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INTRODUCTION

The liquid and plastic limits of a soil are consistency limits that
were aroitrarily chosen by Albert Atterverg in 1911. Their determination
is by strictly empirical testing procedures. Except for the development
of a liguid limit device and subsequent minor refinements the method has
remained basically unchanged for over a half century.

The empirical determzination of an arbitrary limit would seem to be
contrary to the very foundations of scientific procedures. However, the
tests are relatively simple and the results are generally acceptable and
valuzble in almost every conceivable use of soil from an engineering
standpoint.. Such a great volﬁme of information has been collected add
compiled by application of these limits to cohesive soils, that it would
be impractical and virtually impossible to replace the tests with a more
rational testing method. Névertheless, many believe that the present
nmethod is too time consuming and inconsistent.

There have been numerous attempts to dorrelate devices to increase
speed or consistency. There has been no general acceptance, to date, of
any new device §r nmethod.

Since the case for keeping the limits in their present form is a
strong one, and since they have proved valuable, the greatest need is
for a device or method that will determine these limits with speed and
"accﬁracy". They would have to be accurate in the sense of being consis=-
tent and having a high degreé of correlation to limits produced by the
present standard methods.

A method is presented here which meets the need specified above.




Research was initiated to investigate the development of a rapid and
consistent method by relating the limits to soil moisture tension values
deterimined by porous plate and pressure membrane apparatus. With the
moisture tension method, hundreds of samples may be run at one time,
operator variability is minimal, results are consistent, and a high degree
of correlation to present liquid limit tests is possible.

The general ovbjective of this research was the evaluation and develop-
ment of the moisture tension method in light of its direct application
to efficient use and greater economy by an organization required to deter-
mine limits in large numbers. Some organizations, such as state highway
departmenis, make thousands of these tests each year.

This iﬁvestigation has been limited to Iowa soils. Previously
determined liquid and plastic limits were ccmpared to values determined
by moisture tension apparatus. The specific objectives of the research
were as follows:

l. to céﬁfirm a relationship between consistency limits and soil

moisture tension values;

2. to develop appropriate laboratory procedures for rapidly deter-
mining limit values of Iowa soils by moisture tension methods;
and,

3. to establish a testing program of sufficient magnitude to deter-

mine the reliability of the results with a relatively high

degree of confidence.




LITERATURE REVIEW
Farly Research

Science can be defined as coordinated, systematized knowledge. In
this sense, in the year 1911, Alvert Atterberg initiated the science of
measuring plasticity. He collected, studied and commented on twenty
methods for measuring plasticity, or indicating its relative value, which
had appeared in the literature at that time; and he found none of these
-metvhods satisfactory. He started with a conglomeration of previous
concepts of plasticity requiring that a paste of "normal consistency" be
prepared and forrmed into cylinders, balls, threads, rings or rods and be
sub jected to.various manipulations, such as, reshaping, tensile and
compressive strength tests, bending, rolling into & thread, extruding a
thread from a hand press, and penetration with a Vicat needle. He clas-
sified the above methods under one group, that is, methods that make use
of the clay in a plastic condition. Atterberg also categorized, and
discarded as being a poor measure of plasticity, five other groups of
methods; such as, methods that base the plasticity on the strength of

the dry clay, methods that employ ability to adsorb water as a measure
of the plasticity, metnods that calculate the plasticity from the "binding
power", methods that make use of the quickness of disintegration of the
clay mass in water and methods that accept the idea that the colloidal
coatent of the clay provides a measure of the plasticity.

To Atterberg, plasticity meant "capable of being shaped" and he put
emphasis on the sbility of a soil to be rolled out into threads. The

result of his intensive studies, began in 1902, in the field of plasticity




led to five boundaries, or limits, to differentiate various plastic states
of soil and to assist him in making an accurate study of soil properties.

In a comprehensive review of the history of the Atterberg limits,

Bauer (6) summarized the five linmits as follows:

i. the upper limit of fluidity, that is, the limit &t which a clay
slip is so watery that it flows almost like water;

2. the lower limit of fluidity, or flow limit, the limit of water
content at which two small portions of a clay slip, lying in a
disn, will no longer flow together with vigorous blows of the
dish; °

3. the sticky limit, the limit at which clay no longer is sticky;

4. the roll-out limit, the limit at which the clay paste can not
be rolled into threads; and,

5. the cohesion limit, the limit at which damp clay will not allow
itself to be compressed any more.

Bauer also summarized the more important conclusions of Atterberg's

work:

l. +the flow limit and the roll-out limit are the real piasticity
limits. At water contents lying between these limits the clay
is plastic;

2. that soil is plastic which, at or under the flow limit, can be
rolled out into threads;

3. the difference between the values of the flow and roll-out
limits - the plasticity number - is the best.measure of the
plasticity grade (or class); and,

L., that this m2thod for the determination of plasticity is so




simple that it must find frequent use by others.

The flow limit is now the liquid limit; the roll-out limit is now the
plastic limit; and the plasticity number has been changed to plasticity
index. Tne liquid limit has been greatly refined. The plastic limit is
determined, today, esséntially in the same manner as it was by Atterbverg.
These limits, especially the liquid and plastic limits and associated
plasticity index, have taken on great importance in almost all phases of
soil engineering.

Atterverg's work appeared to provide the impetus that started many
other researchers manipulating pastes of their own to change, standardize
or explicitly define limits of plasticity. In fact, many researchers,
working independently, probably sowed the seeds that created our present
state of questionable standardization of the limits.

The agronomists were among the early researchers interested in
Atterverg's work on plasticity. They seemed to went a less arbitrary
measure of plasticity. In another history of early methods of measuring
so0il consistency, Bodman (8) presents a review of early research methods.
Much of the work covered in his review is from agronomy literature and |
not generally found in engineering literature. Most of the methods
proposed by the agronomists were based on the concept that, "consistency
is the resistance to deformation of material", a concept that Atterberg
initially discarded.

The methods reviewed by Bodman include: mixing by pug mill to
measure resistance of a motor driven pug mill to soll-water mixtures; use

of shallow, flat bottomed, glass cylinders in place of the curved evap-

orating dish and deforming the soil by means of weights rather than




thon impacts; use of a similar approach in applying the weights to the
soil vessel as it was on the platform of a Troemmer balance; and also,
nethods based on various penetration tests, compression of a stationary
cylinder, compression ard shearing of a prism or annulus, shearing of a
cylindrical core, shearing a core from its surrounding mass in position
in the field and in-place compression in the field.

Terzaghi (58) pointed out that Atterberg's liquid limit was an arbi-
trary one because there appeared to be no definite reason why the test
should be made precisely as suggested. He discussed reasons for early
opposivion to Atterverg's work, and pointed out the following:

"The striking difference between the attitude assumed by different

investigators towards Atterberg's plasticity index is essentially

due to two facts:
{a) Failure to attempt to define clearly the meaning of 'degree

of plasticity’'; and,
(b) The hopeless attempt to correlate with each other the
plasticity of different substances."

After initial early attempts of the agronomiéts, they seemed to lose
interest in the limits and reported research shifted to engineering liter-
ature. Baver (7), in a leading textbook on soil physics, only gives them
passing mention. The plastic limit is roughly the upper limit of soil
puddling, the point at which the soil is too wet for plowing, but no
really important use has ever been found for the liquid limit. Agron-
omists, then, had no incentive to continue research on the consistency
linits.

Other early research on Atterberg's limits more pertinent to engi-
neering uses, was conducted at the Bureau of Public Roads (10, 24, 25,

52, 53, 57, 58) and the Bureau of Standards (28). Wintermyer, and his

coworkers at the Bureau of Public Roads were largely responsible for




eatrenching the concept of the consistency limits into the area of soil
classification. They recognized the value of plastiéity tests of subgrade
soils. Hogentogler, Wintermyer, and Willis (25) placed prime importance
on plasticity index as a wmeasure of highway soils properties. They
defiped the liguid limit as the moisture content at which soll will Just.
vegin vo flow when lightly Jjarred 10 times.

