. 28). It was reasoned that
‘a- lime-soil reaction could be monitored electrically and thus
offer insight as to the rate and extent of the resulting
physico-chemical reaction. These nondestructive electrical
response measurements could than be related to t+he actual
unconfined compressive strength of 1ime~-soil systems cured for
various time intervals.

Tn this study electrical characterization results of the initial
set of six 1ime-treated soils are shown on Figures 29 and 30.
Ipitially, it was thought ihat the change in electrical conduc-
tivity with time was the sole indication of the lime-soil-water
reaction. This view is supported in part by Figure 31.

When more electrical data became available (see Figs. 32a through
33c for additional 1ime~treated soils) it became apparent that

the change in conductivity (Ag)* was found to reflect the magnitude
of the lime-soil reaction but not the quality of the reaction since
the nonreactive soils (3SA, 38¢, 4TA, 14PA and 16IA) have a

_ similar range for Ao as the reactive soils. These values of Ao

*Siamond and Kinter (l4) report that when lime (4% or less by
weight of clay) was added to a suspension of a Wyoming Bentonite,
which was made homionic to calcium (saturated), the electrical
conductivity of the suspension decreased ... "to very low values
in less than 24 hours." They regarded this action as an indi-
cation that the lime was being rapidly adsorbed by the soil from
the pore solution.

Fischer (18) writes, "Of the several properties connected with
flocculation, that of electrical conductivity is of some direct
significance. The experiments of McDowell and Usher showed that

a deflocculation suspension of carbon black in solvents (bromoform
and tetrachloroethane) exhibited no measureable conductivity, but
that flocculated suspensions when undisturbed allowed appreciable
currents to flow. The conductivity of flocculated suspensions was
atiributed to direct contact between carbon-black particles and

to a continuous network of the floccules. Tapping and shaking
destroyed the structure and greatly reduced the conductance. The
values for the measurement were not reproducible, a result
attributed to the diversity in structure, which re-formed when

the suspension was at rest." :
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(from 2 to 50 hours) for the nonreactive soils range from

.000248 to .002410 mhos/cm while the value of Ac (2 to 50 hours)

for the reactive scils range from .000166 to .002786 mhos/cm

as indicated on Table 20. This concept was later modified to

reflect the quality of the 1ime-soil reaction; namely, by
multiplying Ao by the change in dielectric constant (Ael).

At present the proposed electrical response test can be completed
in about fifty hours but could easily be reduced to less than '
24 hours. The use of the electrical response characteristics
measurements to monitor the continuous structural change in a
lime-soil mixture would enable the examination of the two
lime-soil reactions; namely, agglomeration* and adsorption,

and it could then be determined whether lime would provide a
beneficial reaction with a particular soil. Agglomeration

would account for the cementation aspect of the lime-soil
reaction while adsorption would reflect the noncementious
lime~soil reaction.

FAgglomeration is defined as a group of particles that are strongly
adherent and can be broken by the application of relatively '
strong mechanical forces and is frequently used with the sane
meaning as aggregate. This term differs from flocculation by the
nature of the forces holding the particles together. An aggregate
once dispersed cannot be reformed with the same properties. This
is similar to the chemical reaction of lime with soil (18). Aggre-
gate formation requires a cementation or binding together of
Flocculated particles (48).

Adsorption is defined as the condensation of gases, liquid or
dissolved substances on the surface of solids (10). "Adsorption

reactions may be classified, generally, into two types: chemical
adsorption and physical adsorption™ (8).
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Method

Arulanandan and® Mltchell (1968) (5, 6 and 36) found that clay
mineralogy, particle size, type and amount of electrolyte and
the orientation of partlcles of a clay-water-electrolyte system
can be characterized in terms of electrical dispersion
{variation of conductivity and dielectric constant as a func-
tion of the frequency of an applied alternating current)*,

The use of these nondestructive electrical response measurements
to monitor the continuous structural change in a lime-soil

mixture enables the examination of the various lime-soil reactions.
Furthermore, this procedure could provide gqualitative guidelines
for establishing potentlal developed strength (lime reactivities)
of fine~grained soils,

Soils Tested

A total of 18 soils representing 14 soil series were studied.
These soils were indigenous to nine California counties. The
6-month developed strengths (lime reactivities) of these soils
ranged from .20~770 psi at optimum moisture content and 5% lime
content. The clay contént of these soils varied from 11% to

70%, while the pH ranged from 5.2 to 9.3. The cation exchange
capacity and percent base saturation of these soils ranged

from 7-50 meq/100 gm and 7-100%, respectively. The highest
recorded liquid limit was 66 while the greatest carbonate

content was 9%. The mineralogy was variable - one soil (38C)
contained 37¢% montmorillonite while another soil (2AB2) contained
47% kaolinite. Other soils contained mixed layer clay (1PB, 52%),
hydro-vermiculite (13BB, 17%) and feldspar (22MC, 42%).

' Procedure

Acceleration of the lime-soil reaction is desirable during
electrical monitoring to.reduce the overall time required to
obtain the response characteristics. This is accomplished by
fabricating a paste of the lime-soil-water system and thereby
greatly facilitating ion migration, wvastly increasing miscibility,
and introducing an excess of water to the system which results

in an increase in the lime-soil reaction velocity. Further,

these measurements are more uniform and easier to obtain from
saturated samples.

*Although direct current measurements for obtaining resistance
or conductivity would be simpler, there is a probability that
an electrokinetic coupling phenomena such as electroosmosis,
would with prolonged DC emf, produce a destructive effect on
the system.
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lLaboratory results have confirmed that as long as the paste
remains saturated and well mixed, the water content of the paste
has very little influence on the dielectric dispersion character-
istics of the soil. This can be illustrated by the results shown
on Figure 34 where 3SA (natural soil) was mixed to water contents
of 77% and 122%. The resulting dielectric dispersion curves
from both specimens were similar. The conductivities of the
natural soil were chosen at a frequency of 50 Hz and were

9.41 x 10-4 mhos/cm and 8.96 x 10-4 mhos/cm, respectively. The
liquid limit of 3S5A soil is 59%. :

A limited number of tests were performed on fabricated specimens.
Figures 30 and 35 show the electrical response characteristics
of soil 2AA in fabricated specimens and paste form specimens,
respectively. The pattern of variations of dielectric constants
throughout the range of frequencies applied are similar for both
types of samples¥*. o ' ‘

Two sSets of paste specimens were prepared for each soil. One

set was untreated and the other was treated. The paste form
specimens were prepared at the Soil Mechanics Laboratory,
University of California, Davis (see Photos 14 and 15).

Electrical response characteristics obtained from the untreated
set were used as the basis for comparison (referred to as "hase
curve"). The other set was made by adding 5% lime (dry wt. basis)
to the soil-water mixture forming a lime-soil-water paste. There
are two specimens in each set - one 2.5 inches high and the

other 3.5 inches high (refer to Appendix A).

The amount of distilled water in the paste form samples varies
with soil type. The paste was formed by mixing soil to a water
content above the liguid 1imit of the soil. The guantity of
water added was the minimum required to form a paste of flowing
consistency. The soil and water were mixed thoroughly in a
mixer for 30 minutes. Commercial hydrated lime was then added
to the soil-water mixture and was again mixed for 15 minutes.
Normally, an additional amount of distilled water was needed to
bring the final mixture to the right consistency, increasing the
water content of the mixture by less than 1% to 10%, depending
upon soil type. The final mixture was then used to f£ill two
measuring tubes. A sketch of the electrical response measuring
apparatus is shown on Figure 36. About one and one-half inches
of distilled water was added to the top of each sample thus
preventing the samples from being dried out during the test
period.

*Diamond and Kinter (14) carried out a series of investigations
concerning the mechanism responsible for the rapid amelioration
of the properties of plastic soils by lime and concluded that,
"These data indicated that the response to lime in clay-water
systems of restricted water content was similar to that occurring
in dilute suspension.” ‘ :
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Analysis Based Upoﬁ:TéS£'bata and Literature Séarch‘

Though there remain many other ways to define lime-soil stabili-
zation, the onhe chosen as the criterion for this report is
developed strength, Thompson's lime reactivity. .
According to Marks and Haliburton (30) "First, lime-clay reactions
occur in two distinct stages, as modification and stabilization.
During lime modification calcium ions are adsorbed by clay in
cation exchange reactions. This process tends to modify the

soil without producing new minerals from pozzolanic reaction.

Lime stabilization occurs from lime contents above those required
to modify the soil."

Although not universally agreed upon, many investigators (11, 15,
20, 26, 35, 38, 50) report the presence of an agglomeratlon
(flocculation) phenomenon when a lime treated soil is stabilized.
Furthermore, there appears to be another reaction, sometimes
stated as being cation exchange (9, 15, 20, 34, 38, 50, 56) the
"calcium crowding hypothesis" (347, phy51ca1 adsorptlon (li),

or more readily understood, "robbers-of-lime" (the lime depletion
phenomenon} (54). '

Both Phenomena - a§gldmeration and lime depletion - are illus-
trated by Shen and Arulanandan (44) on Flg. 37 and Fig. 38,
respectlvely.

Fig. 37 shows what happens to a kaolinite (Hydrite UF), with a
relatively small order of magnitude of grain size distribution
(Fig. 39) and a dielectric constant (e!) of 9 000+(103Hz)

When it is "hypothetically enlarged" or "agglomerlzed" into a

" kaolinite (Hydrite MP) of a coarser grain size distribution, it
then exhibits an "increase" in dielectric constant to 17,000+
(at 103 Hz frequency). The inference is that as agglomeratlon
takes place, and is the predominating reaction, the resulting
dielectric constant is increased beyond that of the untreated
(finer grain) soil. The particles have clustered together
giving rise to larger {and fewer) particles with a larger value
for the dielectric constant. This change in dielectric constant
(Ae?) is shown in Column 4 (top portion) of Table 20 and is
taken as an indicator of this agglomeration tendency. This
observation led to the following postulate:

When the dielectric constant of-a lime treated soil is
larger than the dielectric constant of the natural soil
the predominating reaction is that of agglomeration.

An indication of the degree of agglomeration is signified
by the change in the dielectric constant from the
threshold value, untreated soil state, to the treated
state. The Ae! indicator is shown in Column 4 (top
portion) of Table 20 for those soils which behave
predominately in this way. It is noteworthy to mention
that the so0il horizon designation may be a useful
indicator of a soil's potential to be agglomerized by
lime treatment.
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The contention that rhe dielectric constant of a calcium saturated
s0il is less than the dielectric constant of the natural soil is
supported by Fig. 38. Using this figure, the natural soil, a
sodium kaolinite, is "hypothetically changed" into a calcium
kaolinite. Concomitant with this change is a decrease of the
dielectric constant of 8,000 to 4,000+ for calcium kaolinite,

all measured at 103 Hz fregquency. This observation led to the
following postulate:

When the dielectric constant of a lime treated soil is
less than the dielectric constant of the natural soil

the predominating reaction is that of calcium adsorption.
An indication of the degree of calcium saturation is
signified by the change in the dielectric constant from
the threshold value (untreated soil state) to the calcium
saturated value. This Ae! indicator is shown in Column 4
(bottom portion) of Table 20 for those soils which behave
predominately in this way. It is noteworthy to mention
that the cation exchange capacity may be a useful indi-
cator of a soil's potential to be calcium-saturated.

For a measured dielectric conzient above the threshold value
(untreated soil state) the "agglomeration effect"* predominates
while below the threshold wvalue the "adsorption effect" (lime
robbing) predominates, as a quantitative indicator of Ael.
However, the Ac! value does not entirely reflect the magnitude
of the reaction. The change in conductivity is a likely
indication that something (e.g., agglomeration, adsorption or

a combination of the two) is happening; therefore, the change
in conductivity could help to quantify these reactions. Thus,
it appears that if the prevailing reaction is predominately
agglomeration, then a large Ao (e.g., 22MC) may indicate that
an extensive reaction of this type has taken place. Whereas,
if the reaction is predominately adsorption, then a lime treated
soil with a large adsorptive capacity, perhaps reflected by the
s0il CEC, would indicate this guantitatively by a large Ao .

To take advantage of the change in dielectric constant and the
change in conductivity as being quantifier indicators only,
they are multiplied together.

When the value of (Ao x Aal)xlo3 is low for lime treated soils
which agglomerate, say below 1,000, little beneficial reaction
or developed strength is indicated. Fig. 40a is a plot of

(A x Ae') vs. the corresponding 6-month developed strength

(5% lime). While it appears that a positive trend could be
developing for the agglomeration reaction, more work is required
to account for the two soils (8SC and 13BB) which have a low

A6 x Ael value while exhibiting a relatively high developed
strength.

*(18) "rlocculation results in the formation of chains of particles
and consequently should be associated with an increase in dielectric
constant."
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'The soils W1th an adsorptlon reactlon (Fig. 40b) are tabulated

at the bottom portion of Table 20. When the values of (Ao x Ae! )X10
are large (say greater than 40,000) it indicates that the lime is
being depleted and there should be a rather small strength gain.
Fig. 40b illustrates the relationship between developed strength
of a lime treated soil and the quantity Ao x Aeg! Note that the
montmorillonitic soils show a trend but the nonmontmorillonite
soils do not. Also noteworthy is that "adsorptive reaction"
soils (38SA, 3SC and 161lA) which are unsuitable for lime stabili-
zation (developed strength less than 100 psi) have "Instant Test"
(Table 7) values less than 12 psi.

Figure 41 shows the influence of the surface area upon the cation
exchange capacity for both reaction zones. The lower plot, Fig. 41lb,
Adsorption Reaction, is interesting because there is visualized a
curvilineal relationship between the cation exchange capacity and
the SOllS surface area.

Flg. 42 compares the proportion of adsorptlve lime-soil reactions

to the agglomerative lime-soil reactions for each soil horizon.

Note that the "A" horizon has the largest percentage (62%) of
adsorptive lime-soil reactions (of the soils tested) while the

"B" horizon soils have the largest percentage (60%) of agglomerative
“lime-soil reactions.

Table 21 lists all of the soils used in the electrical character-
ization test program. Thése soils are grouped according to the
predomlnatlng reaction of the so0il with lime in paste form. The
reactlon is classified as "Adsorptlve" when the dielectric constant
_(e ) of the lime treated soils is less than the dielectric constant
(e!) of the natural soil and "Aggomeratlve when the dielectric
constant (El) of the lime treated soil is larger than the dielectric
constant (E ) of the natural soil.

The flrst five "adsorptive" soils 3SA to 21PC, are montmorillonitic
(by X-ray dlffractlon) while the remaining "adsorptive" soils SLA

to 15RB have no montmorillonite or kaolinite. This latter group

of soils have been labeled as "nonmontmorillonite." The "agglomera-
tive" soils which are kaolinitic (by X-ray diffraction) include
soils 2AA, 2AB; and 4TA. The remaining "agglomerative" soils are
neither montmorillonitic nor kaolinitic. These soils range from

1PB to 22MC and for convenience are labeled as "nonkaolinite"

{less than 15% kdolinite).

The hypothesis that there are two lime-soil reaction categories
(adsorption and agglomeration) could be supported if the soil
properties of the two categories with their respective subcatego: ‘es
are mutually exclusive. The subcategories are: montmorillonite

and nonmontmorillonite (subcategories of the adsorption category;
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kaolinite and nonkaolinite (subcategories of the agglomeration
category). If the soil properties, other than clay mineral
identification, of these categories and subcategories are mutually
exclusive, it may predict not only which lime-soil reaction
predominates (agglomeration or adsorption) but which subcategory
(montmorillonite vs. nonmontmorillonite or kaolinite vs. nonkaolinite)
prevails.

When a soil is assigned to a subcategory then a single soil property
is used to determine the long-term (6-month} compre551ve strength

of the lime treated soil. This is further elaborated in Appendix D,
"Implementation Guidelines" under "Rule-of-Thumb".

Mutual Exclusiveness of the Categories‘and Subcategories

Four soil subcategories are inferred from Table 2l. The two
subcategories under the heading of "Adsorption" are montmorillonitic
soils and nonmontmorillonitic soils. The other two subcategories
(kaolinitic soils and nonkaolinitic soils) are listed under the
heading of "Agglomeration." ‘

The sequence of the following discussion, with appropriate charts,
is outlined below. These charts provide a simplified method

for rapidly classifying a questionable soil by subcategory in
accordance with the various soil property criteria. The chart
format enables classification of the somewhat complex data
interrelationships more readily than in a written exposition.

1. Testing for Mutual Exclusivity.
Chart
bDiscussion Table
Adsorption Agglomeration = Page No. No.
adsorption vs agglomeration 38 21
montmoril. vs - 38 22
nonmontmoril.
.- kaolinite wvs 38 23
nonkaolinite
nonmontmorillonite vs nonkaolinite 39 24
montmorillonite vs kaolinite 39 25
montmorillonite vs nonkaolinite 41 26
nonmontmorillonite vs kaolinite 41 27

Table 28 summarizes the information given in Tables 21 to 27.

The soil spec1f1catlons given in Tables 21 to 27 were determined
empirically.
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2. Adsorption vs. Agglomeration. Refer to Table 21.

. i
The exchangeable K ion content presented on Table 21 distinguishes
~ the "adsorptive" soils, 3SA to 15RB, from the "agglomerative"
soils, 2AA to 22MC, reasonably well. Values of exchangeable K
_ion above 0.7 meg/l100 gms would indicate a lime-soil reaction
which is "adsorptive." Of the nine "adsorptive" soils only two
' had an exchangeable K ion value less than 0.7 meqg/100 gm. These
two exceptions are soils 3SC and 15RB. . Conversely, when the value
of exchangeable K ion is less than 0.7 meq/100 gm the lime-soil
reaction end product would agglomerate. The only exception was
soil 4TA., Soil 4TA has the highest iron coating content, 4.8%.
However, the soils with the next two highest iron coating contents
also agglomerate when lime treated. These are soils 2AA and 2ABj
with iron ¢oating contents of 3.3% and 2.7%, respectively. Soil
- 4TA also has the greatest organic carbon content, 1.6%.

Montmorillonitic soils (>15% montmoril., content) are adsorptive
while kaqlinitic soils (»15% kaolinite content) are agglomerative.

3. Adsorptive Category, Montmorillonite vs. Nonmontmorillonite.
Refer to Table 22.

""The montmorillonitic soils are: 38A, 3SC, 6MA, 16IA and 21PC.

The "adsorptive" soils which are nonmontmorillonite; 9LA, 9LB,
114A and 15RB, have a few soil properties which are different
from the "adsorptive" soils which are montmorillonitic. The
nonmontmorillonitic soils have a PI less than 10, a clay content
less than 30, a value of more than 6 for the "Instant Test"
cbmpress;ve strength/pH ratio, a compressive strength (qy) of

the natural soil of less than 50 psi, a developed strength (lime
reactivity, 5% lime) of gore than 40 psi, and a calculated surface
area of less than 500 cm /100 -gm.

The dielectric constant (e!) delineates the montmorillonitic
soils from the nonmontmorillonitic soils. The higher values
(>20) of the dielectric constant are associated with the
montmorillonitic soils.

4, Agglomeration Category, Kaolinite vs. Nonkaolinite. Refer to
Table 23.

The "agglomerative" soils, which are kaolinitic, are few in
number and may not be representative of the kaolinitic soil
group. Inasmuch as they were a part of the group of soils which
were electrically tested, however, they are included here.