Early researchers used a spatula to produce the groove in the soil
cake. The thickness of the cake was indicated as 3/8 inch, or slightly
less than one centimeter; and the width of the groove at the bottom was
usually given as 1/8 inch. TFirst use of a grooving tool was reported by
Wintermyer, Willis, and Thoreen (53). When A.S.T.M. method D 423 was

'first issued as tentative in 1935, provision was made for this tool and
it has remained unchanged to date. It will be pointed out below that
not everyone uses this standard tool, but no alternmative has yet been
officially adopted.

Arthur Casagrande (10) made a comprehensive study of the liquid and
plastic limits. He designed a liquid limit device to mechanize the liquid
linmit test and ‘remove the deviations that were due to operators' hand
techniques. This apparatus is essentially unchanged today, excépt that,
in a later research report, Casagrande (9) recommended minor improvements
and initiated some small changes.

Casagrande (9) retained the hemispherical form of soil dish that
Atterberg had used, but replaced porcelain with metal. He standardized
the impact to cause a small momentum change, and he mechanized this

impact. The device was then correlated to Atterberg's original work by

standardizing the number of blows, "N", at 25.




Casagrande's device was essentially the same a&s now specified in the
current tenative metnod of test for liquid limit of soils, ASTM Designa-
tion: DL23-61T (3). A major exception is that the grooving tool devel~
oped by Cesagrande has never been accepted as a standardAor alternate,
although it is widely used (32).

Casagrande also observed that the nuwier of blows nécessary to close
the groove depended on thevwater content of the soil in the cup, and that
when the results of a series of determinations for any one soil were
plotted, water content versus the logarithm of the number of drops of the:
cup, <the points fell on a‘straight line. This "flow curve" is required
by the present method for determining the liquid limit of soils, ASTM
Designationi D L23-61T, section 5 (3) states:

"Plot a 'flow curve' representing the relationship between water

content and corresponding numbers of drops of the cup on a semi-

logaritnmic graph with the water content as abscissae on the
arithmetical scale, and the number of drops as ordinates on the
logarithmic scale. The flow curve is a straight line drawn as
nearly as possible through the three or more plotted points."

Casagrends (10) also noted that the slope of the flow curve varied
for different soils and proposed that the slope of ﬁhe curve be measured
by extending tﬁe curve across one cycle of the semilogarithmic scale and
securing the difference in water contents at 10 and 106 drops of the cup.

He called this value the flow index, which is equal to the negative slope

of the equation representing the flow curve, i.e.,

Wz-FLlog N+ C cmmecoocmcncaes emmmmemmmmmcmmem——cm—a- (1)
Where:
W = moisture content in percent of dry weight

F flow index




N =z number of blows
C = constant

Based on this stud;, Casagrarde concluded that Atterberg's liquid
ard plastic limit values, supplemented by the flow irdex, reflect the
shearing resistance of a plastic soil in the remolded state at varioﬁs
water contents. In the case of non plastic soils, the relationship does
not hold.

In his later work, Casagrande (9) revised his working drawings for
the liquid limit device;3making several changes in details without devia-
tion from the original standards. The revisions called for the use of
Micarta No. 221 for the base, whereas his original called for "hard rubber
of quality thch can be machined". (The present ASTM standard (3) calls
for "hard rubber" without defining the term). He designed feet for the
later model, as required by the ASTM standard, whereas his original
device had none. The cam used to raise the cup 1 cm. above the base was
changed from a spiral to, two concentric circles.

It is apparent that, as soon as the importance of the liquid and
plastic limit tests was recognized the need for standardization and
refinement of equipment and techniques was also recognized. The next
section will be concerned with literature indicating a need for more

consistent results and discussing sources of error in the present devices

and procedures. .
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Evaluation of Present Devices and Methods

Recent research in the area of the ligquid and plastic limits has
been directed either at making recomaended changes in present devices or
methods, or proposing a new "machine" or device. Researchers search for
a method or device that is simple and fast, as well as capable of produc-
ing consistent results free from operator variability. It is also essen-
Tial that any new device be correlated to the present limits, due to the
great volume of informétion presently based on them.

Sowers (49) compiled a list of faults of the present test that con-
tribute to variation in the results:

L. Gifficulty of cutting a groove in some soils, particularly those

conteining sand; |

2. tendency of soils of low plasticity to slide in the cup rather
than to flow plasfically;

3. tendency of some soils of low plasticity to liquify with shock
rather than to flow plastically;

L, sensitivity to small differences in apparatus; such as the
grooving tool form, the hardness of the base, the shape of the
cam and the wear of the cup; ard,

5. sensitivity to operator technique as the result of: groove
shape and alignment, cleanliness of bottom of cup and base,
speed‘of operation, observation of point of groove closing,
lack of proper a%justment and thoroughness of mixing.

In addition to the above, tbere‘are liquid limit devices in use

today that have hard rubber bases as specified by ASTM, and Micarta - 221
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bases as recommended by Casagrande. The original bases had no "feet"

but some operators cushioned the bottom. Later, the bases were supplied
with feet, bul there is no standard type of feet. There are three types
of grooving tools, all which claim to have their relative merits, but
they also cause differences in the limits, e.g. the Casagrande tool gives
liguid limit values higher than those obtained by using the ASTM tool,
but agreéd well with the Hovahyi tool (32). Tool motion, whether away

or tcward the operator causes variation as high as 6 percent, and 3
‘percent on the average (32).

A brief comparison of the tools follows (32). The ASTM (standard)
tool does not control the depth of groove, which is left to operator care
and Jjudgment. Casagrande's tool smoothes the soil to a specified depth,
but it tends to tear the sides of the groove. The Hovahyi tool was
designed to combine the "good" points of the two; that is, cut the soil
to & controlied deptﬁ without tear. The Hovahyi fool seems to be consid-
ered "radical", but the first two are in wide use. Even though the ASTM
tool is standard, a survey conducted by Section B, Subcommittee R-3, of
AST¥ Comaittee -D-18 showed that the Casagrande tool is used by 4 highway
departménts, 1 government agency, 1 commercial agency, 10 experts and
universities. The survey also quotes (anonymously) manufacturers:
"Casagrande grooving tool outsells ASTM"; from another, "ASTM outsells
Casagrande tool L to 1".

Mitchell (32) made a study of liquid limit results produced by the
three different tools of which the ASTM and Casagrande are widely used.

The U.S. Arny Corps of Engineers uses the ASTM tool in the determi-

cation of liquid limits of soils to be used for military construction
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purposes and Casagrande tool in civil works construction activities.
Some laboratories had used the two devices interchangeably, but began to
question the results. The depth of groove made by the ASTM tool depends
on operators Judgment, but its mein advantage is that it does not tear
the groove, especially on soils of low plasticity. The Casagrande tool
insures a constant depth of groove but tends to tear soils of low plas=-
ticity. The Hovahyi tool was developed in an attempt to overcome the
tearing action of the Casagrance tool. It has the capability of msking
szooth grooves relatively easiiy in soils of low plasticity. Mitchell
(32) concluded that the tools should not be used interchangeably when
testing for compliance with specifications.

Dawson (17) sent out uniform samples to nine commercial laboratories
for liquid limit determination and tests for Opefator variability. Table
1 shows the results that were reported. One laboratory had a single
techinician run 20 tests on a single uniform sample over a period of about

7 weeks. His liquid limit values varied from 60 to 68.

Table 1. Liquid limit results reporied by nine commerciasl testing

laboratories
Sanple Average L. L. Range
A | 25 _ 20-30
B 67 65-70
C 62 58-T1
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Tests were also run by students at the ﬁniversity of Texas and it
was concluded from this study (17):

1. the liquid limit tes% (AST Method D L423-59T) is questionable

ard needs furiher study and investigation;

2. if it is to be continued, procedures must be revised and
standardized;

3. under present test procedures variation in results range from
<~ 5 percent to - 10 percent;

L, further investigations should be made to find factors that
influence the liquid limit test procedure and to determine
whether or not specifications can be written to control these
factors; and,

5. inasmuch as the soil has a small but definite shearing strength
at the liquid limit the author "wonders" whether it would be
desirable to eliminate the liquid limit'test entirely and
substitute a shear test in its place, such as a standardized
vane shear or a viscosity test.