The kaolinitic soils: 2aA, 2ABy and 4TA, are distinguishable

from the nonkaolinitic soils, 1PB, 8SC, 13BB, 14PA and 22MC, when
the maximum impact dry density is less than 107 pcf, the optimum
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moisture is greater than 18%, the "Fixed" moisture content is
less than 10%, the iron coating content is greater than 2%,

the guartz content is less than 12%, the ignition loss is greater
than 10%, the base saturation is less than 60% and finally,

since the kaolinitic soils may form in an acid environment, (19},
the in-situ kaolinities are acidic (pH<7).

A dielectric constant greater than 20 x 103 indicates a non-

kaclinite with but one exception. This e§ception is soil 14PA
which has a dielectric constant of 5 x 10 A value less than
20 x 103 indicates a kaolinite.

5. Nonmontmorillonite (Adsorp.) vs. NOnkaollnlte (Agglom. )
Refer to Table 24.

The soil properties which can distinguish the adsorptive non-
montmorillonitic soil from the agglomerative nonkaolinitic soils
are: an "Instant Test"/pH value greater than 6, an exchangeable K
ion greater than 0.7, and a PI less than 10. The dielectric
constant quantity, shown in the last column of Table 24 also
helps to differentiate the nonmontmorillonite subcategory from
the nonkaolinite subcategory.

The nonmontmorillonitic-nonkaolinite dichotomy is thought to be
less apparent because they do not contain soil mineral structure
identifiers.

The questionable soil 13BB is not typical of the nonkaolinite
group because it has 4 soil properties greater than any other
in the group (viz maximum test density of 127 pcf, "Fixed"
moisture value of 14%, "Instant Test"/pH value of 11 and an
"Instant Test" unconfined compressive strength of 81 psi) and
one property, particle surface area of 326, was less than the
other soils,

The nonmontmorillonitic soils have a dielectric constant less

. than 20x103 while the nonkaolinitic soils,_with the exception of
soil 14PA, have a value greater than 20X10 The nonmontmorillonitic
soils 9LA and 9LB each contain 22% mixed layer clay while the
nonkaoliniti¢ soil 1PB contains 52% mixed layer clay. Soil

13BB, a nonkaolinite, contains 17% hydrobiotite-vermiculite

clay.

6. Montmorillonite (Adsorp.) vs. Kaolinite (Agglom.}.
Refer to Table 25.

The majority of the soil property criteria for differentiating

the adsorptive montmorillonitic soils from the agglomerative
kaolinitic soils were easily predictable. For example,

-39~



;'méﬁimbrillonitié soils have a relatively high pH and a high

~ P.I. Also the montmorillonitic soils have a larger surface
' area than the kaolinitic soils,

" The quantity "Instant Test" (psi)/pH distinguishes the mont-
morillonitic soils from the kaolinitic soils in the majority of
the cases (7 out of 8). 1In the only instance (scil 4TA) where it
" failed, the value was borderline ("Instant Test"/pH=6). Table 29
contains additional soil data for montmorillonitic and kaolinitic
soils. The "Instant Test"/pH mean for the ten montmorillonitic
soils listed in Table 29 is 4 while the mean value of the
kaolinitic soils listed in this table is 9. Three of the
montmorillonitic soils (8SA, 21PA and 22MA) fail the "Instant
Test"/pH criteria of <6 while only one kaolinitic soil (4TC)

' fails the "Instant Test"/pH criteria of >6.

Although the "Instant Test" (developed strength) is a good
~indicator for differentiating the soils in the "Adsorptive"
category (montmorillonitic soils vs. nonmontmorillonitic soils,
Table 22), it is not very useful in distinguishing the mont-
‘morillonitic soils from the kaolinitic soils (refer to Table 29).

The kaolinitic soils have a relatively larger iron coating

© content than the montmorillonitic soils, but it is worth

" repeating that there are only two kaolinitic soil series (2A
and 4T) while there are six montmorillonitic soil series (3s,

" 6M, 88, 16I, 21P and 22M).

Table 29 tabulates all of the montmorillonitic and kaolinitic
soils used in this study with many of their respective soil
properties, The obvious weakness of +this tabulation is the
small representation of the kaolinitic soils. The resulting
soil properties are therefore not thought to be necessarily
.representative., For example, all of the kaolinitic soils in

_ california may not be acidic (pH<7). Be that as it may, there
are many distinguishing properties of these two soil groupings.
The criteria given in Table 29 for distinguishing the mont-
morillonitic soils from the kaolinitic soils are generally
substantiated in Table 25. Those soil property criteria that
are in agreement in the two tables are the pH, PI, Fe coating
and the particle surface area. The exchangeable K limit given
as 0.7 in Table 25 is closer to 1.0 in Table 29. The factor
"Thstant Test" developed strength/pH is more useful in Table 29
than in Table 25, but its usefulness in Table 25 can be slightly
increased if the value were lowered from 6 to 5. '

The soil 6MC (see Table 29) is a highly cemented material in
which the clay size content dces not reflect the clay mineral
content. In the field it resembled a hardpan and required a
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jackhammer to break it up. By X-ray analysis it contains 32%
montmorillonite but the PI (nonplastic), SE (25) and mechanical
analysis (6% clay size) indicate that it is a sand. The high
eXchangeable Ca (61) content is verified by the high ignition
loss (20%) property. It also has a maximum test density and
optimum moisture content which are more in agreement with the
mean values (X) of the kaolinitic soils than the montmorillonitic
soils. The dielectric constant of the montmorillonitic soils
are much greater than 20X103 (actually above 40X103) while the
dielegtric constant of the kaolinitic soils are less than
20X10~. .

7. Mcontmorillonite (Adsorp.) vs. Nonkaclinite (Agglom.).
Refer to Table 26.

Montmorillonitic (adsorptive) soils can be separated from non-
kaolinitic {(agglomerative) soils by a preponderance of soil property
criteria without much difficulty. The montmorillonitic soils;
35A, 3s8C, 6MA, 1l6IA and 21PC, have more exchangeable K ions

(>0.7 meq/100 grams of soil), a higher optimum moisture content
(>18%), a higher PI (>10) and, in general, a greater particle
surface area (>500 cm?2/gm) than the nonkaolinitic soils. The
nonkaolinitic soils have a higher test maximum density (>107 pcf)
and, in general, a higher "Instant Test" developed strength

(>40 psi). The dielectric constant of the montmorillonitic

soils were higher than the values for the nonkaolinitic soils.

8. Nonmontmorillonite (Adsorp.) wvs. Kaolinite (Agglom.).
Refer to Table 27.

For nonmontmorillonite (adsorptive) wvs. Kaolinite (agglomerative)
soils, an iron coating content greater than 2% and a low pH value
(<7) indicates a kaolinitic soil (except soil 11HA). A "Fixed"
moisture content less than 10% (except soil 9LB), an unconfined
compressive strength (psi) greater than 50 psi (except soil 4TA)
and an "Instant Test" developed strength value less than 40 psi
{(except soil 2AA) could also suggest a kaolinitic soil.

Summary

Certain electrical properties were observed to change as lime
reacted with soil. These properties are conductivity (o) and
the dielectric constant (el).

A study of the change in electrical properties of the lime-—
s0il reactions indicates that there are two primary lime-soil
reactions: "agglomeration” and "adsorption." It is here
theorized that the dielectric constant of the natural and
lime~treated soil can be used in identifyving each of these
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reactions. When the dielectric constant of a lime-treated
soil is greater than the dielectric constant of the natural
soil an "agglomerative" type of lime-soil reaction is indicated.
Conversely, a lime-soil reaction which is primarily "adsorptive"
will have a dielectric constant value less than that of the
natural soil..

The exchangealle K ion of the natural soil further delineates
the "agglomerative" lime-soil reaction from the "adsorptive"
reaction. : :

The hypothesis;“that the lime-soil reaction categories - "agglom-
eration" and "adsorption® - each have two subcategories is
'supported by the soil property data.

Tt was established that each of the four subcategories has a
‘group of "exclusive" soil property criteria.

Two of the subcategories are further identified by their clay
mineral content: montmorillonite and kaolinite.

The dielectric constant 6f”the natural soil is also helpful
- in determining the lime-soil reaction subcategory.

" Thus for the adsorptive lime-soil reaction category, mont-
morillonite, there are twelve soil property criteria that
_can be used to determine. if the soil in gquestion is mont-
morillonitic. Of these only seven are used to determine if
the soil is montmorillonitic or one of the remaining three
lime-soil reaction subcategories.

Similarly, the kaolinitic soils can be identified by a total
of thirteen soil property criteria. Five to seven of these
soil property criteria may be used to delineate a kaolinitic
soil from any of the three other subcategories.

An example of applying this concept would be to use certain

soil properties of an unclassified soil to determine if it is
within the range of soil property criteria for any one of the
four lime—~soil reaction subcategories. The unclassified soil

is compared with each subcategory. When a majority of the

soil property criteria meet the specifications for the particular
subcategory the unclassified soil will react with lime in accord-
- ance with the subcatégories‘designation.
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LIME-SOIL REACTION ANOMALY INVOLVING SUSPICIOUS SOILS*

The literature, relative to lime-soil stabilization, broadly
reflects the opinion that failure of certain lime-treated soils

(of which our Group 1 classification is similar) to develop
sufficient strength can be attributed to their relative inertness;
chemically and physically. However, the data developed by this
study does not support that viewpoint.

This study indicates that lime may, or may not, react with soils
classed as Group 1. If a considerable reaction does take place,
it is visualized as detrimental to strength development.
Nevertheless, Group 4 soils which may be highly reactive with
lime do acquire large developed strength. Thus, some Group 1
soils and some Group 4 soils are presumed to be highly
lime~-reactive. b

Group 1 and Group 4 Exclusive Soil Property Values.

When the soils and their Properties are listed according to
developed strength (see Table 30) it may be noted, that, although
the mean soil property values of Group 1 and Group 4 soils are
similar, they substantially differ from the mean values of

Group 2 and Group 3 soils.

This table also lists, on the right side, the number of soils
in each group which have certain soil property specifications;
€.9., 3 Group 1 soils and 8§ Group 4 soils contain CO3 in excess
of 0.4 percent.

Taken together, all the soil properties listed in Table 30
Support our belief that some Group 1 soils and some Group 4 soils
have something in common (e.g., high lime-soil activity) which
distinguishes them from the Group 2 and Group 3 soils.

Analysis

This study disclosed certain characteristics of the lime-soil
reaction supportive of the contention that the most highly

active lime-soil reactions result in either very little developed
compressive strength (Group 1) or the highest developed strength
(Group 4) of a fabricated lime-soil mixture.

Those lime-soil reaction characteristics which supports the con-
tention given above are listed below in order of there discussion.
The dielectric constant (e!) data of the natural soil are also
included for the convenience of the reader.

*Group 1 and Group 4 soils which have certain similar soil properties.
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a. FElectrical Response Test

Ao (Lime-soil) change in electrical conductivity

Ag? " : " " dielectric constant

e! (natural soil) dielectric constant of untreated soil
b. Moisture Test

npixed" moisture content
Change in Electrical conductivity of Lime Treated Soils.

Tt is assumed that the change in electrical conductivity (Acg) of
a lime-soil paste (as discussed in the Flectrical Section) with

time reflects a chenical and/or physical reaction of the lime with

o the soil.,

When this change in electrical conductivity is large, this implies
that there is a large change in the 1ime-soil system. If this
change in the system is beneficial to strength development, then
a Group 4 soil is indicated. Howevexr, if the change results in

s detrimental configuration, & Group 1 soil is indicated.

As shown in Table 20, those lime~-soil paste specimens which _
exhibited the largest change in electrical conductivity (Ac>1.60%10
mhos/cm) over the 48 hour test period (2-50 hours) had either the
lowest developed strength (Group 1) or the highest developed
strength (Group 4). These soils were 383, 38C, and 6MA, 21PC,

22MC, respectively. '

3

Change in Dielectric Constant of Lime Treated Soils.

The largest changes in the dielectric constant (Ae!) should also
be indicators of the lowest developed strength (Group 1) and
highest developed strength (Group 4) for some lime—-soil systems.
Since the largest pel of a lime-soil system indicates that the
largest guantity of lime is "depleted" when the predominate
1ime-soil reaction is in the "adsorptive" mode and conversely,
the largest pel of a lime-soil system indicates that the greatest
amount of soil particles coalesce when the lime-soil reaction

is predomlnately “agglomeration."

The data in Table 20 reveals that when +he Ae! is greater than
-20x103 ("adsorption" reaction) the 1ime-soil system yields

very little developed strength (<100 psi, Group 1): soils 384,

35C and 16IA. When the Ae' is greater than +20x103 ("agglomeration”
reaction) the lime-soil system exhibits large developed strength
(>300 psi, Group 4) with soil 22MC.
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Dielectric €Constant of Natural Soil.

It is also noteworthy that for natural soils with a dielectric con-
stant (e!) greater than 40x103 a Group 1 soil (3SA, 3SC and 16IA)
or a Group 4 soil (6MA, 21PC and 22MC) is present.

Moisture Retained ("Fixed") by the Lime-Soil Reaction.

A Group 1 or Group 4 soil is indicated when the "Fixed" moisture
content, or moisture content retained after oven drying of the-
"Instant Test" spe01mens, exceeds 2.0 percent. Perhaps this
"Fixed" moisture is used in produc1ng hydrates in the lime-soil
reaction (e.g., tobermorite gel) or in the phy51cal/chemlsorptlon
reaction.

These lime-soil reactions were greatly accelerated* by the relatively
high temperature of the oven in the moisture determination procedure
(220°F+ over a 24 hour period). Therefdére, some Group 1 and

Group 4 lime-treated soils retain more water than the Group 2

or Group 3 lime-treated soils. The Group 2 and 3 soils are _
visualized as having less lime- 5011 act1v1ty than some Group 1

and Group 4 soils,

It was further observed that more than 85% of the lime-soil
specimens had less moisture content at the end of the cure

period (e.g., 7 day, 28 day and 6 month) than was originally in
the mixture. Also, over 45% of the 6 month cure lime-soil
specimens retained more moisture than the 7 day cure lime

treated specimens. It also appears that as the developed strength
increases the moisture retained by the mixture increases.

In summary, large lime-~soil reactions do not always result in
large developed compressive strengths. These 1arge reactions
réflect the extreme values of developed compre551ve strength:
viz Group 1l or Group 4 soils as defined in this study.

This conclusion was anticipated from the similarity of the natural
soil properties of the Group 1 and Group 4 soils and was supported
by the electrical response data and the "FPixed" m01sture content
data.

The lime reactivity Groups, as used in this study, should be

redefined as "Lime Stability" Groups 1, 2, 3 and 4. This would
eliminate any confusion relating to the term, lime reactivity.

"Lime Stability" Group 1 soils would be considered unsuitable

for lime stabilization with developed strength less than 100 psi.

Group 4 soils would be considered highly suitable for stabilization.
This new deflnltlon of terms is presented in Appendix D, "Implementation
Guidelines."

*(8) ... "the degree of adsorption was increased by increasing
[the] temperature.
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e LIME TREATED SOILS WHICH FAIL TO
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80il Series

1 Pescadero

2lAkin

3 Sacramento '

4 Tournguist
5 Casuse
GwMontégﬁe

7 Chualar

8 Salinas

9 Lockwood

10 Vista

TABLE 1 SOIL, SITE LOCATIONS

General Location

SE of Woocdland near
Road 102. Yoclo Co.

Co.

Approx. 10 mi. E of
Fiddletown. Amador Co.

About 2.5 miles NW of
Knights Landing.
Yolo Co.

NW of Alturas.
Modoc_ Co.

1-3/4 mi. SW of Alturas.
Modoc Co. =

Easferly of Yreka.
Siskiyou Co.

S of Salinas and E of
Chualar. Monterey Co.

_AS,S.N of King City on
Metz Rd. Monterey Co.

NW of King City.
Monterey Co. :

Approx. 2-1/2 mi. SE

of Fallbrook.
San Diego Co.

-96-

Particular Locations

0.3 mi. 8 of Co. Road 24 inter-
section thence 0.2+ mile E in
pasture of J. P. Brauner Ranch

0.2 mi. W of jct. State Rte. 88
and Fiddletown - Silver Lake
Rd. 0.12 mi. NE of Center Sec

34, T8N, RI3E, MDM on the R4d.

ROW next +to the Allen Ranch

150+ N of the intersection of
State Rte. 45 and Co. R4d. 112

NW 1/4 of NW 1/2 Sec 33, T4N,
R11E, MDM and 402' E of line.
tag between Sec 32 and 33

1130'" E of west side RdA. 190°
W of E boundary fence line,
630" N of S boundary fence line

" 1660' N of where Montague Ditch

crosses County Airport Rd., on
the Lipert Ranch

0.45 mi. on Chualar Rd. from 0ld
Stage Rd. to pumphouse on N side
of Rd., 830' NW on dirt Rd.,
thence 20' NE into field

On Nello Salaris Ranch, W of

~ Stockyard approx. 50!

7 mi. NW of King City on Central
Ave., 100" SE and 50" NW from
the intersection of Teague anr:
Central Ave.’

0.4 E of S Main St. in Fallbrook,
along Winterhaven Rd., thence

N 430+ along an oiled road which
forms the boundary between
Fallbrook Hi School Compus and
Dr. Edward Ames Orchard, thence
E 35' into Dr. Ames Orchard



11

12

13

14

15

16

17

18

19

20

21

22

Huerhuero

Fallbrook
Bonsall

Placentia

Ramona

Imperial
Mecca

Hesperia

Adelanto
Oban
Pancche

Merced

TABLE 1 (continued)

Camp Pendleton.
San Diego Co.

Near Fallbrook'High
School near the town

of Fallbrook.

San Diego Co.

Near Fallbrook High
School near the town
of Fallbrook.

San Diego Co.

At Temecular on St
Rte 7..
Riverside Co.

NE of Riverside.

3.5 mi. E of Brawley.
Imperial Co.

4 mi. S of Indio.
Riverside Co.

E. of lLancaster.
Los Angeles Co.
W. of Lancaster.

Los Angeles Co.

N of Lancaster,
Los Andgeles Co.

NW of Bakersfield.
Kern Co.

West of Bakersfield and
8 mi. SW of Lost Hills,
Kern Co.

~97 -~

In Camp Pendleton, 800' E of 15,

1200' N of Stuart Mesa 0O.C. 100'
W of Mesa Rd {(near Phillips St.)

Located on Dr. Ames Orchard,-
about 350' from Winterhaven Rd.
and approx. 33' from a side
orchard rd. '

0.4 mi. E of S Main St. in
Fallbrook, along Winterhaven Rd.,
near Fallbrook High School '

Near intersection of US 395 and
State Rte 71, 60'+ W of US 395
Sta 197+50

From Riverside proceed E on State
Rt 60 to intersection with Hendrix
Rd. thence N along Hendrix Rd to
Ironwood St, thence .25 mi beyond
Tronwood St. on E side of Hendrix
Rd.

From E Main St. (Brawley) 3.5 mi
N along Best Canal, W 0.2 mi on
Best Lateral #1 to gate 116-AA

1320' N, 20' W of SE Cor Sec
14, T6S, R7E, SBM, about 4 mi.
8 of Indio

NE 1/4 of the SE 1/4, Sec 8, TSN,
R10W, SBM .

NE 1/4 of the SE 1/4 Sec 6, ToélN,
R12W, MDB at the intersection
of Ave. M8 & 37 St. W.

72" W of 22nd St W & 0.2 mi S
of Ave D. NE 1/4, NE 1/4,
Sec 20, R12W, T8N, SBM

About 2 mi. E of Blackwell Corner
(NE 1/4 of the NE 1/4 of Sec 3,
T27S, R19E, MDM)

Along the side of a silo pit of
Blue Moon Ranch located in the
NE 1/4 of the NE 1/4 of the

SE 1/4 of Sec 10, MDM



TABLE NO. 2a Engineering Properties of the soils used in this study

o Impact
a Compaction
" Depth 3 & > = Soil Classification Test q,
_in @ - o o Galifornia Dept. Atterberg #/cf %
Soil | inches w o ow o of Transportation Unified Limits Max. Opt. &%k R~ ?

Symbol (Sampled) % % % % Grainm Size Field log System SE#* LL PL PT Demsity Moisture psi Value Drainage
o o TRk

1PR 10-65 9 33 58 39 Cl  sSiCt CH nil 54 19 35 115 15 15 90 5 6
1PC 70-90 19 50 31 19 sicl C18i CL 3 3318 15 118 14 15 72 16
284 4-20 33 29 38 27 cl 5dcl ML 9 39 26 13 9% 27 28 54 45 3
2ZAB, 24-59 25 32 43 32 " s8dcl " 9 45 32 13 92 30 32 51
2AB, 59-75 45 27 28 17 8dcl o " 15 43 35 8 88 30 31 66 (72)
354 7-48 9 37 54 22 cl s$icl MH 7 59 33 26 97 26 55 10
3sc 53-77 11 38 51 20 " ci " 9. 66 38 28 92 26 27 63 15
4TA 4-14 60 25 15 3 5isd - sClsd sM 16 NP 103 2% 22 41 55 3
4TB 14-34 50 30 20 9 cisisd clsd CL-ML 13 28 22 6 107 19 20 56 16
4TC 34-45 44 37 19 6 " sdcl ML 12 32 28 4 99 27 28 37 33
. SCB 3-10 46 28 26 15 8dCl  sSdcl CL 11 34 22 12 106 19 20 66 6 3
6MA 6-24 19 30 51 26 " s8icl cH 2 60 26 34 102 22 23 62 11 3
6MC 24-36 74 20 6 1 sisd 5d sM 25 NP 87 30 31 24 77 6
- 7CA 7-21 7117 12 6 " h " 22 17 15 2 135 7 8 23 58 3
- 7CB 21-59 78 14 8 6 " " " 25 NP 135 8 8 10 81
7CC © 59-80 94 4 2 1 5d " Sp 38 NP 115 9 10 1 76
85A - 5-23 29 45 26 16 SicCl cisi CL . 4 32 21 11 113 15 16 40 19 4
"88C 23-82 46 39 15 8 Cclsisd  sclsi ML 7 29 25 4 111 16 17 19 65
9LA 8~30 31452413 ¢lsi & sd  clsd " 9 32 28 4 94 25 25 37 55 3
9LB 40-82 32 43 25 17 n n " 9 35 26 9 94 26 27 31 29
10VB 10-34 78 13 9 4 5i8d . 8d sM 22 NP 132 10 11 9 68 2
~love  ©34-55 84 12 4 .2 " e n 38 NP 124 11 12 6 75
- 11HA 0-10 46 38 16 & Clsisd . sdcl ML 12 NP 126 g 10 28 74 4
"11HB - 12-36 37 31 32 23 sdcl " cL 9 28 14 16 122 13 14 42 11
*12FB 18-30 67 17 16 10 clsd sclsd sM 20 24 21 3 130 10 11 22 26 3
13BR 10-30 57 20 23 15 " " SC 14 26 16 10 127 9 9 66 12 &
- 14PA 3-12 43 46 11 5 Si & 8d " ML 10 NP 120 12 12 7 80 3
. 14PB 20-30 32 39 29 22 81C1  s§icl CL 5 28 16 12 122 13 14 37 15
15RA 3-12 62 22 16 11 clsd sclsd sM 15 20 17 3 135 9 9 20 37 3
15RB 24-48 64 21 15 '8 it Clsd 5C-sM 13 25 20 5 132 9 9 39 25
16TA 4-10 2 28 70 58 cl cl CH 1 57 24 33 110 18 18 60 12 3
16IC 18-40 13168 f n " H 1 56 24 32 108 19 19 50 10
17MC 12-33 68 27 5 3 sisd 5i SM 21 NP 103 17 17 4 63 3
184G 12-60 83 11 6 & " sd " 29 NP 128 10 10 5 80 3
19A4 6-24 B84 11 5 f " " " 34 NP 119 10 11 4 81 3
19AB 33-62 74 14 12 8 n 8dcl n 16 NP 130 10 11 13 71
2008 18-28 55 14 31 22 5icl Clsd sc 8 39 16 23 122 12 13 59 4 6
Z1PA 6-20 18 38 44 21 ci sicl ML 3 34 23 11 106 18 20 60 10 (2)
.21PC 20-44 18 49 33 . f sicl  ssicl " 3 38 22 16 106 18 19 60 18
27MA 4-17 27 37 36 21 " 5i¢Cl " 5 36 21 15 110 16 17 51 11 (6)
22Mc 22-48 34 35 31 21 " " " 2 37 18 19 117 14 15 41 15

“!See Table No. 3
'fBz + B, Horizon
Drainage 1 = Excessively drained..... 7 = Very poorly drained. See Glossary.
etermined by manual manipulation of the gsoil. s=slightly

*Sand 53-2380y, Silt 5-53y, Clay <5y, Colloid <1,. Ff=floc
*%SE = Sand Equivalent. An indicator of the detrimental effect of clay-like materials.
***nconfined Compressien Test 90% Rel. Compaction at Optimum Moisture.

#**%¥Moisture content of fabricated specimeng.
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TABLE NO. 4 . MISCELLANEOUS DATA

Soil Calc. Surface Area Ignition *hHE

cm2/gram x 102 Loss "Instant Test"
corrected* *k* Fixed Moisture

No - Yes % % % of

Remaining Original

1PB 616 6.1 1.1 7.3
1PC 506 5.5 1.1 7.3
225 460 13.8 1.8 6.4
2ABq 478 17.4 1.9 5.9
2ABS 368 12.4 1.1 3.6

3sA 581 7.8 - -
3s8¢C : 580 8.4 3.3 12.2
47TA 323 11.9 1.3 5.9
4TB 369 11.1 3.0 15.0
4TC 396 16.7 1.7 6.1
" 5CB 386 9.1 1.6 8.0
6MA 537 5.0 0.4 1.7
6MC 209%% 19.5 2,7 8.7
7CA 224 2.6 0.6 8.0
7CB 181 1.7 1.2 15.0
7CC 73 1.1 1.3 13.7
854 508 7.3 1.0 6.2
85C 484 6.3 1.5 9.0
9LA 459 9.6 2.9 11l.6
LB 449 10.7 1.7 6.4
10VB 192 3.9 0.8 7.5
10ve 147 3.0 0.6 5.1
11HA 386 4,3 1.1 11.1
1HB 420 7.0 2.3 16.8
12FB 271 3.7 1.0 2.5
13BB 326 5.3 1.2 13.6
14PA 445 3.1 1.3 10.7
14PB 502 6.0 1.7 12.5
15RA 287 3.4 1.0 11.0
15RB 287 4.1 1.0 11.0
161IA 635 15.8 0.7 3.8
l6IC 61l 15.4 1.3 6.7
17MC 379 2.6 2.1 12.4
18HC 197 3.2 1.8 17.8
19AaA 210 1.8 0.7 6.7
1O9AB 263 2.5 1.1 10.5
2008 320 7.7 1.0 7.9
21PA 529 7.2 1.3 6.6
21PC 547 10.2 0.8 4,2
22MA 504 5.9 1.3 7.8
22MC 518 9.2 1.5 9.9

*for Specific Gravity, see reference #37 for method.
**grading is off due to cemented particles.
***sample initially dried at 110°cC.
***¥*moisture remaining in "Instant Test" specimen (5% lime content).
% remaining = original specimen moist. -- oven-dry specimen moist.
eXample 1PB opt. moist = 15.0%. Oven-dry moisture (lime treated)=13.92%
percent remaining = 15.0 - 13.9 = 1.1%

=

% of original = 100 {percent remaining)/original specimen moisture
example 1PB = 100 (1.1)/15.0 = 7.3% '
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Table No. 6

Sk

Effect of soil mixing on developed strength (5% lime content,

near optimum moisture, 90% relative compaction and 28-day cure)

Moisture Dev. Strength
Lime Content Developed (Avg. for
Fabrication Con- After UC Strength Horiz. & Vert.
Soil Configuration +tent ~ Test psi Specimens) Remarks
16IAa Horiz. Lift* 0% 18.5 _
Clay " " 6% 16.7 6
‘ Avyg. 17.6 5 "5(100) = 25%
o - 20
~ Vert, Lift 0% 18.3 :
" " 6% 16.5 4 Therefore, the
Avg. 17.4 inadequately
mixed Horiz.
Regular 0% 18.2 and Vert. spec-
" 3% 17.4 20 20 imens achieved
" 6% 17.0 - 25 about 25% of the
' regular speci-
mens developed
strength.
19AB Horiz. Lift 0% 8.7
Silty " " 6% 9.1 58
Sand Avg. 8.9 77 77 _
Igg(loo) = 57%
Vert. Lift 0% 8.9 '
"o " 6% 9.3 96 Therefore, the
Avyg. 9.1 ‘ . inadequately
: mixed Horiz.
Regular 0% 10.2 and Vert. spec-
" 3% 9.8 135 135 - imens achieved
N** 6% 9.5 244 about 60% of the
regular speci-
mens developed
strength.
16T2 Optimum Moisture = 18.2%. Clay Content = 70%
19aB " - = 10.2%. Clay Content = 12%

*The varicus lifts, e.g., Horizontal 0% and Horizontal 6% are given here
separately to show the resulting oven moisture content for the 28-day cured

specimen.

**Values averaged from the regular 5% and 7% lime treatments given here for
comparison purposes with the Horizontal and Vertical 6% lime treated 1ifts.
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Tablé No., 7 = Tabulation of developed strengths of soils treated with 3%,
5% and 7% lime and cured for various periods.

: 3% Lime Content 5% Lime Content 7% Lime Content
. Group 1 %
- <100 psi 7d 28d fm 7d 28d 6m 7d 28d 6m
- 17IMC - 3 3 4 6 6 6 9 7 10
© 4TA 10 10 2 34 41 20 99 88 73
1944 2 7 14 10 14 37 16 26 74
3s¢ =16 -14 =20 -8 -9 41 -7 13 72
14PA 15 16 28 33 30 52 58 51 90
7CC 1 5 43 8 15 61 10 27 79
16TIA -2 20 49 =3 17 62 16 32 116
38A 7 - 18 36 25 36 70 26 44 92
4TB 7 13 10 52 77 79 126 193 229
161IC 26 39 51 34 53 93 41 83 126
4TC 13 15 19 74 85 97 159 225 292
Ave.¥¥ 8 13 23 25 34 56 51 72 114
-Group 2
100-200 psi ‘
10VB 34" 33 47 54 58 109 87 103 175
11HA 45 53 62 87 96 126 138 145 163
2ABog 34 39 42 128 150 154 224 284 290
12FB '63 64 90 103 105 164 137 162 277
8SA 87 110 145 126 160 198 178 211 293
Ave., 53 60 77 100 114 150 153 181 240
_Group 3 . '
.200-300 psi _
18HC @ 24 40 171 26 70 201 63 88 306
2AB1 T 39 57 60 142 153 202 223 344 347
1PB 18 101 31 74 172 210 133 239 414
2AA 61 63 76 149 154 222 255 387 392
7CA 96 124 153 172 207 251 248 290 391
7CB 74 95 203 116 125 258 153 202 356
9L.B 75 115 163 80 . 186 273 119 243 428
1o0ve | , 30 47 183 45 76 295 69 109 383
Ave. 52 80 . 136 101 143 239 158 238 377
Group 4 : §
>300 psi o
6MA o 50 80 187 165 171 305 243 241 334
9L.A 88 138 184 93 226 314 122 188 353
11HB 60 106 192 102 172 328 153 247 462
13BB 72 87 251 124 147 392 178 224 480
14PB 109 203 355 170 231 419 225 350 582
1iPC 95 © 152 279 137 188 428 183 276 616 °
5CB 124 149 304 144 292 453 280 341 565
8sC .95 124 383 114 157 467 140 168 477
22MC 75 ‘144 241 100 194 485 132 241 633
22MA 128 227 - 337 146 234 492 195 265 637
15RA 108 133 @ 383 148 195 527 214 265 607
BMC 192 229 287 255 335 534 285 438 625
19AB 84 135 407 132 198 542 181 288 762
21PC 164 316 ~ 385 175 308 572 216 315 613
200B 162 266 388 186 356 623 244 424 731
"21PA 141 298 500 153 270 630 196 277 611
~15RB 127 207 518 193 296 770 228 367 896
Ave., 110 176 328 149 234 490 201 289 588

* The soils were assigned to the various groups according to the developed
strength criteria 6f the 6 month - 5% lime content scils.
*% The average values for each lime reactivity group, lime content and
. cure time are plotted in Figure
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 CABLE No. 9 GROSS UNCONFINED COMPRESSIVE STRENGTH IN PST

3% Lime Content

Natuwal evrcrarsvrressraess . COre Timek®k,, ., , crreeenna

8gil 0d * 7d 14d 28d 2m 6m

1PB 90 - 116 108 130 191 213 171
1pC 72 99 167 191 224 262 351
2AA 54 90 115 119 117 125 130
2AB1 51 85 90 (102) 108 (111) 111
2AB) 66 86 100 (103) 105  (106) 108
35A 55 . 47 62 T 73 75 91
3s5C 63 60 47 49 49 56 43
4TA 41 63 51 © 49 51 46 43
4TB 56 110 63 64 69 68 66
A4TC 37 57 50 52 52 57 56
"5CB - 66 100 © 190 218 215 295 370
6MA 62 72 - 112 132 142 183 249
LBMC-. . 24 34 216 229 253 325 311
- - 7CA .23 75 119 132 147 140 176
7CB 10 47 84 83 105 108 213
7C¢ - 1. 5 : 2 5 6 20 44
-88A . .. 40 75 127 133 150 146 185
-85C - - 19 38 114 137 143 185 402
91A 37 75 125 162 175 197 221
9LB 31 61 106 117 146 170 194
 10vB . 9 . 33 43 42 42 49 56
-~ 10VC 6 - 15 36 41 53 67 189
11HA 28 70 73 72 . 81 84 90

- 11HB 42 95 - 102 125 148 - 166 234
- 12FB 22 33 85 74 86 85 112
13BB + + 66 111 138 141 153 226 317
14PA 7 20 22 23 23 27 35
L4PB 37 88 . 146 166 240 269 392
15RA 20 87 128 126 153 182 403
15RB 39 95 166 205 246 -305 557

- 16TIA 60 68** 58 67 380 86 109
le1C 50 63 76 . 69 89 107 101
17MC L -7 7 (D 7 (8) 8
185C 5 17 29 - 26 45 78 176
19AA A 8 6 8 11 12 18
19AB 13 47 97 110 148 227 420
200B - 59 7103 - 221 292 325 359 447
21PA 60 93 201 . 268 358 460 560

. 21pC 56 85 220 275 372 390 441
- 22MA 51 94 179 212 278 340 - 388
22MC 41 76 116 140 185 243 282

Ave. 38 28 DS 64 ps 78 DS 100 ps 124 ps 178 ps
Values in parenthesis are interpolations '
: :* inter§Qla£i0ns (Plnstant Test")
- *% true value '
Lo kR g = day, m = months _
DS = Developed Strength .
‘ ~-106~-



TABLE 0. 10 GROSS UNCONFINED COMPRESSIVE STRENGTH IN PST

5% Lime content ’

Natural — cesees Ciesasesesesssfure TimeF¥.covereresroe s
Soil Qd* 7 -~ 14d 28d . 2m 6m
1PB 90 139 164 209 - 262 276 300
1PC 72 - 118 209 229 260 306 " 500
2AA 54 125 203 246 - 208 249 276
2AB1 51 111 193 (196) 204 (217) 253
oAy 66 - 103 194 (206) 216 (218) 220
. 3SA 55 50 80 81 91 100 125
3gc 63 62 55 53 54 95 104
4TA 4L 78 75 72 - 82 .76 61
4LTB 56 147 " 108 120 133 137 135
4TC a7 74 111 111 122 137 134
5CB 66 116 210 307 358 426 519
" 6MA 62 - 80 227 230 233 295 367
6MC 24 41 279 343 359 480 558
7CA 23 113 195 200 - 230 227 274
7CB 10 72 126 123 135 166 268
- 70C 1 7 9 1 - 16 31 62
8SA 40 105 166 168 200 204 238
85C 19 54 133 162 176 211 486
9LA 37 106 130 175 263 306 351
aLB - 31 85 111 151 217 281 304
10VB 9 52 63 70 67 82 118
10VC 6 23 51 65 82 123 301
11HA 28 100 115 115 124 130 154
11HB L2 134 144 185 214 260 370
12FB 22 43 125 111 127 128 186
13BB 66 147 190 200 213 273 458
14PA 7 32 40 30 37 L2 59
14PB 37 125 207 221 268 367 456
15RA 20 118 168 187 215 274 . 547
15RB 39 135 232 278 335 433 809
16TA 60 71 57 68 77 86 122
. 16IC 50 72 84 80 103 106 . 143
17MGC -4 9 10 8 10 8 10
18HC 5 - 25 31 41 75 91 206
19AA 4 11 14 15 18 21 41
19AB 13 72 145 170 212 333 555
2008 59 135 245 332 415 515 682
21PA - 60 122 213 285 330 437 690
21pC . 56 - 100 231 296 364 466 628
22MA 51 127 197 248 285 273 543
22MC 41 101 141 -173 235 - 342 526
Ave. 38 ig DS 100 DS

123 DS 148 DS

values in parenthesis are jnterpolations

% True values(“Instant Test")
%% 4 = day, m = months

DS = peveloped strength

-107-
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7% Lime Content

: Natura] -—J‘irco;.iai'lri-\-u.‘ncure Time***e-oonnu-ao--o

————

L oil *
SoIl o4+ 7d 14d 284 2m 6m
1PB 90 162 223 254 329 423 504
L1PC 72 140 255 308 348 402 688
2AA .54 157 309 359 441 443 446
2AB] . 51 138 274 (351) 395 (397) 398
2ABy . 66 116 290 (3315 350 (354 356
38A° 55 71 81 87 99 109 147
38C | - 63 64 56 67 76 102 135
4TA 41 96 140 126 129 110 114
4TB i 56 190 182 205 249 277 285
4TC - 37 89 - 196 252 262 270 329
5CB 66 135 346 365 407 468 631
6MA . 62 88 305 237 303 427 396
6MC 24 50 309 368 462 618 649
7CA 23 152 271 292 313 316 414
7CB 10 97 163 166 212 215 366
7CC .1 9 11 33 28 41 80
8SA 40 135 218 239 251 293 333
8sc - 19 - g8 159 188 187 277 496
9%A . 37 137 159 188 225 288 390
9LB 31 114 150 171 274 369 459
10vB 9 71 96 110 112 116 184
10ve : 6 31 75 92 115 185 389
11HA | 28 127 166 166 173 179 191
11HB 42 177 195 254 289 375 504
12FB 22 5 159 165 184 204 299
13BB 66 182 244 260 290 383 546
14pA 7 42 65 57 58 69 97
14PB 37 163 262 302 387 385 619
15RA 20 179 234 258 285 368 627
15RB 39 . 180 267 385 406 531 935
16TA 60 110 *x T 84 92 122 176
161¢C . 50 . 83 91 102 133 128 176
17MC 4. 11 13 (12) 11 (12) 14
18HC . 5 .34 68 61 93 138 311
19AA . 4 g 20 23 30 35 78
19AB . 13 .98 194 228 301 407 775
2008 59 166 303 338 483 595 790
21pA 60 149 256 302 337 401 671
21pc - g5g 120 272 308 371 469 674
22MA | 51 159 246 302 316 356 688
22MC 41 131 173 201 282 390 674
Ave, 38 71 DS Iz 146 DS 171 DS 208DS 237 ps 377 DS

'Values in parenthe31s are lnterpolatlons

* 1nterpolatlons

* % true value

***d

DSA

day, m

= months

("Instant Test")

= Developed Sﬁrength
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Table No.l2Some natural soil properties of the soils used in the
moisture "Sensitivity" tests. (Specimens fabricated at
90% R.C., with 5% lime content and cured for 28 days)

MOISTURE CONTENT WETTER THAN OPTIMUM
Treated soils which increased in gross compressive strength,

2 exchangeable
Moisture p?  ions-meg/100g ) % % .
Content Ixron Montmor-  Kaolin-
Dry Opt. Wet {l:1) Ca Mg Na K H Total Coating illonite ite
20 24 31 38A 7.6 28 11 1l 4 6 1 27 0
24 26 31 38C 7.5 19 19 2 0 4 5 1 37 0
15 19 22 5CB 6.7 14 5 02 4 6 1 7 0
15 22 28 6MA 6.8 le 19 11 2 4 0 37 0
25 30 35 6MC B.1 61 15 00 3 3 0 32 0

Treated soils which decrease in gross compressive strength.