In another program to evaluate the liquid limit test, two separate
universities, independently and unknown to each other, were given new sets
of both ASTM end Casagrande liquid limit devices (34). The authors state
that, "it is known that in the extreme of variables the liquid limit on
the same sample can vary as much as 30 per cent." The equipment used in
the program was interchanged in four sets as listed below:

1. Casagrande base (Micarta 221) with Casagrande grooving tool;

2. Caszgrande base, with ASTM grooving tool;

3. ASTM base (hard rubber) with Casagrande tool; and,
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b

ASTM base, with ASTM tool.

Also tested was the effect of air drying versus oven drying of samples

and the effect of'moving the grooving tool away or toward the operator.

Based on the results of the above tests, the following recommendations

for change in the ASTM method were made:

"
e

5.
6.
Most

devices.

air dry the sample to approximate plastic limit;

use distilled water in preparing the pat;

use ASTM grooving tool;

cut the groove with motion away from operator, from lip to
center of cup;

use & Micarta 221 base; and,

use a metroncme to ingure a dropping rate of 2 blows per second.
of the research effort has been concerned with liquid limit

However the plastic limit method is not without supporters of

proposed changes. Abun-Nur (1) states that in many loessial soils of

the nidwest, with low plastic limits, the rolling of a thread by ASTM

nethod D 424 (2) is either impossible or does not provide reproducible

results.

He proposes that D 424 be replaced by a cube method that was

originally devised by J. C. Russell of the agronomy department of the

University of Nebraska'and used for a time by the Nebraska Department

of Roads.

The cube method consists of molding & wetted soil into a cube

of approximately 3/4 inch, then pressing and reshaping it until it dries

+0 a moisture content where the cube develops cracks. Abun-Nur concluded

that the two methods may be used interchangesbly.

The soil itself can cause the consistency limits to vary. Winslow

and Gates

(51) made a study of the effect of rehydration on the Atterberg
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limits. The authors presented two problems of standardizing the limits:

1. individuals commonly disregard certain parts of the ASTM
standards when preparing a semple; i.e., samples are air or
oven-dried or not dried, and the length of time samples prepared
by either of the first two methods are allowed to rehydrate
varies; and,

2. the current ASTM methods do not allow enough time for an air
Gried sample to approach equilibrium with the water added to
make it plastic.

A study of the mineralogical composition of the soils was also made,
and a correlation between clay mineral composition and the limits was
evident. A.summary of the_authors,(5l) conclusions follows.

In four samples that did not contain montmorillonite as their most
common clay mineral constituent, air dried material that had been rehy-
drated at a moisture content near the 1liquid’ limit or plastic limit for
24 hours generally had approximately the same Atterberg limits as material
that had not been dried below field moisture content prior to testing.
Because of the rehydration characteristics of montmorillonite, these
soils have lower liquid limit and plastic limit if allowed to dry before
testing, even after a 24 hour rehydration period. The limits are some-
what lower if rehydration is only allowed for four hours. and as much as
20 percent lower if only allowed for 30 minutes. The authors recommended
a standard rehydration time of 24 hours for air dry samples before limit
values are determined.

Sundolf, (50) in an earlier (19k9) study of the effect of rehydration

on the liquid and plastic limit tests, concluded that: soils containing
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kaolinite, when allowed to stard wet for 24 hours, lose plasticity,
expressed in terms of the Atterberg plasticity index; kaolinite soil
should be tested no less than three hours after wetting; and, soils
contvaining montmorillonite reach their maximuwn plasticity after about
one hour of wetting. TFor maximun plasticity, therefore, an unknown soil
should be tested at least one and no more than three hours afier wetting.

Since these above coaclusions do not appear to be directly supported
by the later study (51), the results may be inconclusive. However, this
situation does appear to emphasize that the effect of soil rehydration
is a variable that must be considered in relation to standar&&zing the
consistency limits of a soil.

During‘the recent, much publicised, AASHO road test, it was necessary
to train several inexperienced technicians to make determinations of
liquid and plastic limits. Shook and Fang (47) reported on a comprehensive
test to study the variability which might be expected among these oper-
ators. They found that there was a significant difference between oper-
ators for both liquid and plastic limits.

Ballard and Weeks (5) used a carefully prepared artificial soil as
a standard soil to study the "human factor" in plastic limit determina-
tion. They found that the major factor contributing to the total vari-
ance of results was the individual operator. Operator variance was
. furiher attributed to the decision that must be made regarding the end
point of the plastic limit test. In other words, an operator was able
L0 reproduce what_he considered to be the plastic limit; however, there
¢id not appear to be sufficient agreement between operators regarding

the precise termination of the test. Plastic limit mean values. between
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17.1 and 23.1, a 35 percent deviation, were reported by different oper-
ators.

As a result of their study, Ballard and Weeks (5) recommended that
a standard, srtificial sample be specified for universal use of "cali-
brating" or checking operators. They also recommended a hydratién time
of 24 hours, which generally agrees with the recommendations of Winslow
and Gates (51).

Liu and Thormourn (30) also made a recent (196L4) study of the
reproducibility of Atterberg limits. They cbnducted a stavistically
controlied e#periment to inveétigate both how well an operator can repro-
duce the Atterberg limits, and the effects of the operator's experience.
They concluded that the magnitude of the variations were relatively small,
i.e., they can be regarded as reproducible from an engineering standpoint.
They also concluded that an operators experience does affect variations,
that the plasticity index value is most variable and the liquid limit
value is least variable.’

Krevs (29) presented data showing that a single operator could oﬁtain
appreciable differences in liquid limit. These variances were attributed
10 whether the soil was being moistened or dried between successive trials

and on the amount of "spatulation" employed.
Development of Alternate Limit Procedures

Three principle objectives for correlating a new method to Atterberg's
linits are simplicity of operation, speed, and obtaining results that can
be reprcduced within narrow tolerances.

In regard to one-point methods, there is no question regarding the




18

gimplicity of operation decause the equipment and general procedure are
not crhanged. The idea of speed has considerable merit theoretically,
because the method should be faster by a factor of 2 or 3. However, it
is necessary for the result, "N", to be within a certain range. For a
good determination N should be between 20 and 31 blows, with a range of
15 to 41 blows allowable for classification purposes (59). The time
saving factor depends on "N" being on the acceptable ranges without many
trials. The one point method can be only as accurate as the regular

determination and is obviously going to be somewhat less accurate, because

the methed has all of the source of error inherent in the standard method

plus an additional source, discussed below.
Most one point methods follow early work by the Corps of Engineers,
Waterways Experiment Station (59). The method is based on the hypothesis
suggested by Casagrande (10), that plotting both water content and number
of blows to a logarithmic scale, might have a constant slope for soils
of the same geologic origin. In general, flow lines of higher liquid
limit values have steeper slopes than those of lower liquid limit values.
On the other hand a log-log plot reduces the slopes of the higher liquid
linit slopes more than it does the lower ones; it tends to equalize the
slopes. Now, if it can be shown that the slope of the flow lines for
soils in the same geologic formation is essentially a constant on a
logarithmic plot, then the liquid limit can be determined from one test
point for each soil. The flow line can be drawn through the point at
the constant slope, and the 25 blow point interpolated as usual. The
procedure can be sumaarized in a few steps. First it is necessary to

determine a geological group. The Waterways Experiment Station used 3
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groups:

L. the alluvial velley of the Miss. river,

2. the west Gulf Coastal Plain; and,

3. the East Gulf Cocastal Plaiﬁ.
A flow lire is determined in the usual manner and its slope is determined
and converted to a log-log plot by replotting the data. The slope is

then determined:

]
tan B = LOZ "10 - Log Y30 - Log Y10 =--=-- (2)
Log 30 - Log i0 W30
O.E??
where

tan B = slope, referenced to the horizontal

wlO = moisture content at 10 blows

(Y
O
"

moisture content at 30 blows

W10 and W30 are determined from semi-log plot,
with 10 and 30 blows being arbitrarily selected

The above method is not theoretically correct because, except for a
horizontal or vertical line,'a straight line on a semi-log plot will not
be a straignt line on a log-log plot; but the variation is considered to
be of no conse§uence (59). Equations of the above type are usually

reduced to the form:

‘where:
IL = liquid limit
Wy = water content at N blows of the liquid limit device

L

tan B = slope of the flow line on a log-log plot

(mean value for a given soil group) .
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Trne effect of change in liquid limit values due to variations in
tan B can be determined by the method of differentials. The end expres-

sion for per cent change in liquid limit is (59):

ALL = ALL X100 = 1n/¥} x (Atan3Bx 200)  -=-=(4)
L+ \ 25

where:
A;LLP = change in LL, percent
ALL = change in LL
N = bumber of blows to close groove
tan B = slope of constant curve
Equation 4 may be used to determine a theoretical limiting range of blows
for any perdentage deviation from the liquid limit that is considered
allowadvle.