12 15 17 1PB 9.3 5 6 350 1 5 1 0 5
24 27 32 282 5,7 4 1 01 10 9 3 0 37
28 30 36 2AB] 5.8 O 0 00 10 9 3 0 47
27 30 35 2ABy 5.2 0 1 00 14 9 3 0 47
17 21 26 4TA 6.3 10 4 01 11 9 5 0 40
15 19 22 4TB 6.1 812 01 10 9 5 g 42
24 27 32 4TC 6.8 7 5 02 12 12 6 0 47
5 7 9 7CA 7.8 7 0 00 1 2 0 0 0
4 8 10 7CB 8.1 4 0 00 1 2 0 0 0
7 10 15 7¢C 8.4 2 1 10 o0 2 0 0 0
5 9 12 15RB 7.9 7 5 10 0 5 0 0 0

MOISTURE CONTENT DRIER THAN OPTIMUM
Treated soils which increased in gross compressive strength.

227 5.7 4 1 0110 9 3 0 37
2RB, 5.8 0 0 0 0 10 9 3 0 47
2ABy 5.2 0 1 00 14 9 3 0 47
3s¢ 7.5 19 19 20 4 5 1 37 0
4TA 6.3 10 4 0 1 11 9 5 0 40
478 6.1 812 0 1 1o 9 5 0 42
4TC 6.8 7 5 02 12 12 6 0 47
7CA 7.8 7 0 00 1 2 0 0 0
7CB 8.1 4 0 00 1 2 0 0 0
7CC 8.4 2 1 10 0 2 0 0 0
15RB 7.9 7 5 10 0 5 0 0 0

Treated soils which decreased in gross compressive strength.

1PB 9.3 5 6350 1 5 1 0 2
12 14 18 1PC 8.0 1014 20 0 5 1 0 0
38A 7.6 2811 31 4 6 1 27 0
5CB 6.7 14 5 0.2 4 6 1 7 0
6MA 6.8 16 19 11 2 4 0 37 0
6MC 8.1 6115 0 0 3 3 0 32 0
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Table 13 Influence of moisture content on compres—
. sive strength of montmorillonitic and kaolinitic
soils, (Conditions: 5% lime content, 90% relative
compaction and 28 day cure. ) :

Note: Values were extrapolated when necessary.

% Change in Strength

% Grogs Compressive Strength from Strength at OM
~ Montmoril- % Optimum [5% Wetter{4% Drier Wetter than }Drier than

Soil. lonite Kaolinite Moisturel]than OM than OM oM oM
38A . 27 0 91 130 30 +43 -65
3sC 37 0 54 165 72 +206 +33

- 5CB 7 _ 0 _ 358 475 210 +33 -41
6MA - 37 o0 233 430 130 +85 -44
6MC 32 0 359 375 300 +4 -16
2aA 0 37 208 200 275 -4 +32
2ABy. " 0, 47 - 204 220 360 +8 +76
2ABy 0 47 216 200 260 -7 +20
CL 4TA T 0 40 82 40 110 -51 +34
4TB 0 42 133 25 185 -81 +39
ATC -, 0 47 122 90 1s5¢ -26 +23

,

s
3o
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Table No.ls Estimate of Soil Mineralogy of the Whole Soil in

Percent by X-ray Diffraction-Differential Thermal

Analysis-Microscopy

3
g
4 M g ¥ @
oo % B o & 8 8 9 Y
o e T T M oo A o@ P —~
RS, BT EERS 8328737418 58y
5 % 4 g 82 8 % « 34 B RS B8 a5 i
sl £ 50338 IE S5 s888E 88
Symbol 2 2 pH 5 8 M m U OE @ mBoM ¥ & =2 U U 2 & Remarks
1PB 52 5 5 5 5 10 10 5 5 20
1PC 32 7 5 17 17 5 22
2R 37 37 + 7 _ 5 t 5  7Cristobolite,5Gibbsite,7Tridymite
228, 47 47 5 12 " 700"
2BB, 5 47 47 5 5 5 7 12
asa 27 7 10 5 15 15 5 12 5 Amorphous
3¢ 37 5 12 7 12 12 15
4TA - 40 17 5 22 15 7 5 7 7 5 Pyrite, §
4TB |42 5 7 5 5 15 5 Serpentine
arc 5 7 a7 12’ 7
5CB 7 57 57 5 5 5 15 Amorphous
6ma 37 17 12 5 5 22 5 Dolomite
gMC 32 5 5 77 30 17
7CA 5 72 55 17 5 22
7CB 7 42 22 20 7 35
7cC 7 5 52 49 12 7 32
gsa 17 5 12 12 27 17 10 11 27
gsc 12 5 5 5 32 27 5 5 27
9LA . 2z 7 15 10 5 25 10 Cristobolite
9LB 22 5 5 27'22 5 25 10 Tridymite
_l0VE ' 37 5 20 20 12 15
1gve 20 7 7 27 22 5 12 17 5 Leonhardite
11Ha 10 - 5 22 12 10 5 42 5 Amorphous
11HB 5 5 5 25 15 10 732 5 u
12FB 5 15 7 7 25 20 5 5 15 22 5 Pyrclusite
13BB 5 17 5 5 5 5 3227 5 5 22
14ra 10 5 5 5 5 2515 10 5 12 32
14PB 15 5 5 5 30 25 5 . 512 25
15RA 5 7 7 3025 5 10 35
1588 12 12 12 30 25 5 10 25
16IA 22 7 5 5 5 5 1z 5 20
161 22 5 7 5 5 5 10 5 25
17MC 7 25 20 27 17 10 5 1z 17 5 Muscovite
18HC 10 5 20 20 2520 5 1 7 22
19an 5 7 40 20 20 7 35
192B 10 5 5 32 20 12 730 5 Amorphous
200B 12 5 5 27 15 12 5 5 27
21PA 25 5 5 15 15 5 t 25
21pC 17 5 5 15 10 5 5 5 5 35 5 Dolomite
22Ma 20 5 5 5 5 3025 5 5 20
22Mc 5 10 5 22 20 22 5 5 7 17

% were originally given in ranges but recorded here as mid range values (10-15 as 12}

* Hydrohiotite-vVermiculite

Bar under figure signifies "less than".

t = trace
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TABLE NO.15 LISTING OF THE ACIDIC AND BASTIC

NATURAL SOILS BY LIME REACTIVITY GROUPS

- unsuitable soils

Group 1

suitable soils
Group 2 - :

Grbup_S

Group: 4

pH <7

ACIDIC

4TA
14Pa
4TB
. 4TC

2AB,
11HA
12FB

2A3
2AB4

5CB
6MA

~-112~

pH 7+
BASIC

38a,
7CC,

161IC,

19aA

85A
10VB

1pB,
" 9LB,

9LA,
14pPB,

3sC

l6IA

17MC

7CA, 7CB
lovc, 18HC
6MC, 8SC
11HB, 13BB
15RA, 15RB

19AB,200B, 21PA

21PC,

22Ma, 22MC



Table No. 16 Estimated'Minimuﬁ7ﬁeVéloped Strenéth for Values of
: Plasticity Index (P.I.) Up to 20 for 3%, 5% and 7%
Lime Content.

_
- Lime Content

. % * * ' k%

| cure Plasticity 3% : 5% 7%

Interval Index Minimum Developed Strength {(psi)

7 Day 0 L 0 VI 0

5 . 0. 25 - 40

10 ' - 25 50 ‘ , 75

15 40 80 , 105

20 60 : o0 140

28 Day 0 .0 0 . 0

5 ' 0 . - 50 70

10 35 - 100 130

15 ‘ 80 : 150 190

20 R 120 o 200 250

6 Month 0 . -0 0 . 0]

5 IR 10 50 ‘ 140

10 50 160 270

15 © 90 270 o 400

20 . 130 380 530

Note all values rounded off to the nearest 35 psi.

*Prom Figure 20
**From Figure
*%*From Figure 22
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Table No. 17 Average Values of Compressive Strength (Developed Strength, psi)
for the Various P.I. Ranges. With a Measure of the Variation.

Lime Cure Non- Plasticity Index Range = Range S
Content Interval [ Plastic 1-9 10-19 >20 psi psi v psi
Variable | 7 Day | 97% 118%% | 101#%* | 100% 104 21 |10 | 10

28 Day | 131 167%% | 169%%% | 154% 155 38 | 11 17

| ' 6 Month f]258*' 1 300%x | 279%%x | 269% 276 42 7| 18

'f;jsﬁécific | '
3% 6 Month -| - 121 182 279 113 174 | 166 |a4 | 77
5% 6 Month | 187 300 | 420 200 277 | 233 | 39 | 108
7% 6 Month | 258 417 535 269 370 | 277 |36 | 132

. = 7% Lime ‘Content
&% = 57 Lime Content

Fik 3% Lime Content ff”=" '
§ = Standard Deviation o _
V = Coefficient of Variation = 1008/%
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TABLE NO. 18 ESTIMATION OF LIME CONTENT USING

A SINGLE SOIL PROPERTY, {BASED
UPON AVERAGE DEVELOPED STRENGTHS
OF LIME 'TREATED SOILS USED IN
THIS STUDY).

Lime Content-%

7 Day
Progertz High Early Strength
Lime ReactivityGroup
l —
2 5
3 5
4 3
PI of Natural Soil
NP -
1-9 5
10-19 5
220 -
Soil Horizon
A 7
B 5
C 7

Soil Dry Density pcf
<100

100-121
>121

=115~

6 Month

Cure
—_—
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TABLE NO. 19 DEVELOPED STRENGTH FOR VARIOQUS
SOILS ARRANGED ACCORDING TO
PREDOMINATE CLAY MINERAL

Developed Strength
6-mo. Cure-5% Lime % of Soils

predominate Number of Soil *E (psi) Unsuitable
Clay Mineral Soils Series®* Avg. Low High ( <100 psi)
“Kaolinite 6 28 and 4T ‘ 129 20 222 50

Mixed Layer 10 1P, 9L, 11H, 356 126 623 0
_ 18HC, 19AB,
200B and 22MC

.‘Montmorillonite 11 35, 6M, 85, 300 41 630 40
S 16T, 21P and

| 22MA
.mydrobiotite- 5 10V, 13BB, 397 109 770 0

ijermiculite 14PB and 15RB
- *goil series symbols seé Table 2 for further description.
k¥pAverade developed strength foxr all soils in this clay mineral group.

Note: Average developed strength (6 months cure-5% 1ime) for all 41 solls
used in this study is 283 psi.

)
i

~116-



\

Table 20 Electrical Characterization Test values with Calculations

for Indicating a Soils guitability for Lime Stabilization

AGGLOMERATION

When € 0f Lime Treated Soil Is Larger Then £” Of The Natural Soil

dielectric constant conductivity
1 2 3 s 4 5 _ 6 7 . Developed
Natural Treated Ae * Ag Ao x Ae Strength
soil Soil x10"3 Time mhos/cm (x 10°) 6 month
cec! x107° %x10"% (Col.3-Col.2) Hrs. (x 10°) Col. 4 x Col.6 5% Lime
psi
22MC 46 41 70 29 4 2.225 64,500 485
gsc 42 30 33 3 1 .969 2,900 467
13BB 21 37 45 8 1 .166 1,300 392
228 16 10 23 13 1 .850 11,000 222
1P 47 31 45 14 6 1.040 14,600 210
ZAB2 15 3.3 15 11.7 5 1.060 12,400 154
47A° 26 ) 10 1 3 .560 600%*%* 20%% %%
14PA 7 5.4 6.2 0.8 1 .248 200%% G2%kk¥
ADSORPTION
When & Of The Lime Treated Soil Is Smaller Than £” Of The Natural Soil.
dielectric constant conductivity
1 2 -3 4 5 6 7 Developed
Natural Treated?  Ae” AG Ao ¥ Ag”  Strength
Soil Soil %x107* Time mhos /cm (x 10°) & month
cect =x107* %107% (Col.3-Col.2) Hrs. {x 10°) Col. 4 x Col. 6 5% Lime
psi
15RB 13 15 7.2 7.8 2 .199 1,600 770
21pC 17 73 56 17 1 1.661 28,200 572
9LA 20 10.3 8.7 1.6 6 .988 1,600 314
6MA 40 42 30 12 5] 2.786 33,400 305
oLB 23 8.5 6.5 2 1 1.264 2,500 273
1ipa 11 4,9 1.2 3.7 1 2173 600 126
38A 46 43 21 22 8 2.410 53,000*** TO* k&,
16ta 50 59 7 52 2 .925 48,100%%* GRExRE
3sC 45 A2 19 23 3 2.120 48 ,800%** i

*Time lapse between addition of lime to soil-water siurry and initial
electrical measurement { 7).
#%501ils with values of hoxhic” (x 10% )less than 1000 are not desirable for
lime stabilization.
x%%*goils with values of Aoxhe " (x 10%® ) larger than 40,000 are not desirable for
lime stabilization.

1cEC by NH4OAc method (meq/100g). The 5% 1ike added would be nearly
equivalent to 130 meq/100g of soil.
25631 treated with 5% lime. '

x*%%Undesirable for lime soil stabilization based upon the 100 psi developed
strength (Iime Reactivity - 6 month cure — 5% Lime Content) criteria.
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Table 22 Tentative Guidelines for resolving the Montmorillonitic Soils
(Adsorptive Lime~Soil Rgaction) vs. the Nonmontmorillonitic

Soils (Adsorptive Lime-8nil Reaction) by the preponderance

of the various soil Property criteria, Montmorillonitic soils

38A-21PC, Nonmontmorillonitic soils 9LA-15RB,
: *®

"Instant 23

o& . Test" »

> 0 N

W ? T

*kk w m 2,3 g He
Adsorption 8 g &' 3 8‘ o 83
Reaction = - g8 0 2 43 S ok

. 5 H - g
% Al Sa i A ad A8

Symbol Soil ) psi psi *k e!
3s8a Montmorillonite o (530 [ 510 [ >50 | <6 | <4p [ >500 ] >20]|
Nonmontmorilionite <30 <10 <50 >6 >40 <500 <20
3s¢ Montmorillonite / L >30 [ >10 [ 350 | <6 T <ip [ >560 | >20]
Nonmontmorillonite <30 <10 <50 >6 >4 <500 <20

6MA, Montmorillonite v [ 335 | 31p | >50 <6 | <1y T 53500 [ >20]
Nonmontmorillonite <30 <19 <50 >6 >40 <500 <20

16IA Montmorillonite [ >30 | >10 | >50 T <6 ] <40 | >500 | >20]
Nonmontmorillonite <30 <10 <50 >6 >40 <500 <20

21PC Montmorillonite v  [335 T 517 [ 550 | <8 <40 [ >500 ] >20]
Nonmontmorillonite <30 <10 <50 >6 | >40 <500 <20

9LA Montmorillonite >30 >10 >50 <6 <4q >500  >20
Nonmontmorillonite ¢ <30 [ <Io T <s¢ [ >6 T >ap <500 | <20

9LB Montmorillonite >30  >10_  >50 <6 <40 >500 _>20
Nonmontmorillonite Y [<30 ] <10 [ <50 [ >6 | >a0 | <500 | €20]

lisa Montmorillonite >30 >10 >50 <6 <4g >500  >20
Nonmontmorillonite [ <30 ] <30 T <50 L >6 | 545 T <560 [ <20

15REB. - Montmorillonite >30 >10 >50 <6 <4n >500 >20
. Nonmontmorillonite v [ <30 [ <10 <50 1756 ] >40_ | <500 ] <20

Note: Enclozed () Spec. indicates level of soil Property.

The preponderance (4 or more) of these various Properties indicates

this soil,.

* Instant Test (less than 30 minutes total life of treated Specimen).

5% lime content, Developed Strength ={Treated Strength)lime—SOil

(Untreated strength) naturai soil,

**  Calculated using Mechanical Analysis, cmz/gran:x 102
**%  go classified by virtue of the electrical characteristic test.

*¥EE*  Watural Soil
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‘mable 23 Tentative Guidelines

for Resolving the Kaolinitic Soils

*

*%

* k&
EX 23

The preponderance.(S or more) of the various properties indicates
this soil., . ;

Moisture remaining in Tnstant Test specimen after oven-drying
jfest, i.€.y 100 (Orig.-Oven)/0Orig.

Tnstant Test -~ The time from soil fabrication to unconfined
compression test is less than 30 minutes.

By the dithionite-citrate method.

so classified by virtue of the electrical characteristic test.
‘Matural Soil" ' ‘ ‘
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(Agglomerative Lime-Soil Reaction) vs. the Nonkaolinitic Soils v
(Agglomerative Lime-Soil Reaction) by ;hg pregonderance of the —
various Solil property criteria, Kaolinitic soills 28A—~4TA. o oM
Nonkaolinitic’ soils 1PB-22MC. -
Q o = i g
: g > g H o O 1 g
N =5 4 % 3 x g - « L

KRR + g - Ep o ®x A4 ¥ v '9' B
- 3 pda  H@2 2% 8% Eu 088 9 8
Agglomeration 5 m 0@ O b9 X3 06 po 88T RO
Reaction & 0, HEA o S HE Aa muny 89
Symbol Soil % pef % % % % % gl
2AA Kaolinitic y [ <12 [ <7 | <107 [>18 | <10 | >2 [ >10 | <60 | <20]
Nonkaolinitic >12 >7 >107 <18 >10 <2 <10 =»60 >20
2AB, Raolinitic ¢ - [ <12 | <7 <107 | »18 | <10 | >2 [ >10 | <601 <20]
Nonkaolinitic >12 >7 >107 <18 >10 <2 <10 =>60 >20
ATA Kaolinitic y [<i2 | <7 [ <107 | >18 <30 | 52 | 10| <60] <20/
Nonkaolinitic :>12 >7 >107 <18 >10 <2 <10 >60 >20
1PB Kaolinitic <12 <7 <107 >181<10 | >2 >10 <60 _ <20
Nonkaoliniticy [>12 [ >7 | >107 [<18 | 510 | <2 | <10 [ >60 ] >20]
8sC Kaolinitic <12 <7 <107 >18 | <10 >2 »10 <60 <20
Nonkaoliniticy [>12 | >7 [>107 | <18 | >10 | <2 <10 ] >60] >28|
 13BB Kaolinitic <12 <7 <107 _>18 <10 >2 _>10 <60 <20
Nonkaoliniticy [>32 | >7 >107 | <18 [>10 | <2 [ <10 | >60 | >20]
~1l4pa Kaolinitic <12 <7 <107 >18 <10 >2 10 <60 [ <20}
Nonkaoliniticey [312 | >7 | >107 <18 [ 510 [ <2 | <i0] >60 >20
- 22MC Kaolinitic <12 <7 <107 _>18[<10 } »2 _>iD <60 <20
Nonkaoliniticv [ >12 | _>7 5107 | <18 1 >10 [ <2 [ <10 | >60| >20]

Note: Enclosed ( ) Spec. indicates level of soil property.

kkk*®



Table 24 Tentative Guidelines for Resolving the Nonmontmorillonitic Soils
{Adsorptive Lime-Soil Reaction} vs. the Nonkaolinitic Soils
(Agglomerative Lime-Soil Reaction) by the preponderance of the
various solil property criteria., Nonmontmorillinitic soils 9LA~15RB.