The Waterways Experiment Station used the value, tan B - 0.l2l.
Researchers who are concerned with this method usually determine their
own value for tan B to best fit their particular soil group or conditions.
Multicurve charts, special slide rules, nomographic charts and others
(6, 18), are aids used by some to solve their particular form of the
equation. For a more detailed account of one-point'liquid limit deter-
minations, Eden (18) traces their development in detail. He includes
nuzerous references and an appended, "Suggested frocedure for One-Point
Liguid Limit Determination.”

ASTY, Designation: D 423-61T, (2) includes an alternate one-point

method; { states:

"The accepted trial shall require between 20 and 30 drops of the
cup 1o close the groove, and at least two consisient consecutive
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closures shall be observed before taking the moisture-content
semple for the calculation of the liquid limit." )

The result is then used 1o calculate the liquid limit by the formula:

0.12
LL = Wy <.3L> ---------------------------- (5)

25
Where:
N = number of drops of the cup required to close the groove
at the water content, WN.
A table of values of tﬁe factor (N/25) 0.12 45 présented for "N" betvaon
20 and 30 as a convenience.
Eden (18) discusses several values of tan B that have been proposed
- and used - 0.121, 0.135, 0.092 and 0.108. A suggested procedure is
presented, along with the caution that his method assumes a flow line
with a constant slope of 0.100 for all soils which is not "strictly
correct." He concludes thaﬁ the error can be neglected except:
l. where special accuracy is required; and,
2. for highly organic soils |
The Ohio State Highway Department is one large organization that
has adopted a one-point test (27). Ohio requires that the blows be in
a range between 22 and 28. A sbecial slide rule has been developed to
convert the results, which are claimed to be, "as accurate as the 3 point

rnethod."
Development of Alternate Limit Devices

Penetration test devices are the only ones that have so far seriously

challenged Casagrande's liquid limit device. In fact, they have been
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adopted in certain countries. The penetration test is essentialiy a
"compromise" of the concept, held by many soils engineers, that the liquid
limit test is a measure of the viscous resistance, or shear strength of
a soil that is so soft that it approaches the liquid state. A compromise
because tests such as vane shear and direct shear, that have been used
directly to measure the strength of soils at the liquid limit, require
relatively complex equipment and careful performénce; and this considera-
tion tends to defeat the purpose of a simple, quick measurement of plas-
ticity.

It is of interest to note that mention of penetration devices was

nmade by early researchers. Bodman (8), referring to field testing, stated

that soils were too variable to expect consistent results. Terzaghi (57)
concluded that the relation between the yield point and penetration of
a freely drcpping cone is very different according to the nature of the
material; and that results furnished by the test (conéistency determina-
tion by penetration) may be misleading.
The penetration test device generally used is known as a "cone
penetrometer.”" - Its use as a measure of shear is based on a relationship 1
between shear strength and penetration resistance of solids. This
relationship is a constant in materials such as saturated clays regardless
of the stress or strains imposed (49). There are three cones that have
been developed and put into use: the USSR cone, the Indian cone, and the
Georgia Institute of Technology cone.

Experiments with cone penetrometers have been conducted independently

in at least four nations: USSR, Bulgaria, India, and the United States.

Apparatus developed was similar, and results generally agreed. Sowers,
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Vesic and Grandolfi discuss cone penetrometers and report in detail on
work done in foreign countries, sumarized as follows (49).

Barly attempts in the USSR employed the Vicat needle and narrow cones.
A standardized test was reported in 1949, consisting of a 30 degree cone
and weights of 76 grams. Moisture content is determined at 10 mm penetra-
tion whnich indicates the liquid limit. When the results were plotted
against ASTM method D 423-54T, they were the same at a liquid limit value
of 15; above this value the cone value is lower. When the curve is
adjusted to coincide with ASTM determinations (a usual procedure that
gces with this method) results are claimed to be accﬁrate within 2 to 3
per cent. This method has been adopted as a standard in Bulgaria and is
widely used‘in the USSR and neighboring countries.

An Indian cone was also developed at the Indian Central Road Research
Institute (49). It consists of a 31 degree cone, l.2 inches long, mounted
on a sliding stem with a depth indicator. It has a total weight of 148
grams and a penetration of 1 inch or 25 mm indicates the liquid limit.
This cone shows good correlation for liquid limit of 25 or more. For
lower values thé cone penetroﬁeter indicates a higher liquid limit than
the ASTM standard method. In practice the limit has been taken as the
moisture content at 1 inch penetration without any correction for the
indicated deviation from the usual standard method. A one-point method
nas also been formulated where the water content for any penetratioﬁ from
0.8 to 1.2 inches can be measured and converted to be equivalent to 1
inch penetration.

Sowers, Vesic and Grandolfi (49) followed a similar procedure and

developed the "Georgia cone". The effect of varying cone angle, cone
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welght, tixe, and soil water content was also investigated. The result-
ing apparatus has a 30 degree cone, 75 gram weight and the limit is taken
as the moisture content at 10 mm penetration. A one-point liquid limit
chart, or nomograph, was delineated for use with the apparatus.

During development of the Georgia cone, the following variables were

studied:

l. allowing the cone to fall freely from the soil surface to its
final penetration causes variable dynamic effects. Restraining
the cone so that it took 10 seconds to reach final penetration
gave consistent results. An additional 10 seconds was néeded,
in nost cases, before the cone finally came to rest;

2. weights from 55 gram to 95 gram were used with a 30 degree cone.
No particular advantage in consistency was found at any partic-
vlar weight;

3. constant cone penetration does not yield a "true" lLiquid limit
value; it is too high for low water contents and too low for
high water contents. However, variation is considered to be
very small; and,

4, no variation was found by varying the cone angle between angles
of 30° and 40°. |

Darienzo and Vey (13) made a study of vane apparatus as a possible

device for measuring the consistency of remolded soiils. A smaller size
vane than ordinarily used in the field was used to measure the shear
resistance of four different remoided clays as a function of water content.
The authors cbtained a straight line plot, on log-log scale, of percent

water content versus vane shear. The pattern was similar to the one-point




liguid limit equation.

Using the above approach the following equations are presented (13):

: Liquid limit (Ly) = Wy (€/0.59) P8R B e (6)
Plastic limit (By) = We (c/5ub0) V8B B e o)
where:

W. = water content at given vane shear test
C = shear value obtained in vane shear test
tan B -z slope of line obtained by plotting water content versus

vane shear to logarithmic scale - 0.153

0.59

average value of vape shear at Lw by standard method

L.49 = average value of vane shear at Py by standard method

Three of Darienzo and Vey's most pertinent conclusions were (13):

1.

3.

the vane shear at the plastic limit is nearly a constant for
all clays; therefbre, the vane method provides a convenient tool
for determining plastic limits;

for static conditions a more general definition of liquid limit
wouldAbe the water contentAof the soil at a prescribed shear
resistance; and,

the vane shear resistance may be accurately found at the liquid

1limit by the Casagrande method for non-sensitive, fat clays.

Theoretical Approaches to Plasticity

The liquid and plastic limits are arbitrarily defined by empirical

methods.

and devices. The great importance of the limits goes unquestioned; also,

There has been much research concerning evaluation of the tests
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the simplicity of their determination. Yet, until recently (4, 45) prac-
tically no basic research nas been conducted in an attempt to define and
evaluate the limits outside the enviromment of their empirical definitions;
€.g., determine the limivs theoretically, by eguation.

However, some qualitative attempts to give theoretical definitions
and concepts 1o the complex nature of plasticity had been presented
earlier. As early as 1926, Terzaghi (57) suggested more study in relation
to the nmeaning of the tests and the factors that determine their results.
His writings on the subject were important contributions; however, they
were primarily concerned with the significance of the tests. Casagrande
(10) stated.that the number of blows required to close the groove repre-
sented & measure of shearing resistance of the soil, and he approximated
it at 25 gn. per sq. cnm.

Hogentogler, Wintermyer, and Willis (25) stated that the shearing
resistance of all soils at the liqﬁid limit must have a constant value.
They also defined the liquid limit state as the point where the soil
particles are separated to such an extent that practically no cohesion
exists between them, and related the plastic limit to:

l. the m§isture content above which water evaporates about 4
percent faster from a clay sample than from a free water
surface;

2. 1ihe moisture content at which the speed of evaporation begins
to decrease;

3. the moisture content at which the coefficient of permeability
of homogeneous clays becomes practically equal to zero;

L. a capillary pressure equal to 2.5 Kg/cm? acts on the sample; and,
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5. the moisture content below which the physical properties of

water are no longer identical with those of free water.

The plasticity index was gererally considered a measure of cohesion.
It was said to indicate the difference in water content required to
increase the thickness of the water films separating the soil particles
from the plastic limit to a degree such that the cohesion existing between
them is reduced to practically zero (25). This last concept agrees with
present concepts of modern clay mineralogists (22, 23). Croney and
Coleman (12) relate the liquid limit to a negative pore water pressure of
4 gm. per sq. cm.

Davidson (16) described the liquid and plastic limit in terms of
molecular attraction between the water and the soil particles:

"---the liquid limit is that amount of water expressed in per

cent dry welght of soil, which must be added to a soil in oxder

that the water layers most distant from the soll particle

surface acquire the properties of free water---"

"«--the plastic limit may be considered as that emount of water,

---, which must be added to the soil in order to provide a film

around each particle of sufficient thickness to permit the

particles to orient themselves and slide over each other, although

still possessing cohesion in an apprecisble amount."

The above definitions also follows the general concépts of plasticity
as presented by modern clay mineralogists (22, 23). Most early attempts
to theoretically define the true nature of plasticity are found in the
ceramics and clay mineralogy literature.

fcNamara (33) suxmarizes several of the theories regarding plasticity.
Only the three which find some support today are included here as follows:

1. Colloid Theory. This theory is based on the fact that clays

show marked similarity to colloids. Clays are plastic because

certain colloids are present. The colloids thought to be
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present in a clay are the hydrates of silica and alumina.

2. Molecular Attraction Theory. This theory states that & tough,
viscous water coating is formed around each clay particle
because of the atiraction between the negatively charged
(normally) clay particie aand the positive portion of the water
molecule (dipole). It is the viscous coating that allows the
grains to slide when pressure is applied but holds them together
in the absence of pressure. A broad interpretation of this
theory could include the previous colloid theory.

" 3. Stretched Membrane Theory. Norton (35, 36) first presented this
theory of plasticity. He attributes the force holding a clay
"rags" (two or more particles) together to a stretched, unbroken
sheet of water rolecules around the mass. As the mass dries
out, the water layers between the particles decrease and the
surface membrane becomes thinner and pulls down between the
particles to exert greafer force. An analogy would be a toy
balloon filled with dry éulverized clay and then evacuated, so
that -the pressure of the atmosphere presses on the rubber to
hold the clay particles together. A change occurs; the dry
clay in the balloon feels like a plastic clay-water paste.

Of the above theories, the molecular attraction theory is probably
the most generally accepted. This theory is not essentially different
'from concepts set forth by Grim, from whom the following surmary of
concepts of clay mineralogy, relevant to plasticity, is taken. (All

statements in the following eight paragraphs are attributable to Grim

(22, 23).)
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Certain components thav may be present in soil materials may exert
a tremendous influence on properties, even though they are present only
in small amounts. The changing of such components by weathering processes,
ground water movement, or construction activities could greatly change the
properties of soil materials. Along with this delicacy, factors that
control the properties of soil materials are:

l. the clay mireral composition - the relative abundance of the

clay mineral components and their particle size distribution;

2. the non-clay mineral composition - the relative abundance of
each mineral and the size grade distribution of its particles;

3. the electrolyte content - the amount and kind of exchangeable
baées and presence of water soluable salts;

. the organic content - the amount and kind; and,

5. miscellaneous textural characteristics such as shape of quartz
grains, degree of parallel orientation of clay mineral particles
and silification.

The important clay minerals are made up of unit flakes and aggregates
of book like flakes. Much water is adsorbed on the basal plane surfaces
of such units and is believed to have a definite orientation. In the
first layers adsorbed on the plane surface, their configuration is such
that it fits with that of the oxygen layers in the surface of the clay
mineral units. The water molecules propagate themselves outward from the
surface. A mass or sheet of oriented water molecules could be rigid, like
jce. If so, the layers increase in thickness until, at some distance, the
water molecules would no longer be oriented., At this point they become

fluid, whereas the initially adsorbed water is not. When a group of
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Tlakes are in close contact, the oriented water films, building indepen-
dently from each surface, meet and form a rigid bond. With increasing
anount, the point of "fluidity" would be reached and act as a lubricant
between the {lakes. It can be concluded from the above that a plastic

. condition would develop whea the water supply is Just in excess of all
the rigid water that can develop. The change of water from the solid to
fluid state can occur abruptly or graduaslly, but usually it occurs
abruptly. This abruptness should cause a sharp break-point in plastic
properties.,

Tests show that it is extremely difficult to extrude clay through a
die until some water is present. Also, the maximum compressive strength
of sand—clay-water mixtures show that maximum strength is deyeloped within
very narrow moisture limits, which probably correspond to the maximum
amount of rigid water that can be adsorbed. A time factor may be involved,
as the compressive strength of some sand-clay-water mixtures increases

. gradually over short periods, which is probably the time of "rigid" water
orientation.

Minor amounts of certain chemicals have a tremendous influence on
properties of soil materials. For example, the viscosity of a sodium
montmorillonite~-water mixture 1s changed greatly by a trace of hexameta-~
phosphate, small amounts of magnesium and boron alter clay bonding
properties, and small amounts of sodium, hydrogen or aluminum greatly
alter certain plastic properties. These above alterations can be
explained in terms of their effect on the oriented water. For example,
they alter the thickness of orientation, the perfection of orientation

ard the abruptness of transition to non-oriented water.
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Tne plastic propervies of a soil due to cley mineral effects, are
largely a function of the kind of clay mineral., In regard to the Atterberg
limits, kaclinite end illite have about the same effect and montmorillonite
(Ca*+, H+) has 3 or b times the effect of the first two. This highly
plastic property is due to its tendency t0 break down into exceedingly
small flake shape units, with a consequent tremendous amount of surface
with particular ability to adsorb water between individual unit layers.

Mixing montmorillonite with other clay minerals produces some inter-
esting effects. The mixture is one of discrete aggregates. The intimate
interlayering that is affected causes much greater influence by the
montmorillonite than the proportion would suggest. The reason for this
fact is tha{ kaolinite and illite occur in aggregate particles that do
not come apart into much smaller units in the presence of water; but the
montmorillonite forms planes of weakness, and relatively few such planes
can cause a great dispersing affect.