Nonkaolinitic soils 1PB-22MC. o -
‘ o ot e
CLASSIFICATION b le=tes
Lime~Soil . - 8.Bf
Reaction el N
T . Soil | ks B
Electrical Clay Mineral Exchg. Ao
Soil (e") Characteristic Inst/pH S PI gl
9LA Adsorption Nonmontmoril./ [>6 | 50,7 | <1g] <20 ]
: Nonkaolinite <6 <0,7 >10 >2C
9LB n Nonmontmoril.v " [>6 | >0,7 | <ip| <20}
Nonkaolinite = <6 <0.7 >10 >20
11HA " Nonmontmoril.v |>6 | >0.7 | <igl <20 |
‘ Nonkaolinite <6 <0.7 >10 >20
15RB " ' . Nonmontmoril. v [>6 | >0.7 | <10l <20]
' - Nonkaolinite <6 <0.7 >10 >20
" 1PB  Agglomeration Nonmontmoril. >6 _ >0.7 <10 <2p
_ Nonkaolinite v [<6 | <0.7 | >i0][ >207}
gsc S Nonmontmoril, >6 >0.7 | <1a0] <20
~Nonkaolinite v [<6 | <0.7 | >10] >20]
1388 "  Nonmontmoril.? [36 ] »0.7 | <ipl.<20
*% ‘ Nonkaolinite ? <6 <0.7 >10 >20| (Inconclusive)
14PA " ~ Nonmontmoril, >6 >0.7 [ <10] <20
Nonkaolinite v [<6 [ <0.7 | >10 >20
22MC " . Nonmontmoril. [>6 >0.7 <10 <20
Nonkaolinite ¥ <6 <0.7 | >1a0] »20]

Note: Enclosed ( m ) specification indicates level of soil property.
*These soils were classified as "Adsorptive" or 'Agglomeratlve“ by
virtue of the electrical characterization test.

#*The lime-soil reaction classification , by the "electrical test"
and by the "perponderance of soil properties", is not conclusive
***Exchangeable K ion, meg/100 gm,
YThe preponderance (2 or more) of the various properties indicates
this lime-soil reaction., The dielectric constant is not +o be counted.
Fkd% Natural soil
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‘ Tébi£z25 Tentative Guidelines for resolving the Montmorillonitic
Soils (adsorptive Lime=S0il Reaction)} vs. the Kaolinitie

Soils (agglomerative Lime-Soil Reaction) by the preponderance

kkhk Rk

Natural Soil

-122-

of the Various Soil property criteria. Montmorillonitic seils 5
3SA-21PC. Kaolinitic soils 2AA-4TA. " " ~
§ Instant o
a0 oo * Test o o
CLASSIFICATION > . : a0 * &k R 8 ﬁ g
. . 4 8 - B 2 s
hencrion E g o 5 5 8%y 3t
eac 101 . D . —~ g .
* Soil g 4 M 5 S = gf_’lﬁ: Ao
Electrical Clay Mineral 5 8 5 o o & o8 HI \
Soil (e') Characteristic = N~ S M pH PI &~ H AW @« £
3sA Adsorption Montmoril. ¥  [>15[<15[>12 [>0,7]>7 [>1n]<2 | <6 | <4p]|>560[520]
Kaolinite <15 >I5 <12 <0.7 <7 <10 >2 56 >40 <500 <20
38C " Montmoril. v  [>15[<i5[>12 |>0.7[>7[>1n[<2 [ <6 | <40]>500]>20]
Kaolinite <15 »15 <12 [<0.7(<7 <10 >2 »>6 >4g <500 <20
6MA " Montmoril, v  [>15]<15[>12 [>0,7]>7[>10]<2 | <6 | <40]|>500]>20]
Raclinite <15 >15 <12 <0.7[<7<10 >2 >6 >40 <500 <20
16TA " Montmoril. v  [>15[<15[>12 [>0.7[>7]>10]<2 | <6 | <40]>500]>20]
o Kaolinite ' <15 >15 <12 <0.7 <7 <10 >2 >6 >40 <500 <20
_* 21BC " Montmoril. v [>15 <15[>12 [>0.7]>7[>10]<2 [ <6 | <40[>500]>20]
Kaolinite <15 >15 <12 <0.7 <7 <10 >2 >6 |>40]|<500 <20
" 2AA Agglomeration Montmoril. >15 <15 >12 >0,7 >7|>10 (<2 <6 <40 >500 >20
Kaolinite ¢  [<15[>15[<12 [<0.7[<7[<10[>2 [>6 | >40]<500]<20]
2AB4 " Montmoril, >15 <15 >12 >0,7 >7 >10 <2 <6 |<4pl>500 >20
Raclinite ¢  [<15]>15[<12 [<0.7[<7[<10[>2 | >6 | >40|<500]<20]
4TA? " Montmoril. >15 <15 >12 1 >0,7(>7 >10 <2 | <6 | <40]>500 >20
Kaolinite ¥  [<15[>15[<12 [<0,7[<7[<10]>2 | >6 [>40|<500] <20]
- ‘Note: Enclosed (=1al) specification indicates level of soil property.
Y The preponderance (6 or more) of these various properties indicates
: this lime-soil reaction.,
* These soils were classified as "adsorptive" or "aAgglomerative" by
virtue of the electrical characterization test.
Twk: Exchangeable K ion. Meq/100 gm,
*%% By the Dithionite-Citrate method,
**¥x%  dInstant Test” - The time from soil fabrication to unconfined
compression test is less than 30 minutes, Lime reactivity =
(treated strength) \ —{Untreated Strength) ..
- 7 1lime soil . hatur s0il o
wdkder Calculated 'using Mechanical Analysis. Cm2/gram x 10
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Table 26Tentative Guidelines for Resolving the Montmorillonitic Soils
{Adsorptive Lime-Scil Reaction) vs. the Nonkaolinitic Scils
{(Agglomerative Lime-Soil Reaction) by the preponderance of the

various soil property criteria,

Montmorillonitic soils 3SA-21PC.

-123-

bielectric constant x 107°of the natural soil.

Nonkaolinitic soils 1PB-22MC, *®
| PR R ;
CLASSIFICATTION | 5 = =_“p g
+ :: % - 'g ' 03‘ gaq <
Lime-So0il T . T o ! o
Reaction , o ™ 22 B3 B 0 x
. . B . - E R g T x
: Soil E-H i=] Hum HW H08 o *
Electrical Clay Mineral g 0 85 ho . WHTL Bk _
Soil {ef) Characteristic = M B OF PI fhm a* h
35A Adsorption Montmoril, v 15 [ 5.7 [ <107 | »>18 | >1p]< 40 | >500]>41]
Honkaolinite <15 <.7 >107 <18 <yp >40 <500 <41
38C n Montmoril. v [>15 ] >.7 [ <107 [ >18 | »1g0l<40 | >500[>41]
Nonkaolinite <15 <.7 >107 <18 <ip >40 <500 <41
6MA " Montmoril, v [>15 [ ».7 | <107 | >18 [ >10l< 40 | >500]>41]
Nonkaolinite <15 <.7 >107 <18 <1g >40 <500 <41
161A " Montmoril. [>15 [ >.7 [ <107 [ >18 [ >10[<40 | >500]>41]
Nonkaolinite <15 <.7 »107 <18 <1o0 >40 <500 <41
21PC " Montmoril. ¥ (515 [ >.7 [ <107 | >18 | >10]<40 [ >500][>41]
Nonkaolinite <15 <,7 >107 <18 . <i0/[>40 | <500 <41
1PB Agglomeration  Montmoril, >15 >.7 <107 >18 [>inl<40 [ >500]>41
Nonkaolinite ¢y [<15 | <.7 [>107 | <18 | <10 [> 40 | <500[<41]
. 88C " Montmoxril, : >15 >,7 <107 >18 >i5[<40 | >500 >41
Nonkaolinite ¥ [<15 | <.7 |>407 | <18 | <10]> 40 | <500] <41
13BB " Montmoril. >15 .7 <107 >18 [ >101%40 >500 >41
Nonkaolinite vy [<15 [<.7 [>107 | <18 | <10[>40 | <500] <41]
14PA " Montmoril. >15 >,7 <107 >18 »>1p (<40 | >500 >41
Nonkaolinite v [<15 | <,7 [>107 [ <18 <10]>40 | <500]<4L
22MC " Montmoril, >15 >.,7 <107 >18 [ >10(<40 | >500f>41
Nonkaolinite v [<15 | <.7 1>107 | <18 | <10[>40 | <500[ <4l
Note: Enclosed ({>10]) specification indicates level of soil property.
v The preponderance (4 or morxe) of these various properties indicates
this lime-so0il reaction. ‘
* These soils were classified as "Adsorptive” or "Agglomerative" by
virtue of the electrical characterization test.
*F Exchangeable K ion., meg/l00 gm. . 2
*::: Galculated using Mechanical Analysis, cmz/gram x 10



Table 27 Tentative Guidelines for resolving the Nonmontmorillonitic
Soils (Adsorptive Lime-Soil Reaction) vs. the Kaolinitic Soils
(Agglomerative Lime-Soil Reaction) by the preponderance of the
various property criteria. Nonmontmorillonitic soils 9LA-15RB.

Kaolinitic soils 2AA-4TA, g‘i
-~
w
CLASSIFICATION - P “>’°‘=4U-;,U
) o o~
. . @
Lime-Soil o g5 o ns gn.ﬁ
Reaction =) O =3 0 o oo
0 . - RO Qe o g el g
* Soil — . m PR 0, a 20 E—lj
Electrical  Clay Mineral e R HE 5 H 25 B
Soil e") Charactistic Mo pH g0 000 Owm HAW
9L.A Adsorption Nonmontmoril.v [<15 [ >7 >10 | <2 | <50} >40]
Kaolinite >15 <7 <10 =2 50 <40
9LB " Nonmontmoril.y [<15 [>7 | >10 [<2 | <50{>40]
Kaclinite >15 <7 <10 >2 50 <490
11HA " Nonmontmoril.y [<15 |>7 >10 [<2 | <s50[>40]
Kaolinite >15 <7 <10 >2 >50 <40
15RB " Nonmontmoril.v [<15 _J>7 | >10 |<2 | <50[>40]
T Kaolinite >15 <7 <10 >2 >50 <40
" 2AA Agglomeration  Nonmontmoril. <15  >7 >10 <2 <50 [>40]
Kaolinite ¥ [>15 [<7 | <10 j>2 | >50[<40
2AB, n Nonmontmoril, <15 >7 >10 <2 <50 >40
Kaolinite ¥ [>15 [<7 [ <10 [>2 | >50[<40 |
ATA " ' Nonmontmoril. <15 >7 >10 <2 <50 [>40
Kaolinite ¥ [>15 [<7 | <10 [>2 >50 <40 |

Note: Enclosed () spec. indicates level of soil property.
Y The preponderance (4 or more) of these various properties indicates
this lime-soil reaction. '
* These soils were classified as "Adsorptive" or "Agglomerative" by
" wvirtue of the electrical characterization test.

n
*% Moisture remaining in Instant Test" specimen after oven-drying
test, i.e., 100 (Orig.-Oven)/Orig.
**% By the Dithionite-Citrate method.
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Photo 4 Soil being processed before fabrication.

Photo 5 'Main elements of the -specimen fabrication equipment.
Left to right: Balance, soil specimen caliper,
compactor and mixing equipment.
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d

; Photo 6 Quick reledé&hmold showing uni‘fé¥h depth scarifier
and double split specimen retainer

Photo 7 Waxed papef linef‘ready to be placed in a mold
for fabricating sticky soils and sandy soils,
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Photo 8 Close-up view of the 'juick’release fabrication
_ mold with piston in place.. Also showing uniform
depth scarifier (lower left) and device for
obtaining geometric properties after fabricatiom.

Photo 9  Lime-soil mixing equlgment show1ng motorized
turntable and 11me vibrator in loading positiom.
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Lime treated specimen in “split" California
sample retainer,

Photo 11 Device for &etermining geometric properties of
' specimens afiter curing., Note: Treated (light)

and untreated (dark) portions. See Mixing in
text. S : ‘

-132-




Photo 12 View showing triaxial equipment being used to
determine unconfined compressive strength values,

Photo 13 A view of the specimen cell showing platinum °
coated electrodes. Used when electrically
monitoring the lime-soil reaction.
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" Specimen cell being filled with lime-soil
-WatEr'Paste. ° -

Photo 15 View showing 3 se

ts ‘of lime-soil slurry
specimen cells. One cell is temporarily
“attached to the electrical response

e detecting equipment. Note: the two
*".. . different specimen heights (4" and 25").. -
-134-




Photo 16

Operator making final adjustments prior to
taking electrical data which will be used

in calculating the resistance and capacitance
of the paste specimens. Equipment top left
to right: decade capacitor, precision
capacitor 1 - 100 pf and decade resistor.
Bottom impedence comparator.

-135-



GLOSSARY A

SOIL SCIENCE TERMS
(references 13, 46, 47)

BASE-SATURATION PERCENTAGE - - The extent to which the adsorption
complex of a soil is saturated with exchangeable cations
other than hydrogen. It is expressed as a percentage of the
total cation-exchange capacity.

BENCHMARK SOILS = ~“A soil classification system, compiled by the
United -States§ Department of Agriculture, Soil Conservation
Service, will be usgd for the selection of soil samples.
This classification~system defines rand Resource Regions
which in turn are divided into Major Land Resource Areas,

The Land Résource Areas contdin vakibus benchmark soils.
Benchmark: soils are’'soils selectéd’ from a soil classification
chart ‘for-ithe Statej‘and, taken togetHer, will'iépresent
extreme’ ranges ih Soil propertiés. These soils, isually
represgntimijor ‘great ‘s l'.groups that occur ifi the State.
They were .gselected beddiise ‘they represent a Jlarge area or

a key ) tionriﬁftﬁétéog@ﬁe%qssification*Systemfor both.
Their : ction may' also depend upon certain critical soil

. properties *such’ asipe a ty, texturé and pH," A These bench-
mark soils.taken togethér/, sy in a given, county, represent
a rangegiof soil' conditions:existing within the ‘county.
% R o - ST SR
To date, there 'are approximately 116 soil’ units.selected as
benchmark §oils:in California by the U. S. Department of
Agriculture, Soil Conservation Service:

] n_total of exchangeable cations
that a -‘Soil cah adSorbi “Sométimes called "total-exchange
capacity," "Dase-exchange capacity;" or "Cation-adsorption
capacity:m='ExPrESSé&*iﬁ*miniéduiﬁaiénts per 100 grams of
soil (orof other:adsorbing ‘material such as clay).

[ R RS A

CATION-EXCHANGE CAPACITY ~ - The sum

CLASSIFICATION, SOIL' - - ‘Thé systemati’c drrangement of soils into
groups or categories on the basis 6Ff their characteristics.
Broad groupings are made on the basis of general characteristics
and subdivisions on the basis of more detailed differences in
specific properties. 1In the United States the following
system has been used for a number of years (from Soil Survey
Staff, SCS, USDA. 1960. Soil Classification: A coimprehensive
system -- 7th approximation. p. 9. U. S. Government Printing
Office, Washington). See order, . soil association, soil horizon
and soil series, ' !
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DRAINAGE, NATURAL - - Refers to moisture conditions that existed
during the development of the soil, as opposed to altered
drainage, which is commonly the résult of artificial drainage
or irrigation but may be caused by the sudden deepening of
channels. or the blocking of drainage outlets, Seven different
classes of natural drainage are recognized.

1, Excessively drained soils are commonly very porous and
very rapidly permeable and have a low water-holding

2.- ‘Soméwhat’excessivély drained sbils are rapidly permeable
and are free from mottling throughout their profile.

3. Well-drained soils are‘typically free from mottling,
moderately permeable, and commonly of medium texture.

4,  Moderately well drained soils commonly have a slowly
permeable layer in or immediately beneath the lower
subsoil. They have uniform color in the surface soil

~and in the upper subsoil and have mottling in the
lower. subsoil and in the substratum.

5. Imperfectly or somewhat poorly drained soils are wet
for significant periods but not all the time, and
many soils commonly have mottlings below 6 to 16 inches
in the lower surface soil and in’ the upper subsoil.,

6. Poorly drained soils are wet for long periods and are
light gray and generally mottled from the surface _
downward, although mottling may be absent or nearly
so in some soils.

7.  Very poorly drained soils are wet nearly all the time.
They have a dark-gray or black surface layer and are
gray or light gray, with or without mottling, in the

. deeper parts of the profile.. - T .

Soﬁrde:_ U. S;Hﬁépt; of'Agriculture SoiX Conservation .
. . Service . - ST : o ,

ORDER - -~ The following scheme has been proposed for adoption as
the official system in the United States (from Soil Survey
. Staff, 8CS, USDA, 1960. .Soil classification: " A comprehensive
"system~-7th,approximation;lp. 13. U..S. Government Printing
Office, Washington) . .. e I K

Present order = Approximate equivalents

1. Entisols Azonal soils, and some Low-Humic Gley soils
2. Vertisols Grumusols
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3. “Inceptisols Ando, Sol Brun Acide, some Brown Forest,

Low-Humic Gley, and Humic Gley soils

4. Aridisols Desert, Reddish Desert, Sierozem, Solonchak,
some Brown and Reddish Brown soils, and
associated Solonetz

5. Mollisols Chestnut, Chernozem, Brunizem (Prairie),
Rendzina, some Brown, Brown Forest, and
associated Solonetz and Humic Gley soils

6. Spodosol . Podzols, Brown Podzolic soils, and Ground-
: Water Podzols

7. Alfisols ' Gray-Brown Podzolic, Gray Wooded soils,
: ' Non-calcic Brown soils, Degraded Chernozem,
and associated Planosols and some Half-Bog
soils

8. Ultisols - Red-Yellow Podzolic soils, Reddish-Brown
Lateritic soils of the USA, and associated
Planosols and half-Bog soils

9. Oxisols Laterite soils, Latosols

' 10. Histosols Bog soils

* PARENT MATERIATL, - - The unconsolidated and more or less chemically

weathered mineral or organic matter from which the solum of
soils is developed by pedogenic processes.