Grim also discusses the Atterberg limits in tefms of clay-mineralogy .
There is no single plastic limit value that is characteristic of a partic-
ular clay minerai. Variationé in the plastic limit are due to: exchange-
able action composition, presence of noﬁ-clay mineral components, and
inherent variations of structure and composition within the clay lattice
itself. Based on unpublished work in his laboratory, he states that the
plastic limits of some soils are increased by the presence of pborly
crystalline amorphous material, while in other soils -1t may reduce the
limits. The particle size of the clay minerals has a definite effect on
the limit values. Limit values increase with decrease in particle size,

with liguid limit tending to increase more than the plastic limit.
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Trere are several size factors involved. The fineness of particles
in the natural state is important. The degree of dispersion during
sample preparation‘is also importaat. For example, montmorillonite
particles are easily broken up in making a particle size analysis and
the analysis may, indicate only the degree of disaggregation and not
represent the particle-size distribution of the original material.
Another factor is the perfection of crystallinity of the clay mineral
components, with the smaller particles being less well ordered. Poorly
ordered clay minerals break down into smaller particles more readily than
well ordered minerals. A decrease in particle size would be accompanied
by an increase in total surface. This increase would cause an increase
in plasticiﬁy index. The "kind" of surface is also important, as the
plasticity index increases much‘more rapidly for montmorillonite than it
does for kaolinite, with illite and halioysite being intermediate.

As long ago as 1932, Casagrande (10) pointed out that drying could
“alter the plasticity of a soil, and numerous investigators have confirmed
this fact. Drying of soils is accompanied by shrinkage, which tends to
bring particles so close togeﬁher thét attractive forces become so great
that water can no longer penetrate betweep them. It is known that removal
of substantially all the water from montmorillonite, causing complete
collapse of the structure, effectively prevents water from again entering
between the particles. It generally takes more than air drying to cause
such complete dehydration. However, drying with any vigor, tends to cause
an irreversible change in clays of any composition, causing a reduction
of limit values (22). To be truly representative of natural propertieé;

therefore, Limit values should be determined on undried samples.
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Definitions of the consistency limits, after Grim (22), in light of
the above theoretical ccacepts and related facts, are presented below.

Tre plastic lixit is a neasurc of thé water content Jjust slightly in
excess of the amount that a pariicle surface can adsorb in a highly rigid
conditvion azd which does not separate the sarticles encugh t0 reduce
attractive forces betweea them. The thickness of this rigid water would
be in the order of 5 to 10 molecular layers. A completely unoriented
water layer is not necessary for lubricating action (plastic state), it
is sufficient that they are in a state such that their orgarnization would
yield under the application of a sliight force. In addition to the water
betwesn particlies, it is estimated that there is pore water present which
prcoably razges from aboutl 20 per cent of the plastic limit value, in the
case of monimorillonite, to a major part of some kaolinite clays.

The liguid limit is a measure of the water which can be held with
any substantial rigidity, and does not separate the particles, but
approaches the point where there is substantially no bonding force between
them, (the verge of seperation). This is the point where the relative
abundance of rigid water decreases and the relative abundance of pore
water increases, as compared to the plastic limit.

The plasticity index is the measure of the amount of water that can
be added between particles, between the end point of rigid water and the
point of particle separation, beyond which there is essentially no attrac-
tive forces between them.

The above discussion of the consistency limits from the clay miner-
alogy point of view, should emphasize the complex nature of plasticity,

the difficulty of presenting theoretical explanations of Atterberg's




34

limits, and even the difficulty of obtaining consistant results with any
device or method-"new" or "old". It may also explain why relatively
little has beea dcne to theoretically ciarify the meaning of the Atterberg
limits since the 1930‘'s.

Some recent work is aimed at a vetter understanding of plasticity.
The use of an activity value is a recent attempt (1953) to utilize the
Atterberg limits to identify the nature of the clay particles present in
a soil. “Activity" was proposed by Skempton (48) who suggested that since
the plasticity of a soil is mainly attributable to the clay-size particles
present in the soil,'the activity may be evaluated by the expression:

Plasticity Index

Activityof elay = =000 eecemcccccccccca-ca- (8)
: Percent clay sizes <2u

Fér any given clay, an approximately linear relationship exists
between the plasticity index and the per cent clay sizes, and activity is
the slope of the linear relationship. Activity values range from about
0.4 for keolinite to about 5 for montmorillonite. |

Skempton (U48) found that the linear relationship between plasticity
index and per cent 2u clay, péssed through the origin. Seed, Woodward
and Lunagren (45) found that the same relationship, for all clay types
used in their investigation, was linear, but with the plasticity index
becoming zero at a clay content of about 9 percent. This last relation-

ship made it necessary to redefine the activity of clays as:

_Change in Plastic Limit  __.._. (9)

Activity =
cLLIty Corresponding Change in Clay Content

By equation 9, activity is still the slope of the line, but by the

formula:
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Activity = Plasticity IndeXx =ece-ccccscncccccmcananan (10)

C-9

wnere:
C = the per cent < 2u clay sizes

The work of Seed, Woodward, &nd Lundgzren (L45), was done on artificial
50ils contalning mixtures, in pairs, of kaolinite, illite and bentonite
clay mirerals. Threy concluded from the results, shown on numerous graphs
with empirical ecuatioas of fhe plots, that the activity would accurately
classify these s0ils with regard to their liqpidvlimié versus clay content
relationsnips, or their swelling potentials, regardless of the clay mineral
composition of the clay fraction. It is suggested that the above relation-
ships would-a;so apply to natural soils. They further presented a lengthy
discussion to support a hyéotheseis that the activity of a clay would
reliably reflect important engineering properties.

Ballerd (L4) mede a coﬁprehensive attempt to give a theoretical
explaration and quantitative analysis to the plastic limit. He used
carefully prepared artificial soils to eliminate unwanted variables.

Eerlier work by Davidson and Sheeler {16) and Davidson and Handy (15)
had concluded ihat the plastic limit decreases linearly.with increasing
clay content for clay values less than 30 per cent. Baver (7) reported
in 1940 that in the higher ranges of clay content the plastic limit
increases linearly with increase in clay content. Ballard reports others
Tound a linearlincrease in the plastic limit with increase in clay content
over a range spanaing both the above mentioned ranges. The inference is
that, "the plastic limit-clay content is not a simple linear relationship

over the entire range of clay contents for all soils" (4).
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Ballard (4) relates the veriation of the plastic limit as a function
of the clay content to the variation in bulk volﬁme with respect to the
weight fraection ot fines for a two component packing system.

The packing diagram shown in Fig. 1 is used in ceramics to combine
two sizes of grog (hard fired clay) and thereby reduce the pore volume
(35). Line AB represents the volume of the solids that consists of
various mixtures of fine and coarse particles. "D" is the bulk volume
of the fine fraction and "C" is the bulk volume of the coarse fraction.
Line CD represents the bulk volume of the unmixed (sum of individual total
volume) fine and coarse components of various proportions. However, if
the two ere mixed thoroughly, the bulk volume will shrink to line COD,
since the fine particles will fit into the pores of the larger ones.

The theoretical minimum volume occurs at point "O" where the fine particles
completely fill the voids of the larger omes, with the larger matrix still
undisturbed; that is, the point at which the larger particles are on the
verge of being pushed apart.

In practice; the bulk volume line of the mix depends on the ratio of
the diameters, D coarse/D finé. Thus, the line COD (Fig. 1) represents
an infinite ratio, whereas in practice a family of bulk volume curves
such as H would be obtained. However,‘the basic equations of the hypoth-
esis under consideration, were derived from the infinite ratio.

Ballard's primary hypothesis, therefore, is that the plastic limit

is a function of the binary packing of clay and silt. As he states (k4):

"If the plastic limit of a soil is a packing phenomena such that
the silt fraction of the soil behaves as a coarse fraction and the
clay assumes the role of the fine fraction, then the theoretical
plastic limit can be expressed in terms of the packing triangle.
Assuming that the soil is fully saturated at the plastic limit,
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Fig. 1. Packing diagram of coarse and fine grog
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then the plastic limit and water content, w, are measures of
the pore space and hence the packing."

Ballard concludes tnet there are four distinet zones which completely

define the clay-silt water systems, with the following pnysical concepts:

l. Zone A, represents the fine clay particles filling the interstices
of the ccarser silt fraction, which persists until the voids
between the silt particles are completely filled with hydrated
clay, but the system is non-plastic from a soil-mechanics point
of view; |

2. Zone B, represents the constantly expanding silt lattice,

terminatéd when all the silt grains are separated from each

other;

3 Zone C, representé hydration of the clay fraction in association
with the silt to a level that it can sustain only while the silt
lattice exists; aﬁd,

L. Zoze D, represents random, dissociation of the silt particles

without form or matrix, in a sea of hydrated clay.
Ecustions for the plastic limit of each zone were derived, based on the
geﬁmetry-of the.packing diagram, void ratios, angﬁlarity, grading and
 packing constants of the silt and the specific gravity; as well as other

assumptions.

In the "A" and "B" zones, occuring approximately from "C" to "Q"
(Fig. 1) plasticilimit decreases with increased weight fraction of clay;
in the "C" zone plastic limif remains constant, and in the "D" zone,
plastic limit increases with increase in clay content. The "C" zone,

oceuring as a "transition" at "0" occurs between 4O to 50 pefcént clay.

Tne "D" zone occurs approximately between "O" and "D". Ballard's work
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is more complicated than may be indicated here. Quantitative equations
are derived for the plastic limit in each zone and are expanded to include
other silt variables such &3 angulcrity and packing of the silt grains.

Seed, Woodward, aand Lundgren (46) used a very similar approach to
develop a cuasatitative understanding of the consistency limits. The soil
was visualized as being compcsed entirely of a ¢clay fraction and é non
clay fracticn. The entire moisture content was considered to be associated
with the clay fraction of the soil. A scil containing a high proportion
of clay results in a mass which may be considered to have properties that
are eséentially the same as the clay fraction alone and it may be consid-
ered a series of non clay particles floating in the clay mass. (analogous
to Ballard'é Zone "D"). The liquid limit then depends solely on the
liguid limit of the clay fraction and the proportion of the non clay
particles.

This relationship is represented by the equation (46):

W =_Q_.W T 1l
LL = 555 * WCLL (11)

where:
C = pércent clay
WCLL = liguid limit of the clay
Wrp, = liquid limit of the soil
The same concept is applied to the plastic limit (46):

Wpp = -C_ . Wepp,  ==mmm===-mmmmemoemmemeeeeeeeooeeaooe (12)

where:
C = percent clay

Wepp, = plastic limit of the clay
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Wpr, = plastic limit of the soil
When the clay volume is less than the voids of the nonclay fraction
allowing the non ciay particles to comz into contact, the equation is no
longer valid. This point is calculzsted using void ratio relationships.
The liquid or plastic limit at this point is taken as the lower Llimiting
value. The point, given the notation Ceys is calculated using specific

gravity and void ratio data:

Coy = o '; Wx . 100 e e (13)

where:

X = 100 €1 e m (13a)
ng(égc— + W—JC%%)

e = void ratio of nonclay fraction of soii in loosest condition
ng = specific gravity of nonclay fraction of the soil
Gge = specific gravity of clay fraction of the soil
WC ;+ = liquid limit of clay fraction
Or, in the case of the plastic limits Werp is replaced by Wepp. Ballard

(4) nad derived an analogous equation for thig point.

where:

= volume fraction of clay (fines)

>
<
'

o]
n

void ratio of silt (coarse)
es = void ratio of clay (fine)
In deriving Equation 1k, Ballard assumed that the specific gravities

of the two materials were equal.

Seed, Woodward, and Lundgren (46) further point out that very
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fine-grained nonclay scil particles may be éometimes induced to roll into
threads. The plastic limit, mzy be expected to increase from the minimum
value at the clay content Csy, To a value representing the pure nonclay
fraction. This state is analogcus to Ballard's Zones A and B, which
include the regions that decrease from the pure nonclay plastic limit
to the point where the hydrated clay is just sufficient to completely fill
the non clay voids. Seed, Woodward, and Lundzren (46) point out that there
is likely to be gradual transition from the decreasing to the increasing
region. This transition is analogous to Ballard's Zone C which is also
a transition zone.

Both of the above authors extended their theoretical relationships
to other chéracteristics of the soil mass. Other equations are derived.
The zbove work was reviewed here briéfly because it must be considered a
great lezp forward toward understanding the fundamental nature of the

liquid and plastic limit.

Development of Moisture Tension Apparatus

¢

In the agricultural and soil physics fiélds, a great quantity of
literature is available on the energy relationships of the soil water
system. Some of the energy concepts of soil moisture have been introduced
in the soil engineering field.

It is nov within the scope or objective of this thesis to analyze the
scil water system or energy relationships. However, the equipment used
in this study is based on these con;epts, and it was developed to facili-

tate their study through better research techniques and equipment.

Richards (39, 40, 41, 42) was responsible for developing modern
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moisture tension epparatus. It is used extensively in the agricultural
fields for measuring the capillary potential of soils. It is now gener-
ally accepted that over a certain range of soil moisture, water in porous
cups filled and connected to a marncicter will come to a pressure equilib-
rium with a soil. In a similar manner, the moisture content of a soil

on a porous plate or membrane will attain & steady value if a constant
pressure differential is maintained across it.

Richards (39) pointed out that sressure difference across a porous
wall or mexbrane has been variously termed suction, pressure deficiency,
capillary tension and soil moisture tension. Also, early literature
referred to the curves obtained by the relationship, moisture content
versus soil molsture tension, by various names: sorption curves, charac-
teristic curves and retention curves. The term "sorption" had sometimes
been misused in the case of a drying curve, and Richards proposed the
term sorption for soils increasing in water content (wetting curve), and
the term desorption for soils decreasing in water content (drying curve).

Mickle (31), as part of a comprehensive history and development of
energy relations of the soil-water system, explains the above wetting-
dryicg relationship, along with hysteresis effect, well and simply:

"Curves showing the relationship between socil-moisture tension

and moisture content may be obtained either by wetting a dry

soil or by drying a wet soil. The curves thus obtained are

called sorption and desorption curves, respectively. In either

case the process is controlled so that incremental soil-moisture

contents can be measured. The sorption curve will usually give
lower values of moisture tensions than will the desorption curve.

The extent of this hysteresis effect is governed for the most

part by the fineness of the soil; the finer soils exhibiting a
greater hysteresis effect.”

Much of the early work in the areas of soil-moisture has become
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common krowledge found in almost every boock or text covering soil water
relationships. Baver (7) presents a very comprehensive treatment with
6 pages of references. Tae folicwing information in this section,
exceplt where specifically noted otherwise, is essentially after Baver's
text.

Capillary water is defined as the water which is held by surface
forces as & convinuous film around the particles and in the capillary
spaces. Canillary poﬁential is defined as the work required to pull a
unit mass of water away from a unit mass of soil. Thus, when a pressure
difference (suction or pressure) is required to extract water from soil,
the emount of water in the soil is a function of the energy with which
the water ié neld. Also, the energy required to remove water is a con-
tinucus functlon of the moisture content; i.e., a given energy will remove
a given amount of water and come to equilibrium. A drier soil then,
reguires aliitional energy to remove additional water. When the equilibe
riux condition of the soil has been reached, the soil has a potential at
trat point equivalent to the suction {or pressure) applied. Size of
particle and state of packing have a large affect on moisture content at
any given capillary potential. Fine textured soils have a relatively
larger number of contacts than coarse textured soils. The amount of
moisture at each of the contact points' is thereby reduced, affecting a
correspornding decrease in the radius of curvature of the water menisci
in the pores. Finer-textured soils, therefore, contain more water at
ary given pouential.

When moisture content is plotted against capillary potential, a

moisture-tension curve is obtained. These curves have a simple form
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wnich raises the probability that only a small number of parameters are
required for their representation. Also, because of this fundamental
simplicity, there should be the possibility of expressing the capillary-
potential-molisture relationship in terms of definite soil physical
properties. The energy that must be expended to remove water from a soil,
from saturation to dryness, is epparently a continuous function of the
moisiture content. Baver cautions that it does not necessarily follow that
there is no change in the nature of the factors responsible for the attrac-
tion and retention off water somewhere along the curve.