PED - - A unit of soil structure such as an aggregate, crumb, prism,

SOIL

block, or granule, formed by natural processes (in contrast
with a clod, which is formed artificially)

ASSOCIATION - = (i) A group of defined and named taxonomic soil
units occurring together in an individual and characteristic
pattern over a geographic region, comparable to plant associa-—
tions in many ways. (Sometimes called "natural land type.")
(ii) A mapping unit used on general soil maps, in which two

or more defined taxonomic units occurring together in a
characteristic pattern are combined because the scale of the
map or the purpose for which it is being made does not require
delineation of the individual soils. Four soils used in this
study are associated in this way. They are: the Bonsall,
Placentia, Vista and Fallbrook soil series.
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SOIL HORIZON - - A layer of soil or goil material approximately

bParallel to the land_surface and differing from adjacent
genetically related layers in physipal,-chemical, and
biological Properties or characteristics such as color,
Strucutre, texture, consistency, kinds dnd numbers of
organismg Present, degree of acidity or alkalinity, ete.
The following table ligts the designationg and properties
of the major soil horizons, Very few if any soils have a1i1

A, Mineral horiszons cohsisting of: (i) horizons of
Organic-matter accumulation formed or forming
at or adjacent to the surface; (ii) horizons
that have'lost‘clay, iron, or aluminum with
resultant concentration of quartz or other resistant
minerals of sand or silt size; or (iii) horizons
dominated by (1) or (ii)' above but transitiona]

is one or more of the following: (i) an illuvial
Concentration of silicate clay, iron, aluminum, or
humus, alone or in combination; (ii) a residual
concentration of sesquioxides or silicate clays,

soluble salts; (iii) coatings of sesquioxideg
adequate to give conspicuously darker, stronger, or
redder colors than overlying and underlying horizons
in the same Sequum but without apparent illuviation
of iron and not genetically relategd to B Horizons
that meet requirements of (i) or (ii) in the same

defined in (1), (ii), and (iii) that obliterates
original rock structure, that forms silicate clays,
liberates oxides, or both, and forms granular, blocky,
Or prismatic structure if textures are such that
volume changes accompany changes in moisture,

including materials modified by: (i) weathering
Outside the zone of major biological activity; (ii)
reversible cementation, development of brittie-

ness, development of high bulk density, andg other
Properties characteristic of fragipans; (iii) gleying;
(iv) accumulation of calcium or magnesium carbonate
or more soluble salts; or (vi) cementation by
alkali-soluble siliceous material or by iron and



2 T

g0IL SERIES - - The basic unit of soil classification being a
subdivision of a family and consisting of soils which are
essentially alike in all major profile characteristics
except the texture of the A horizon.

TAXONOMIC UNIT - - A taxonomic unit is a creation in the mind
of man to facilitate his thought about objects in numbers
so great that he carnnot comprehend rhem individually. At
a single site, the soil is examined vertically and horizon-
tally in one place. The observer digs deeply enough to
examine each horizon, including the parent material and any
underlying strata that influence the genesis and behavior
of the soil. The soil examination extends horizontally, in
the third dimension, far enough for sampling. In relation
to the whole three~dimension coil area, the places examined
are little more than points.




GLOSSARY B .

ELECTRICAL TERMS AND CHARACTERISTICS ‘
(From 5, 36, Handbk. OF Chem. & Physics, The Chem. Rubber
Pub. Co. and 43rd Ed. Electronics and Nucleonics Dictionary.
McGraw-Hill 1960 by Nelson M. Cooke and John Markus)

CONDUCTANCE - - The reciprocal of resistance, is measured by the
ratio of the current flowing through a conductor to the
difference of the potential between its ends.

CONDUCTIVITY - - ig measured by the guantity of electricity trans-
ferred across a unit area, per unit potential gradient per
unit time, reciprocal of resistivity.

COMPARATOR - - An eledtronic'instrument thaf meésures a gquantity
and compares it with a precision standard. S
DIELECTRIC - - A material that can serve as an insulator because

it has poor electric conductivity. :

DIELECTRIC CONSTANT (ALSO CALLED PERMITTIVITY)A—'— The property
of a material that determines how much electrostatic energy
can be stored per unit volume when uﬁit voltage is applied.

If for a sinsoidal current a phase difference exists
between current and field then one obtains a complex
dielectric constant e*, which can be separated into real
and imaginary parts as : '

g* = gl

- jsll

The imaginary part of the complex dielectric constant ¢!l

is related to the conductivity, cﬂo=wsller. If a conductivity
due to ionic origin, ¢,, exists at DC level when o-0o=welle,;
therefore, e'l!=(0-04)/wey, in Ehidh €r = the dielectric
constant of vacuum = 8,85x10~1 farads. per cm.

‘The term j is a complex operator that is mathematically
equivalent to the square root of -1. el of pure water is 78.5

DISPERSION CHARACTERISTICS - - The magnitude and nature of the
variation of conductivity (o) and dielectric constant (g)
with frequency (~). A
i
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"' DIELECTRIC DISPERSION AND CONDUCTIVITY VS. SOTL VARIABLES

Electrolyte cchéﬁtﬁatidh‘

Dielectric dis@erson, GDC/GAC eﬁ,}ai., increased with an
increase in the electrolyte concentration

Electrolyte_type

The lagger'thé'hy§ration'fadius of an ion (e.g., Li 9.83,

Ng 6.7A and K 4.5A), the larger is the dielectric dispersion
and the smaller is the value of Ipc/Oac

ELECTRICAL CHARGES IN FINE-GRAIN MATERTAL
AC dielectric constant (e!) and conductivity (o)

The impressed AC field produces a response which can be
measured in terms of_resistance (R}, and capacitance C.
Where: o

RESTES L oind ¢ =

ORI B RN, €r

s

length of specimen
- cross sectional area’ _ —14
€y = dielectric constant of wacuum (8.85x10 farads
- Uper cm) ' .

]
o n

When C and R are independent of voltage then the electrical
response characteristics depend only on the structure and
composition of the material, :

Amplitude (the value of a'varfing'quantitf at a specified
: instant) will vary with

Type -0of charge

Degree of association of charge with particle surfaces
Particle orientation

~Temperature

- Strength of electrical field

. 'Freguency of =~ " "

AU WN

Dielectric constant at low frequency

A measure of the amount of polarization that can develop
when a relatively long time is available.
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Nature of surface

Since the relative bonding intensities in clays are
Lit<yat<xt etc,, the relative ease of displacement of
the different ions would be expected to be Li»>Na>K
and thus the dielectric disperson change for a Li clay

would be greater than a Na clay which would be greater
than a X clay.

Particle orientation

When the current is parallel +o the long axes (or
oriented particles) the dielectric disperson is 2-3
fold greater (charges easier displaced} than when the
current is perpendicular to the long axes, whereas the

- 0pc/oac changes are similar whether the current is

parallel or perpendicular to the long axes (perhaps the
free charges are involved rather than the bond charges).

Particle size

Sorne

For a given system, with an increase in particle size,
there is an increase in dielectric dispersion and opc

decreases more rapidly than Opc with an increase in
particle size. :

types of charges
1. Ions in solution

Free to drift through the system and discharge
at the electrodes producing a DC conductivity.

2. Bound charges

Not free to drift from one electrode to the other.
Oscillates under the action of an AC field which
produces a polarization andican be measured as a
polarization current, b

The amount and strength of these chargesg are
influenced by N

l. Particle surface structure

2. Number of unsatisfied surface bonding sites

3. Net electrical charge of the particle
itself '
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Temperature

With an increase in temperature the dielectric dispersion
increases (the charges are made more mobile by a decrease
in the blnglng tendency to the surface) whereas the
.ODC/OAC remains constant (probably due to the relative
mObllltleS of the dissociated + and - charges remaining
- constant). .

Water-content

"When the water content is decreased there is an increase
in the dielectric dispersion (due to the increased amount
of surface charge relative to the free charges in the
poré water) but there ig a decrease in the © pe/ O C'

_ (This may reflect the coupllng effects between t

.. current flow and water flow and the increase in surface

) conductance with decrease in water content).

Polarlzation

A separatlon between centers of + and - charge at any
1nstant._-

Polarization current h :
A measure of oscillation of charges.
Polarizability of a medium

Number of charges per unit volume times the average
) dlSplacement The magnitude is determined by the
‘comp051tlon and structure of the material. The

magnitude is also reflected by the dielectric constant,
8.

" The prec;Se relatlonshlp between dlelectrlc constant
~and polarizability is dependent on the model chosen

" td describe polarlzatlon., At a given void ratio, the
. dielectric dispersion is directly related to the
"polarizability, -

Resistivity (Resistance, specific)

" A proportlonallty factor characterlstlc of different
‘substances equal to the resistance that a centimeter
cube of the substance offers to the passage of
electricity, the current being perpendicular to two
parallel faces. Reciprocal of conductivity.

R=0p % R = resistance
1 = length
A = cross—-sectional area
P = resistivity

-144-""



Zeta potential

A measure of the effective negative charge at the
surface of the clay. Holds bound water film to the
clay particle. Decreased by'Ca++ replacing H', K
and Na™, ' :
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The following information is taken from K Arulanandan and
J. K. Mitchell (6, 36, et.al.,).

Electrode polarization developed into a major problem but was
solved by the Schwan "electrode variation" technique*, fThis
adverse polarization came about when the measurements were made
using a two electrode system. The sought for data was the
impedence of the highly conductive soil systems. By measuring

the impedence of a soil specimen. of length d; and then deter-
mining the impedence of a specimen of length do the difference

in the impedence values reflects the impedence of a phantom
specimen of length equal to di-d, without the adverse polarization
impedence.

Since the change of conductivity with frequency is usually small,
minor temperature drifts can be important. Compensation for
temperature drift is made by returning after each reading to a
standard frequency (say 1 Kc). Plots of 1 Ke values versus time
usually yield smooth curves which permit the application of an
interpolated temperature correction to conductivity vaines at
other frequencies. The validity of this technique was based on
the experimentally verified assumption that the temperature drift
equally affects values at all frequencies.

Measurements were made in the frequency raﬁge of 30-10° Hz at such
low intensities of applied voltage that Ohm's Law was fulfilled.

It has been shown that linearity between voltages and current
exists when current densities less than 10~3 amps/cm® were used.
In all measurements a current density less than 1073 amps/cm* was
used and found to be satisfactory.

INSTRUMENTATION

Impedances were measured with a "Comparator", Type 1605 AM
(General Radio Corporation). This instrument is essentially a
wheatstone bridge with a sensitive visual null indicator. Series
of measurements of the impedances of clay-water-electrolyte
systems were carried out within the frequency range 100-100,000 Hz
using the comparator. ' Since the comparator only enables deter-

*Schwan, H. P., "Determination of Biolagical Impedence", Physical
Techniques in Biological Research, Vol. VI, Academic Press,
New York and London (1963).

el
- l"éiﬁ.‘ I8
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mination of capacitance and resisStance at frequencies of 100 Hz,
1,000 Hz, 10,000 Hz, and 100,000 Hz, a special low frequency
bridge was developed for measurements at 30 and 300 Hz. The
schematic diagram of this low frequency bridge is shown below.

Variable . Low AC aull | ‘
oscitlator Coupling Frequency indicator
bridge

Unknown resistance-capocitance
network which is analogous to
a cloy sample.

Osc.

&

— To scope or null .
indicating device of
0.00 v/em sensitivity
or aquivalent

-—i— FROM:
i ; = K. ARULANANDAN AND
Ry~R; Malched resistors to complete bridge o K. MITCHELL ( & )
Ry Resistapce decode box ! I
c, Capocitance o ]
T Transformer to isolate bridge network froioscitiotor ground.

Frequency response flat from 20 to 3000cps
Schematic diagram of low frequency bridge.

At each frequency the bridge was balanced with a standarad
capacitance and resistance. The value of istandard resistance
chosen was nearly equal to that of the s0il sample. Standard
capacitances of 0.0ly and 150uuf were used at 100 Hz and at

1,000, 10,000, 100,000 Hz, respectively. The standard resistance
was then removed and the cell with the soil sample connected in
parallel with the standard capacitance and the bridge balanced
again. The values of capacitance and resistance of an equivalent
parallel circuit of these two components were read directly on

the Instrument. The instrument readings gave the resistance of
the sample, the capacitance of the sample, the capacitance due to
electrode polarization and the standard capacitance. The standard
capacitance was subtracted from the instrument raading to obtain
the sample capacitance and the effects due to electrode polarization.

The ‘design of the sample cell and the connections to the bridge
terminals enabled measurements of soil columns of different
lengths and thus elimination by computation of the appreciable
influence of electrode polarization, especially at the very low
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frequencies. The cylindrical sample was held between two flat

‘- circular platinum electrodes which were platinum black coated.
The distance between these electrodes could be changed and thus
samples of different lengths, could be tested. ’

ANALYSTIS OF DATA

' The measured impedances were interpreted in terms of the following
circuits: '

' Rs/L
and O z" - I lJ' O
s

Cs LC
(@) = E | (b)

¥ PR S, W oAt -

These networks consist simply of two impedances in series. One of
these series impedances, Z,__, represents the electrode polarization
impedance, the other composed of a resistance and a capacitance in
parallel (Rg, Cg and R /L Cgl as depicted in the above graphical
illustrations for sampies whose lengths are in the ratio I,
respectively) represents the sample.

Equating the expressions for the impedances of circuits (2) and (b)
obtained from elementary network analysis, to those of (¢) and (4),

- Rp o Rp
vV | — V'
o— ——0 and O— ——0
| N | Ly
: Cp Cp
(c) (d)

respectively, one obtains two equations of complex variables from
which the electrode polarization impedance, Z¢ys can be eliminated.
The real and imaginary parts of the resulting single equation then
lead to Egs. (1) and (2) for the true resistance (chms) and
capacitance (uuf) of the sample, respectively, at frequency,
f(sec™1}. . .
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Equations (1) and (2) below contain R, Cu, Ré, and c} which are
read directly from the comparator and the low frequengy bridge at
the frequency, w. By performing these measurement at different
frequencies, the source data were obtained:

R,,ch R, :l2 2,2 2) (14 R 2002y [o?
R‘rz[l-l*m’R,,zC',,2 |+ «?RECE (1+ R2?Cp?) (14 RP*CE) lo

[R, (1 ¥ R22CZ) — R,(1 + R,2a*C,5)] (I=1)

+[R,(1+ RP2*Cl) — Ry (1 + RjAw?C,H)] |
(14 R%w?C,?) (1+ RZw*C?) (1—1) Y

Cc. = [ (- Ry ®Cr2)(1 -+ R2C 2™~ 1) 1 ]"3
£

ngzR.u-( 14+ R,.""C,.""m’) bl Rp (] + Rp2w2Cp2) I - R,’mz (2)

Conductivity (o) mhos/cm: the dielectric constant (el): and
dielectric loss, e!! = (0-0y/we,), where ¢y is the D.C. conduc-
tivity: o = 2wf; and Epy = 8.85x%10~1 F*/cm, the dielectric
constant in vacuum, were obtained by use of the expressions:

_ 4
9= ®a
5
c_d
1 _ 5
© fr T x

Where d is the length and A the cross~section area of the sample.

These values of o, ! and ¢! depend only on the structure and
composition of the material, provided the values of Rg and Cg are
independent of voltage. The measurements of Rg and Cg were made
at such low intensities of applied voltage that Ohm's Law was
fulfilled, thus insuring the required voltage independence, In
a2ll measurements, a current density less than 10~3 amps/cm? was
used and found to he satisfactory.

*F = Farads
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APPENDIX B

CHEMICAT. ANALYSIS OF LIME

AICOmﬁerical grade'of lime was generously donated by Diamond
Springs Lime Company, Diamond Springs, Calif.

Hi Calecium Lime

Ca0 | 68.8%
Mg0 0.59%
K20 . 0.04%
Na20 0.04%
Cgs 3.37%

_ SiO2 0.8%

Sieve Size " 100% passing 1C0 mesh
93.8% " 200 "

The lime was packaged in a heavy fiber bag wrapped in plastic
-and then stored in an air tight steel drum. A chemical analysis
was determined from time to time and the results were consistent.

s
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APPENDIX C

TEST METHODS USED TO DETERMINE NATURAL SOIL PROPERTIES

Soil Properties

Engineering Properties
Mechanical Analysis
Liquid Limit
Plastic Limit
Sand Equivalent
Impact Compaction Test
R-value Test
Unconfined Compression Test
Surface Area
Moisture Content

Mineralogical Properties
Qualitative Analysis
” . "

Chemical Propertles
: 803 '
co
-Chloride
Fe
Total
Coating
Magnetic Material
pH (1-1)
Extractable bases
" - acidity
. Cation-exchange capacity
Organic carbon

Electrical Properties

Test Method

Test Method No. Calif. 203%

n n 11} n 2 0 4
" L1} [ 1} n ”

[ 1] n " n 2 l 7
" . n " i 216
" " " o 301
" w n (L} 2 2 l
L1 [1] [1] " 3 4 0
n [1] n " 2 16

X-ray diffraction
Differential Thermal Analysis
Microscope (as required)

Routine analy51s

Test Method No. Calif. 404

Routine

Dithionite extractlon - 6C2*%*
Routine

Routine

5A3a**

6Hla**

S5AZa**

GAL**

Dr. Kandiah Arulanandan's Method
(see Electrical Section of this
report)

*Test Method in use by the California Departmpnt of Transportation

**U. 5. Dept. of Agriculture (SCS)

"Soil Survey Laboratory
Methods and Procedure for

Collecting Soil Samples" 1967
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APPENDIX D

IMPLEMENTATION GUIDELINES

Introduction

As indicated in this report under "Lime-Soil Reaction Ancmaly
Invelving Suspicious Soils," large lime-soil reactions do not
always result in developed compressive strengths. There is
evidence to support the theory that what normally are defined

as nonreactive soils are chemically or physically highly reactive.
Therefore, the term "nonreactive" when applied to lime treated
soils that fail to meet the minimum developed compressive strength

. . 1s not accurate.

"For implementation purposes the Lime Reactivity Groups have been
renamed as "Lime Stability" Group 1, 2, 3 and 4. Stability
Group 1 (nonreactive) is considered unsuitable for lime stabili-
zation based on low developed strength. On the other end of the
scale, Group 4°soils are highly suitable for stabilization.

The variability in the magnitude and rate of gain of compressive
strength of lime treated California soils has been substantiated
in this study. This can be illustrated by the fact that the
average developed strength of the highly reactive lime treated
(Group 4) soils which were cured for less than 30 minutes
("Instant Test") was greater (63 psi) than the average developed
strength of the nonreactive or unsuitable lime treated (Group 1)
soils which werecured for 6 months (56 psi).

Montmorillonitic soils were found to increase in developed com-
pressive strength when the lime treated soil is wetter than
optimum moisture content while kaolinitic s6ils increase in
developed compressive strength when the lime treated soil is
drier than optimum.’

Thus, - the variability in the rate of gain in compressive strength
- of. the lime treated soils used in this study was much in evidence.
This rate of gain in compressive strength and the net amount of
developed strength are the crux of the lime-soil stabilization
problem. It has been often stated in the lime-soil statilization
field that no variable (e.g., a natural soil property) can be
considered as a separate isolated entity in the prediction of

the compressive strength gained by a soil when it is treated with
lime. Although in a negative sense, a single variable (e.g., a
large quantity of organic matter) can be so overwhelmingly
detrimental to the lime-soil stabilization mechanism that the
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soil is immediately rejected from further consideration as a
candidate for stabilization with lime. This rate of gain in
compressive strength is then the central issue in lime~-soil
stabilization, and a method for predicting this phenomena is ‘
necessary. Furthermore, since the size of a lime-soil stabili-
zation job can vary considerably and testing facilities are so
diverse, one set of guidelines would be too cumbersome for
field engineers or not detailed enough for a laboratory approach.
This was resolved by using two approaches in presenting the
implementation of the findings of this study. The "Generalized"
method for the laboratory evaluation and the "rule-of-thumb"
approach for estimation of developed compressive strength.

D-1 Generalized Laboratory Approach for Predicting Developed

Strength

The first method encompasses the "Generalized" approach toward
the implementation of the results from this study and may be
used in its entirety or not, depending upon the comprehensive
nature of the project. The developed compressive strength
results generated from the use of this approach are expressed
as psi and/or lime stability groups.

This method consists of three major divisions, which are:
classification, identification and observation.

The classification portion (I), listed on Table D-1, includes

the normal methods of classifying soils for engineering work.
These methods are, "the Unified Soil Classification System,"

the USSCS soil series classification system with its soil horizon
designation feature (see Glossary) and the two California
Department of Transportation soil classification systems (see
Table 2a, Classification).

The identification portion (II) includes those soil properties
which may have a bearing on the overall stabilization results.
These properties are categorized as engineering, mineralogical,
chemical ‘and electrical. These Properties are not mutually
exclusive however, because some of them (e.g., organic matter
and carbonate) occur in more than one of the categories.

In the last portion (III), observation, of this "Generalized"
approach, the behavior of the lime-soil mixture is noted. At
present it consists of three subcategories: the electrical
characterization of the lime-soil reaction (adsorption reaction
and agglomeration reaction), the "Instant Test" compressive
strength, and finally the "Fixed" moisture determination of

the "Instant Test" specimen,
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This "Genéralized" method is summarized on:Table D-1. A model
procedure would be to first classify the guestionable soil
according to one or more of the tabulated classification systems.
The United States Department of Agriculture - Soil Conservation
Service publishes "Soil Survey Reports" which list the soil
series classification and the soil horizon designation of the
land surveyed. It also classifies soils for in situ drainage
characteristics. These reports often contain voluminous amounts
of useful soil property data.

The California Department of Transportation soils classification
has two aspects. One is the field log soil description while
the other is based upon the grain size analysis of the soil.

The field log soil description is obtained by manipulation of a
small gquantity of soil with the fingers. Water may be added to
facilitate the test. The plastic behavior of the s0il is noted
as well as its "gritty" aspect. These and other observations
(e.g., odor and color) are then combined to describe the soils
texture.

The grain size description utilizes the mechanical analysis of
the soil and subsequently the grain size triangular chart is
used to determine the soil texture.

The classification of a soil can provide a preliminary indication
of its potential developed strength. For example, if a gquestion-
able soil is classified as '8C according to the Unified Soil
Classification System it is a highly reactive soil and a 3% lime
content could tentatively be selected. However, compressive
strength tests would be required to confirm the final design.

Following the classification of the questionable soil the natural
soil properties are estimated or determined. They may be estimated
from the aforementioned U.8.D.A. - SCS Soil Survey Report. This
can be accomplished by comparing the guestionable solil with

local soil samples or by determining the soil series name of the
questionable soil and then searching through the various soil
survey reports for a description and soil analysis of the same

soil series.

The natural soil properties may be valuable in estimating the
degree of developed strength of a soil. These soil properties
are identified as engineering, mineralogical, chemical or
electrical. The individual utilization of soil property data

is given in the third column, labeled "Use" (Table D-1).

Although one soil property such as clay content may provide an
estimate of the minimum developed strength, an additional soil
property such as percent iron coating, if negligible for instance,
can be useful in justifying a tentative lower lime content, say
3% instead of 5% lime content.
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When the questionable soil is lime treated, at least three basic
observations can be made. These three observations result from
knowing the nature of the lime soil reaction by the electrical
characterization test, testing the strength of a fabricated
lime-so0il mixture ("Instant Test") and finally an indication

of the degree of the physical/chemical reaction by the "Fixed"

moisture determined from an "Instant Tesgt" specimen,

Not all of the items listed in column 1 of Table D~1 need be
determined. Familiarity of the use of this chart will result
in estimating a s0il's developed Strength using a minimum of
test data. Some questionable goils require more than one

estimator for'developed strength in order to increase the

degree of confidence in the overall estimation.

Presented below is an example showing the use of the
approach for estimating lime reactivity using Table

Assume the questionable soil is 13BB.

The_foilowing soil properties have been determined:

Sand 57% Atterberg Limits
Silt 209 LL = 26
Clay 23% : PL = 16
Colloids 15% PI = 10

Max. Impact Dry Density (natural s0il) = 127 pef
Optimum Moisture Content of Natural Soi1_= 9% ,
Untréated, unconfined compressive strength = 66 psi
5% LC " : " " " 7-day cure

" " ] " " 2 8-—day cure

Instant test (<30 min.) developed strength (5% lime)

Instant test "fixed" moisture % Base Saturatio
Remaining = 1.2% (Table 4) Exchangeable Ca
Original = 13,6% , Mg

Ingnition Loss = 5, 3% Nz

Iron coating = 0,3% Fe K

Sulfate (804) = 0% H

Carbonate (CO3) = 0% PH (1:1)

Organic Carbon = 0.3%

Chloride = 0%
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h §0il Mineralogy (Table 14)

Mixed layer <5%, Hydrobiot;te—Vermiculite 17%, Kaolinite 5% (Halloysite)
Mica <5% (biotite), Feldspar 32% (Plagioclase 27%, Microcline 5%),
Amphibole 5% and Quartz 22%.

Electrical Test Measurements (Table 20)
| 3

1 = 37 x 10~ Native soil

= 45 x 10° Treated soil
_ phelt 8 x 105 L
" Conductivity, Ac = 0,166 x 1073 mhos/cm

Dielectric constant, ¢

il

The first step in the "generalized" procedure is to classify the
soil.

From Item I, this soil is a Bonsall B horizon; a clayey sand. It
is an SC according to the Unified Classification System and as
such is considered a Group 4 soil. From Item ID1 this clayey sand
soil may be a Group 2, 3 or 4 soil.

There are no obvious detrimental natural soil properties such as
sulfates.

The soils large (127 pcf) Impact Dry Density signifies a Group 2,
3 or 4 soil but from the MA (57% sand, 23% clay and 20% silt) it
is a Group 1 soil with a minimum 6-month cure (5% lime content)
developed strength of 90 psi (Fig. 6a). With a PI of 10 the soil
is a Group 2, 3 or 4 according to IIA3a. '

‘Néxt note the electrical characterization of the lime-soil reaction
(IITA2). This data (e! of treated >e' of natural and Aoxhe 'x103>1000)
indicates an agglomerative type reaction takes place. The x-ray
diffraction scan estimates that this soil is not kaolinitic. Taken
together, this indicates a Group 2, 3 or 4 soil (if the x-ray
diffraction data is not available, use Table D-3 to estimate whether
the soil-is montmorillonitic, kaolinitic or none of these).

The value of the "Instant Test" is 81 psi. This developed strength
indicates, according to IIIB, a Group 2, 3 and 4 soil but more
probable a Group 4 soil.

The observed "Fixed" moisture content indicates that this lime
treated soil does not behave as a lime treated montmorillonite
nor a lime treated kaolinite.

Utilizing the "Tentative" guidelines (Tables 22 to 27) it is

determined that this would be an agglomerative nonkaolinitic
reaction. .
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In combining the results using the electrical characterization
test (ITIA2), the "Fixed" moisture content (IIIC) and the
"Tentative" guidelines (Tables 22 to 27) there is an overwhelming
conclusion that the lime soil reaction is agglomerative non- :
kaolinitic. '

That being the case, from IIIA2b, the 6-month developed unconfined
compressive strength will be about 400 gsi, using the dielectric
constant of the natural soil of 37 x 107.

This long-term strength poteéntial is supported by Items IA and
ITIB and is further supported that this lime-soil reaction will

be beneficial for strength development from Items IC, TIAla, IIA3a,
IIIAZ and IIIB. Only Item IIA2 detracts from this conclusion.

An indication of the economical lime content can be obtained

from Items ITA3c and e suggesting 3% and 3-1/2% lime contents
respectively. Using the mechanical analysis, IIA2, for indicating
economical lime content (which utilizes the clay content) a 5%
lime content is suggested. However, the 7-day cure (5% LC)
developed strength was 124 psi which is a very large developed
strength and the soils which border the minimum developed strength
curve (Pig. 6, soils 2AA, 2AB5, 4TA, 4TB and 4TC) were found to

be acid soils (pH 5.2 to 6.8). These soils also have a high iron
coating content (2.7% to 5.8%). The soil in question, 13BB, does
not have these detrimental properties. Therefore soil 13BB can

be thought of as an average soil with a 23% clay content for the
purpose of using Fig. 6a.

D~2 Rule-of-Thumb Estimation of Developed Strength Based on
Soll Properties

The following is a simplified procedure, or "Rulé—of—Thumb“
method, for Predicting whether treatment of a particular soil
with lime will produce a beneficial or detrimental result.

1f the result is estimated to be beneficial, it would then be
desirable to know what would be the minimum curing time required
to achieve the minimum developed compressive strength, Values
developed for lime stability Groups 2, 3 and 4 are tabulated
near the bottom of Table D-l. For example, a soil classified as
a Group 4 soil with high developed strength when treated with 5%
lime will probably achieve the minimum developed strength of

100 psi 'in about 7 days. . '

The initial step then is to determine if a soil is suitable Ffor
lime stabilization. To do this begin with Step 1 on Table D-2.
If the soil in question meets the c¢riteria for any one of the
soil properties in this category it may be assumed that the soil
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will be unsuitable for lime treatment (from a developed strength
point of view). One need go no further. Not all of the soil
properties in Step 1 are relevant, however. As an example, if
the only soil property known is its California Soil Classifica-
tion, a judgment is made solely upon this property. However,
more soll properties should be used, if known. Thus, a soil
classified as a "sand" according to the California soil
Classification and as "Sp" according to the Unified Soil
Classification is considered unsuitable for lime stabilization.

If the soil in dquestion does not meet the criteria for any one

of the known soil properties listed in Step 1 (unsuitable soils)
pProceed: to Step 2 (mostly unsuitable Group 1, 2, 3 and 4 soils).

If a lime treated (5%) soil is fabricated (90% relative compaction,
optimum moisture; surface sealed, 70°F and 100% relative humidity)
for 7 days and its compressive strength is determined to be
greater than 160% lime reactivity then proceed to Step 3 to
determine if the soil in quéstion belongs in Group 1 or Group 4.

The soils qualifying in Step 3 are to be regarded with suspicion.
They are either unsuitable or highly suitable. For instance, if
the optimum moisture content of a soil is between 15% and 26% then
the soil ‘in question is a Group 1 or Group 4 soil. If the moisture
content is, say:15% or less or greater than 26% the soil in
question is not exclusively in Group 1 or 4.

If the soil qualifies in Step 3 (Group 1 or Group 4) then proceed
to Step 7 (Group 4) to determine if the soil in guestion is highly
suitable. Since not all highly suitable soils (Group 4) are
covered in Step 7 it may be necessary to proceed to Step 4. Some
of the soil properties listed in the various steps have an
indication of the favorability of certain groups. Thus, in Step 5
when the P.I. of the soil is known and the value is greater than

10 and the soil is classified as a "B" horizon soil (see Glossary A)
then from Table D-2 (Step 5) we find that it is likely that the
soil is highly suitable (Group 24).

Therefore, since the soil in gquestion gqualifies in Step 3 and
Step 5 (P.I. 10, "B" horizon soil), it can be classified as a
Group 4 soil and suitable for lime stabilization. To increase
the probability of correctly assigning the soil in question to
its proper group use another soil property (e.g., Unified Soil
Classification in Step 5 or Step 7). If the goil, however, does
not qualify in Step 3 then proceed to Step 4 then Step 5 and
finally Step 6.

After a soil is assigned to a lime stability group (1, 2, 3 or
4) it is then desirable to determine an economic lime content
to use. Step 8 utilizes the Plasticity Index of the natural
soll for this purpose. a Group 1 soil (unsuitable) requires 7%
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lime. Caution: the use of 7% lime content with Group 1 soils

is no guarantee of success, however. In Table 10 it can be secen
that soil 17MC, when treated with 7% lime and cured for a 6-month
interval, had a developed strength of only 10 psi (treated
compressive strength of 14 psi). :

Step 9 was added as a reminder that some lime treated soils
(kaolinites) achieve greater strength when they are on the

dry side of optimum moisture while others (montmorillonites)
achieve greater. strength when they are wetter than optimum.

The following is an example showing the use of the "Rule of
Thumb" Method (Table D-2): '

. Assume the questionable soil is 13BB as before in the previous

example (D-1). Note: The SCS (Scil Conservation Service) Soil
Classification criteria considers only those soils with two or

more soil horizons.

Step 1 indicates that the soil in question may not be unsuitable
for stabilization with lime.

Proceed to Step 2

190-66

6 (100) =

% Developed compressive strehgtb =
188%, >160% at 7 days
Therefore this lime treated soil is probably not mostly unsuitable.

Proceed to Step 3 to determine if soil belongs in Group 1 or 4,
even though the Group 1 possibility has been largely discounted,
only one soil property in this step suggests that the soil
under consideration could be classified as being "suspicious."
This soil property is the "Fixed" moisture content criteria;
12%-14%. Keep this item of verification in mind but do not
allow it to attribute much weight to the final analysis.

From Step 4, the fact that this particular soil is suitable for
lime stabilization is becoming more convincing. That the soils'
maximum test density does not qualify for being "most suitable",
is of minor concern, notwithstanding the fact that there were
27 soils (the largest number of soils in any one subcategory
except Step 8 subcategories where it was intended to include
all soils) that gave rise to this subcategory. But note that
41% of the 27 soils are classified. as unsuitable (Group 1).
Of the remaining subcategories, "Instant Test" (developed
Strength and % developed strength) and soil horizon designation
taken together adds more credence that the soil in question is
suitable for lime stabilization. Note that the "Instant Test"
value of 188% developed stﬁgﬁgth is near the 200% specification.

¥

+
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Next compare this soil with the soil properties characterizing
specifically suitable soils (Step 5).

Step 5. -The soil, according to the criteria for this subcategory,
meets nearly half (meets 5 criterion and fails 6 criterion)
of the specifications for this subcategory.

Step 6. Since this soil is not Kaolinitic it may be in the
"Not Highly Suitable" category. The "Highly Suitable"
category is not strongly justified. Proceed to Step 7 for
this consideration. =~

Step 7. AKAccording to the Unified Soil Classification this soil
is "Highly Suitable" for stabilization with lime. Since
this criteria is scantily based, viz only two soils (Remarks
Col. Table D-2) support this criteria and one of them is the
soil in question, leaves very little in the way of discovery
that can be found here. As to the other two criteria, the
SCS (Soil Classification System) is not to be considered, as
noted immediately prior to Step 1, and, the carbonate specifi-
~cation is application to the "C" horizon soils only.

In summary, there is a stronger indication that this soil, 13BB,
is' not "unsuitable" for lime stabilization then there is for it
being "suitable". But taken together the soil is estimated to
be "suitable".

Since the soil is estimated to be "suitable" for stabilization,
there remains the problem of estimating an economical lime content
to use. ' : .

The Plasticity Index of the $o0il is utilized for this purpose
according to Step 8. Since the plasticity of soil 13BB is within
the 10-19 PI range 3% lime content is indicated. An estimate of
the minimum developed strength from the clay content using 3%
lime is 10 psi for the 7-day cure and 20 psi for the six-month
cure (refer to figure at bottom of Table D-2). This is not too
encouraging but the average developed strength using 3% lime is,
according to Fig, 26, 100 psi for the 7-day cure and more than
250 psi for' the 6-mdénth cure,. This soil, not having obvious
detrimental natural soil properties, and no particular strong
mineralogy may be considered to be an "average" soil.

Estimation of a Soils Montmorillonitic or Kaolinitic Property
by Soil Properties Alone (Not Using X-ray Diffraction or D.T.A.)

It is desirable to know if a soil is montmgrillonitic or kaolinitic
in order to estimate the developed compressive strength when the
soil is treated with lime. If a s0il is montmorillonitic the 6
month developed compressive strength can be estimated by calculating
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the montmorillonite content/moisture content ratio and then using
the curve in Figure 14, The increase in strength may also be
estimated if the electrical response test results are known.
Figures 40a and 40b give a relationship between the electrical
response (Ae’xAo) and the developed strength after 6 months curing.
Figure D-1 utilizes the dielectric constant for a similar purpose,
It is also important to know if the soil in question is montZ
morillonitic because montmorillonitic soils increase more in
strength when the moisture content of the lime treated soil is
wetter than optimum. From Table 13 it is seen that the increase
in strength can exceed 200%.

Similarly, if the soil is kaolinitic, the 6-month developed
compressive strength can be estimated by knowing the clay content
(Fig. 27) or the Plasticity Index of the natural soil (Fig. 25).
When Kaolinitic soils are drier than optimum moisture the
compressive strength increases. Table 13 shows that this increase
is as much as 76%, while a wetter than optimum moisture lime-soil
mixture can produce a Strength loss up to 81%.

The knowledge that both montmorillonite and kaolinite are absent
may also be valuable. For instance the 6 month developed

Strength of a lime treated nonmontmorillonitic soil (adsorptive_
lime~soil reaction) may be estimated when the pPH of the natural
soil is known (Fig. D-2) and Figure D~3 can be utilized for a _
nonkaolinitic soil (agglomerative lime-soil reaction) using the
dielectric constant of the natural soil. Table D-3 was constructed
to facilitate the estimation of a soils clay property. The four
"clay propertiesg" considered are those stated in the electrical
portion of this report namely:

1. Montmorillonitic Soils (adsorptive lime-~soil reaction)

2, Nonmontmorillonitic soils (adsorptive lime~soil reaction)
3.  Kaolinitic soils (agglomerative lime-soil reaction)

4. Nonkaolinitic soils (agglomerative lime-soil reaction)

The basic idea is to determine Which_one_of the four "clay
‘pProperties" listed above most nearly matches the soil (fine
grain) in question. It is not sufficient to conclude that a
given set of soil properties is indicative of a certain soil
matrix (i.e. montmorillonitic soil). Tt is necessary, in the
overall estimation, to be confident that the soil in question
is NOT any one of the other three alternatives. :
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" An example of this procedure is to consider the possibility that

the so0il in question is a montmorillonite. To test the validity

of the assumption {using Table D-3) begin the comparisons with

Part A, Step 1. 1In this step there are three common soil property
criteria; surface area, clay content and PI, and four other soil
property criteria; mnconfined compressive strength, "Instant

Test" (developed strength), "Instant Test"/pH, and dielectric
constant. If a soil property value meetS or exceeds the listed
criteria, e.g., calculated surface area >500 cmz/gm, then the
guestionable soil meets one of the conditions favoring the
montmorillonitic subcategory selection. When a majority of the

soil property criteria are met in Step 1, this indicates that

the guestionable soil should not be classified in the nonmont-
morillonitic soil subcategory (adsorption category). However,

the questionable soil is classified as a "possible" montmorillonitic
soil but it does not necessarily follow that the questionable soil

is classified in the montmorillonitic subcategory. Proceed to

Step 2, and in a similiar manner, ascertain whether the guestionable
solil is a kaolinite {agglomeration) or if a montmorillonitic property
criteria is met, then proceed to Step 3. If a majority of the guestion-
able soil properties meet or exceed the criteria in this step, the
questionable soil is not classified in the nonkaolinitic soil
subcategory but is classified as belonging to the montmorillonitic
soil subcategory. If the majority of the soil property criteria

is not met in any one of the steps the guestionable soil should

not be classified in the montmorillonitic soil subcategory. The

soil in question could be any one of the remaining three subcategories.
Use Part B, Steps 1, 2 and 3 of the same table to ascertain whether
the soil in qguestion is in the kaolinitic soil subcategory.

The absence of some soil property criteria indicates that these
soll properties are not congidered significant for the particular
comparisons. Thus, a soils calculated surface area may be signifi-
cant when the montmorillonitic soil subcategory is being considered
(viz Part A Step 1, 2 and 3; Part B Step 2) but is not significant
-when a questionable kaolinitic soil subcategory is being compared
with a nonmontmorillonitic soil subcategory or a nonkaolinitic

soil subcategory.

 In summary, to estimate if a soil is predominately montmorillonitic
or kaolinitic test each hypothesis to determine that the soil in
gquestion is NOT one of the other three alternatives. If the soil
is not any one of the three other alternatives, then the hypothesis
is presumed to be valid. '
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TABLE D-~1 A "seneraiized" approach for estimating the 1ime xeactivity of Llime treated scils, Lime content is 5% and optimum
Toisture prev.;li.ls unless ctherwise noted. Results expressed fn Developed Strength, psi, or Lime Stability Groups
sea footnote).

Note: Abbreviations axe given the footnote,

Item Guantity Use Remarks Reference

I, Soil Classification

A, Unified soil classificaticn Group symbols SP,SM,SC, SP, MH and CL-ML are Group 1 Boundary classi-
ML,CL,M1 & GH. goils, CL is a group 2, 3 oy fication are also
4 soll. SGC is a Group 4 soil. used,
B, Soil series claasificacion Over 900 s50il series Imperial, Sacramente and Tourn= 16I, 38 and 4T, USDA=Sail
thus far in California. quzst soil series are Group 1 qu or more soil Conservation
soils, Aiken, Huerhuerg, Lock~ horizons, Service
wood, Merced, Montague, Panoche, Refer to
Pescadero, Ramona, Salinas and Table 3

Vista soil series are Group 2,
3 or 4 solls,

€.  Soil horizon designation A, Band ¢ Categorizing soll strata which See IIA3b ,C3 LICH USDA-~5CS
differ im soil properties, and IIT Refer to Table 3,
D, Calif, Div, of Hwys. soll class
1. Grain size S84, 8i & CL plus modi=- 8d or 51 & Sd are Group 1 Use M.A, and
’ fiers, solls. 35dC€l, SiCl ox C1S5d ave grain gize chaxt,
Group 2, 3 or 4 spoils,
2, Field log §d, 54 & Cl plus modi- Gl ar 51 are Group 1 soils.
fiexs. G151 Group 2, 3 or & Manual macipulation Table 5

and wetting of sofl,

Identification - natural soil properties
A, Engineering
1.  Impact compaction test :
a, dry density pef Value » 121 pcf all goils are 14 solls

i1

reactive Groups 2, 3 or 4,
Value >96 and < 112 pcf {dry 7 Group 1 and &
wt) Group 1 or Group & soil, Group 4,
b, optimun moisture % of dry soil weight, Value > 15 and < 26% (dry wt) 6 Group 1 and 7
Group 1 or Group 4 soil, Group
2, Mechanical analysis Clay content % Clay vs DS Fig. 6
% Clay vs DS . Kaolinitic soils only, Fig. 27
% Clay vs DS Minimum DS for 3, 5 Table D=2
. 7% 1C and 7d, 28d & foptnote
6m cure.
3, Atrerberg limits Plastieity Index PI va DS 6 _month cure Kaglinitic soils only Fig. 25
PL (range) vs DS Vgr. 1C & var. cure Fig. 26
time :
PL vs D5 Min. D5 var ILC & var Fig, 20-22
cure Gime,
a, all soil horizons Nat. soil PI range 10~19 8% Group 2, 92%
Group 3 or
b. " " " Nat, soll PI range 12-23 Min, 100 ps‘l DS, 7 day
cure - 5% LC
e, " " " Fconomical lime content Nat. soil PI NP & »>20 use 7% Min. Strg. Values 'lzfgb%e Vo, 16 & Fig.
Lc, PI 1-9 use 5% LG and PI Ave. Strg. Values Table No, 17 & Pig, 26
10-19 use 3% LC
d. "A" so0il horizons Nat. soil PI range 1-19, Group 2, 3 or 4 early
. strg. 5% I, long term
. strg, 3 !..C
e. "B" seil horizoms Nat. soil PI »10. Group 2 '3 or 4
PT range 10-19 Eaxly strg. 5% LC
long term strg, 3%‘1 LG
4, Unconfined compression qu To determine unconfined comp.
strg, for natural and LT seilis,
B, imeralogicai determination See ITL C, XL D and IIT A.
1, Montmorillenite X~-ray diff. and D,T.A, See ILL Ala
2, Mixed layer n " " "
3. Kaolinite " n " " See III AZa
4, Mlea " " " " > 20% mica and < 108 pef Test Unsuitable (Group 1
Density soll)
5. Calcite e " " See IL C4
6, . Sulfates " B " " See II G7
7. Organic matter D,T.A, See IL C5
c. Chemistry .
1. Ex.changeable “ealeium meq/100 gm soil Value » 12,5 Group 1 or Group 4 Suspicious soils
. (Group 1 or Group 4)
5 Group 1 & 9 Group 4 scoils, seek cther data®
2, Exchangeable magnesium womwonoow Value > 6.0 Group 1 or Group & Suspicious solls
5 Group 1 & 7 Group 4 solls, gegk other daca¥k
3. pH (1:1) Nearest 0.1 Nonmont. soils (adsor, LS Results £rom IIL Fig. D-2
reaction) vs. 6m DS Alb (this chart).
4, Carbonate % 0y Value > 1,0% and "C" horizon See IC
Group 4 aoil
Value > .4 Group 1 or Group & 3 Group 1 & 8 Group 4
spil (nal:ural soil pH 7,8} soils, suspicious
ross 7d cure comp, strg. Ds soils"{"’f
'%57’2 LG} <75 psi for Group 1 and

> 75 for Group 4,
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* TABLE'P-1’ (Continmed;

5. - Organic carbon

I-A

Values * 1.5 use caution. 27

~% organic carbon
o or larger Group 1 soil

Estimated mainly from
otther investigators.

6. Iton coating % Fe Valua> 4,0% the Group 1 soils.
- Value 0.2% or leas Gxp 1 or Suspleious solls
Gmp 4 soile. & Grp 146 seck other datads
' Gep & soils,
7. Suifate % 80y, whole soil Class, as a Clhaving % of CA Div. of Hwys.-ID,
N - . : sulfate > .2 1 soil, Fig. 17
Cless, as & SiClhaving % of CA Div. of Huys,-ID.
aulfate» .2 Grp 4 soil, Fig. 17
D. Electrical . .
L. Dielectrie constant e goil water aluxry Values >20x1¢ montm. or nonk, See IFI Ala and Table 21
: solls. >41x10° montm,%* TII AzZa,
Values <20x10¢ nonm. or kao= Table 21
) . . linitic soils. <51x1i0* nonk.** See III Alb
., Montm. vs, 6m DS° Fig., D-1
2. * Conductivity 0 goil-water slurry Higher wvalueg indicate larger
. percentage of salt,
III, Observation of the' limc-aofl resction
4. Electrical characterization N
1, Adsorption reaction 4o, 4’ LT and nat. Mﬁs’ x10° > 50,4000 aveilyp 1 5% 1G Fig. 642,Table 20
. - solls
Aoxhsl %10% < 40,000 are Grp 2,3 or 5% 10
a,  montmérillonitic soils > 15% montmorilleémite 6mDS (3% LC} vs. mogtm/moist ratio CGroup & soils, Fg, 14
' G} L T " E Fig. D-1
N ’ monon Y AelxAg Fig. 408
b.  nonmontmerillenitic soils L " pH of nat soil Fig. D=2
2, Agglomeration reaction do, 86! LT and. N soils Avxhe! %10 <1000 ara Grp 1 soils 5% LC E‘ig 40a, 42,Table 20
. saxdct x10' >1000 are Grp 2,3,0r 4 5% LG Table 20, Fig. 40a
8. Kaolinitie soils >15% Kaolinite SmDS (5% I.Gg va, clay content Fig. 27
6mdS (5% 1C) vs, BY Fig, 25
- No Grnug 4 Reolinitie solls
b, Nonkaolinitic soils o f 6mDS (5% LC) vs. ¢! of nat. soil Fig. D-3
B. "Instant Test" - 5% 1lime Qi Values <12 pel DS Grp 1 soil
Content e ‘Values »45 psi DS 5% of soils in

Group 1, 604 in Group 4,

Fan gorizon "Instant Test" (5% LC)
<50 psl Groas Group 1 sail,

Al Eurizo-n "Engtant Test" (5% L&)
801551 or » Gross Group 2; 3 or &4
a8 .

€, '"Fixed" Moisture Determination . -
#.. % remeining Im-Fm

of "Instant Test"
specimen
Value 1.3 to 1.6% or> 2.Q0% Suspicicus soils

Group 1 or 4 soils, seek cther dataiir
Value 0.8 to 1.2% Group 2,

3 or 4 soils.

<10% indicates & nonkaclinice

Easg) or a nonmontmarillonite

adsorp) ,

<10% indieates a kaolinite.

Value 12% to 14X Group 1 or & Sugpicious soils,
solla. - g seek other data
Value >7 and <10% Group 2, 3

or 4 solls,

LIME.STABILITY GROUPS

n

b. % of criginal 100 (Im=Fm)/In

Group Earldest ain, Developed Strg. of 100 pei

G~month Daveloped Strg,=-5% lime Lime creatment

.1 more than 6 mentha less than 100 pai not suitable
2 about 28 dn'ys 100-200 pai satisfactory
3 L T 200-300 % good

4 o "o greater than 300 pai excallent

*Abbreviations uged here. .
adsor = adsorption LS yéaction
Aﬁ = agglomeration L8 reaction
class = clagaification .
< = compression(ive)

montm = montmorillonite(ic)

- mak = natursl soil (untreated)
nonk = nonkaclinite (agg)
gonm = motmontmorillonite (adacr)

Wk Seek other data te distinguish between
Group 1 andGroup & seil.

Average or limited values of sodl Propertiae

508 = Soil Conservation Service

omp
D5 = developed atrength strg = atrengch

D,T.A, -'B:a{“:ztu Thermal . ggr-.u‘:;:g:ﬁ:ed compreasive strength Topact Denst € .Gmwn_,].7 Group 4
Fo = Final molotura content of ) "Tagtant Tes:y‘: L] a0 ps 53 bg
specimen in % e'm dieleceric congtant of nat. woil or 1ime-soil, Nat. Soil Strg 8l 2%
Gp = Stabilicy Group 0 = conductivity of nat, acll or lima=soil. 7d cure-5% IC. pat <100 »108
In = In}:iﬁ %oial:ure cantent of emhla'ngeable Na, mﬁq/mog 2 &4
50. H - >
= limg cootent: Iron coal:ing: T Fe ,t-{
LS = ilimespofl .~ Hydeebiotite-Vermiculite Hone

Sg;'p o;har_ distinguishing features refer to Table D=2

**¥hen montworillonite and nonkaclinite are comparad with one snother,;
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Table D=2

Item
Unguitable Soils

Mostly Unsuitable
Group 1,2,3 & 4

Suspicions Soilg*kxwi
Group 1 or Group 4

Mostly Suitable
Group 1,2,3 & 4

Suitable Soils
Group 2,3 & 4

Not Highly Suitable
Group 1,2 & 3

Highly Suitable
Group 4

Lime Content
Ecanomy

To Ingcrease
Strangth

Rule-~of«thumb methed for progressive est:matinn of the developed strength of a lime treated soil,

data from this study,

Sroup

BwNE

Tkkk

Seil Property

"Instant Test"
Calif, Soil Class.
grain size

£ileld log
Unified Soil Class.
SCs* Soil Class,

28 day cure**
Carkonaceous soil
Micaceous soll
Seil Horizon "Ar

7-day cuper*

Optimum Moistura
"Fixeds ke
% ramaining

% of original
Max. Test Densaity
Carbonate

Max, Tost Density
"Inatant Test"

Soil Horigzon “B#

Optimum Moisture
P.1. of nat. aoil

" "
" o " n

Max. Teat Dénaity
Calif, Socil Class.
grain size

field leg
"Fixed" Moisturetw*

% remaining

% of original
Unified Soil Clasa.
5C8* Scil Class.

Clay content
Sand "

Kaolinitic soilis

Unified Soil Class.
SCs* soll Class.

Carbonate
p.I+ of nat, soil

Clay contentrkiiaw

Kaolinite
Montmorillenite

Earliest min. Developed Strg, of 100 psi
more than 6 months

Qualifications
less than 15psi developed strg.

soils class. as S8d or Si & S8d

" gl v si

" " " SP, MH or CL-ML
Imperial, Sacramentu, and
Tourniquist Seil Series
less than 160% developed strg.
greater than 1.3% organic carbon
#  20¥% mica

le55 than -8 psi "iInst.Test" gross

less than 160% developed strg.

greater than 15% & less than 285%

1.3 to 1,6% or greater than 2.0%

12 to 14%

graater than 96 & less than 112 pef
" W4% coy

lega than 121 pef dry unit wt,

graater than 45 psi develop. strq.
" 2“0%

"B" Heorizon

13 to 16%
soiLs in the 10-19 P.I, range

* " 1-l9 P.I, ranga YA"
Horizon soils only
greater than 10 P.I. "B" Horiz,

soila only.
greater than 121 pof dry unit wt.

s0ils class, as 5dCl, Sitl or ¢lsd
n “ W 181

+8 to 1,2%
greater than 7 & less than 10%
acils clasalfied as CL
Aiken, Huerhuwero, Lockwood, Mepced,
Montague, Pancche, Pescadero, Ram-
ona, Salinas, & Vigta Soil Series
greater than 20% & lesa than 45%

" woo3E% w o m " a0%

greater than 15% kaolinite

gells classified as SC
Mentague, Ramona, Pancche &
Merced Soil Series

all *c" Horizeon soils in Group 4
have more than 1.0% CO3

soils in the NP, 1-%, 10-1% &
greater than 20 P.I., ranges

use compressive strg. vs clay
centent curves

qreater tban 15% kaolinitekiwx
" montmorillonitekk*¥

LIME STABILITY

Based upon the

No.
of
Remarks Soils
6
7CC & 14%Aa
38C, 16IA & 1BIC are clays, 17 MC is a silt 4
S?-?CC MH=38A & 38C, CL~ML={TB 4
16T, 3§ & 4T 6
BSA, 38C, 4TA, 4TB, 16IA, 16IC & L7NC. 5% lime conk. 7
1
17Mc natural goil compressive strg, = 4 psi 1
3s5a, QTA 14PA, 163A & 19AR s
BB% are Group 1 soils, Group 3 soil 1PB, 5% lime cont. 8

Detrimental or highly beneficial to strg., develop. 12
* " a " " " " 15
" L - " L} o " 5
« n " " " n n 13
27% are Group 1, 73% are Group 4. Group 1 asoila 11
"Inst, Test" less than 30 psl {except highly ce-
mented soil)
41% of aoils are unauitabla lGroup 1) 27
58 v 60% are Gp 4 22
15% # . " u 13
7% "n L] " " " 15
75% are Group 4 soils a
gz2% o u 3 or Group 4 soils 1z
86% n L] " n L n L 7
29% ¢ " " & 71% are Group 4 soils 7
56% v " 4 soils 14
73% " o« " n 15
3
14
64% are Group 4 soils 11

Box " n " 5

5011 symbol: 1P,2A,6M,85,9L,10V,11H 15R,21F & 22M 21
88% are Group 3 or Group 4 soils 16
69% " 4 gells 13
6
13BB & 200B 2
6M, 15R, 21P & 22M 8
1pC, 6MC, BSC, 21PC & 22MC 5
NP soils use 7% lime, I~% PI soils use 5% lime, 41
10-19 PT soils use 3% lime & soils with PI
greater than 20 use 7% lime
curves will give minimum developed strength for 41
3, 5 & 7% lime contents & the desired cure periocd
deg¢rease maisture content 4% below cptimum 6
increase " " % akbove " S

GROUZ S

about 28 days

"
"

n greater than 300 psi

U.S. Dept. of Agriculture, Soil Conservation Service.
Fabricated specimen 2" dia. by 4" high, optimum moisture, 90% rel. comp., passing 1/8" size and 4 cne inch lifts.
Molsture retained in "Instant Test" specimen. Im = ¥ initial moilsture content. Fm = % final noiszture content.

% remaining = Im ~ Fm

% of original = 100{Im = Fm)/Im
For an estimation of whether a soil iz montmorillonitic or kKaolinitie refer to approprlate section of this report.

6~month Developed Strg,-5% lime
less than 100 psi

Lime treatment
not suitabie

3100-200 psi satisfactory
200-300 - good
excellent

LEL S

Seak other data to distinguigh batween Gp 1 & Gp 4
average or 1limiting values of
soill properties

Sroup 1 Sroup 4
Impact Density, pef 207 115
"Instant Test", pai <30 DS >30 D8
Natural Soll Strg., psi 34 45
7d cure~5% LC, psi <100 »100
exchangeable Na, magz/100g 2 4
" oo =7
Iron coating, ¥ Fe »4
Hydrobiotite-?ermiculite None

for other distinguishing features refex to Step 1

and Step 7 above.

T

Estimatien of minimum DevelopEF Strength from Clay Content
upper <urve = th cure

dashed " = 28- day "
lower " 7=day "
3% lime 5% lime Té lime

400

300

200
00

Developed Strength, psi

0
20 30 40

Clay Content (%)
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Table D-3 Gdidelines to estimate'whether a soil is mont-

morillonitic or kaolinitic.

Part A- To distinguish Montmorillonitic soils from oth

er soilg by soil
~

properties-other than X-ray diffraction/D.T.A. 5
- | &
i~
o &
4
[55] (=]
v
o —
3 U L bb
b o 4 ) OOk ® G o
Spogs B8 3% ¢ ¢oRBRE ¥
“ ED od o g 5 of @8 O o~
Ho o o4 o ) S LDWOW o0 O,
_ wg Dl —4a o LW wmapwl Ga o
- 8858 R3E cmw 2B ASSA AL o 2
Refer Soil e 2 _

Step Table Designation pef %  om”/gm. % psi psi % €
1 22 Ads. nonmont. >500% 530 10 >50 <40 < 6 520
2 25 Agg. kaolinite m mo>7 ‘ <b <7 >2
3 26 Agg, nonkaol. <107 >18 n " <40 <.7 > 41

%' The soil properties listed describe montmorillonitic soils
Part B - To diéfingdish Kaolinitic soils from other so0ils by soil properties
other than X-ray diffraction/D.T.A.
) T Py
N i
@ o )
4] L Qo
: o 5 22 .
i, .o 8 8 i 39 3% 3
) N
. L L] KN ]
2> gy = 3 B SF B S5 2E G
e ED . B~ © od] @8 © o~
P W 0} = U e DD P2LODEO0 O m
5§ 835 I B S8 = = sa 2822Fg 4 3
: HA OF I H O« A& & ZW HEwHD BEM &~
Refer Soil . . o
Step Table Designation.pcf*. v % % psi psi et
1 23  Agg. nonkaol<107 18 <10 >10 < > 2 <20
2 25  Ads. montm. - <500<10 " >6<.7 77T <20
3 27 - Ads., nonmont " 50 <40 "

<10

H 3

* The"sbilfﬁfdperties listed deseribe kaolinitic soils.

Note':
subcategories.
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The underlined properties were 100% successful in delineating the
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DIELECTRIC CONSTANT (£') LIME-SOIL SLURRY ~({103)
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Fig.D-I ESTIMATING THE LONG TIME DEVELOPED STRENGTH OF
ADSORPTIVE MONTMORILLONITIC SOILS
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Fig.D-2 ESTIMATING THE LONG TIME DEVELOPED STRENGTH
OF ADSORPTIVE NONMONTMORILLONITIC SOILS
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Fig.D-3 ESTIMATING THE LONG TIME DEVELOPED STRENGTH OF
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