1t should be pointed Sut that'the plot of moisture content versus
"tension" m2y be expressed in manj ways. Moisture content is expressed
in three ways: percent by volume as generally used in agronomy, percent
by weight as éenerally used in engineering and perceat saturation.
Tension may ve expressed in centimeters, inches or feet of water, atmo-
spheres, bars (1 bar = 106 dynes/cm? = 0.987 atmospheres) or pounds/inz.
To cover & wide range of pressures, the tension is usually plotted on
a log scale. There is no definite convention regarding whether the teﬁ-
sion i1s plotted on the abscissa or ordinate, but it is usualiy the latter.

The porous plates and pressure membranes themselves were developed
by Richards (39, L0, 41, 42) as a better method to obtain the moisture-
tension curves, particularly in the range of 1-15 atmospheres pressure
equivalent. A domestic-type aluminum pressure cooker serves at pressures
up to 2 atmospheres: higher pressures require pressure-merbrane apparatus.
This equipment will be described and.pictured more fully in a later sec=-
tion.

Fukuda (20) made a theoretical and experimental analysis of the
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process of extracting soil molisture in pressure-membrane apparatus. The

Q

reacer wao is interesied in a mathmaticel analysis of the mechanism is

ing the effect of air humidity and terperature cutside of the apparatus

P

)

on soil moisture in eguilidrium wilih various pressures inside the appara-
Tus. e concluced that the effects of air humidity and room temperature

outside the apparatus were of little importahce.

Application of Moisture Tension to the Consistency Limits

o

The relationship between soil moisture tension and the consistency
limits of & s0il was investigated by Rollins and Davidson (43). A separate
relationship was established for each textural group, as preliminary tests
had indicated that this procedure gave the best results. Moisture tension
curves were plotited and appropriate soil moisture tensions were approxi-
matcea. Tests were then made at pressures near the epproximate pressure
until one was found that gavé results with the least deviation from those
that had been predétermined by the standard method. Table 2 shows a
suwiary of their resulté.

Based on the above study, it was concluded that if the textural
classification is known, the consistency limits can be estimated by
assuming them egual to an appropriate moisture tension. The moisture

tension pressures they recommended are those presented in the table below.

+J

-
O

cy also compared their deviations, qualitatively, with the tabulated

culls of & comparative test by severel different highway departments

SV ES

]

Zor consistiency limits of cne soil, and concluded that their results were

Wwitnin deviations that could be expected by conventional methods.
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Table 2. Suuzary of results of Rollins ard Davidson (43)

Textural L.L. tension Ho. Average P.L. tension No. Average
group (in. of HZO) run deviation (in. of Hy0) run deviation
silty loam €03 228 1.50 168 12 3.46
siliy clay loam 608 415 12 3.1k
silty clay 15 16 . 2.56 913 15 2.58
clay 6 16 1.75 1650 12 2.34

8Comvined in one test run.

A recent (1964) article in an English periodical (38), reports on the
use of tre ielationship between soll moisture and suction as & new method
of determining the plastic limit of soils. Both sorption and desorption
curves afe used, and the absence of hysteresis at a pF value at 0.5 is
teken as the criteria of a non-plastic soil. Otherwise the plastic limit
value is taken as the "---moisture content held by the soil against a pF
of 0.5 on the wetting curve or 1.5 on the drying curve of the soil-moisture
suction relationship,-;-" the tenn, PF, is the same as the log of the

tension in centimeters of water. It is the same as "log-tension' which

is a term scmetimss preferred.
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DEVELC2VENT CF THZ MOISTURE TENSION METHOD
Ecuipnment

The equipment Ceveloped by Richards (39, 40, 4l, 42) is patented in
the U.S. and available comzercially. For mzny years agronomists removed
water from soll, by creating a pressure difference, by suction, across a
perous ceranic material which served as the link between ﬁhe soil water
and water outside: Pressure membréne and pressure plate extractors are a

modification of this principle. By an applied pressure inside the chamber

£
H

of the apperatus, a pressure difference is maintained across a porous plate

cr membrare, the bottom of which is at atmospheric pressure.

The zooparatus, as used for this project, is pictured in Figures 2

and 3. A compressor was used as the source of air pressure for the
pressure nmerbrane apparatus; the university air supply was used as the
air pressure source for the pressure plate ap?aratus.

The pressure plete extractor is used in the low ranges of pressure,
sucn as, O-1 atmosphere. An excellent description is given in the manu-
facturers' catalog (54):

e extraction is acccmplished by means of special ceramic
iztes, celled 'Pressure Plave Cells‘', operating in a pressure
cherdber. Each Pressure Plate Cell consists of a carefully
maznufactured ceramic plate which is sealed cn one side by a

thin nzoprene diaphragm. An internal screen keeps the diaphragm
from close contact with the plate and provides a passage for flow
of water. . An cutlet stem running through the ceramic plate
connects this passage to an outilcw tube.-=--- . After loading
with samples, the Pressure Plate Cell is mounted in the pressure
chazber and subjected to air pressure. The pores in the ceramic
plate are so small that they are sealed to air by the water films
up o air pressures in excess of 1 atmosphere (15 psi). Water,
however, will pass freely through the plate. When air pressure
is applied to the chamber, moisture from the scil sample flows
througn the ceramic plate, then between the rubber diaphragm and




Fig..2.

Fig., 3.
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Pressure plate apparatus, with ceramic plate loaded for
a test run, and mixing materials (Top)

Pressure membrane apparatus with one membrane loaded
for a test run (Bottom)

(see next page)
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uga the outlel stea and conrecting outflow
tre precsure chamber. At equilibrium,
lonship between the soil suction in the
sure in the chambere=-=---"

The preéssure merbrane apsaratus operates in the same manner and uses

o

the exact same principles. IT has covious physical differences which
affect miror chenges in its operation. The cross section of the appara-
tus, (Fig. 4 top) clearly shows its structure. A cellulose membrane, used
iastead of the ceramic plate, is laid over 2 screen covered drain plate
azd sealed with "o" rings. Compressed air is aiﬁitted to the extraction
n e cylinder fitting. The top fitting and compressing
Glapnrag. were not used in connection with this study.

ure mexbrane apparatus is neeted for using higher ranges

of pressure than the ceramié plates can withstand. Soil moisture may be
exvracted up to around 15 atmospheres, or 225 psi. The pressure is the
uprer iizmit for which the eéuipment is guaranteed. However, the cellulose
mezbrase has an average pore radius of 2 angstroms, and the theoretical
Upper limit is about 1500 psi. (55).

PPig. & center represents a soil sample on a cellulose mexmbrane. The
sene figure could be used for a porous plate by replacing the membrane and
screen with & porous ceramic plate; As soon as the pressure inside the
charber is raiced above atmospheric pressure, water is forced through the
nicroscopic pores in the cellulose membrane. Water will flow through a
vore in the memﬁrane until the radius of its meniscus decreases to a value

z21i enoughn so that the force of the applied pressure is equalled accord-
irz to the relationship:

D z 2T/R  =memmemeeeme e e e -====(15)
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Fig. 22. A sandy loam and a gravelly loamy sand

Left. A sandy loam representing the group
Right. A gravelly loamy sand representing the group
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whare:

p = applied pressure

v3

surface tension of <tre liquid
R = radius of the meaniscus

The air pressure is held back by surface tension of the water at the
gas-liquid interface at each of the pores, which will hold throughout the
range of the spparatus. Fig. 4 bottom shows relative examples of a pore
at three different pressures. At any given pressure, soil moisture flows
around each soil particle and out tarough the cellulose membrane until
the effective curvature of the water films throughout the soil are the
same as the pores in tie zembrane, which will be in eguilibrium with the
given pressure. As the eguilibrium state is ;eached, flow ceases. A

pressure increase will resume the flow until a new equilibrium is reached.
Materials

The soil samples that were used came from two sources. During the

irst stages of the project, which consisted of establishing families of

Y

rmoisture tension curves for several textural groups, stored soil szmples
from the basement of the engineering experiment station laboratory were
used. These soils had been sampled from almost all sections of Iows,
starting in 1950, under IEES project 283-s. The testing and research
program was conducted as part of HRB project HR-l,‘"The Loess and Glacial
Till Materials of Iowa; an Investigation of Their Physical and Chemical
Properties and Techniqpes for Processing Them to Increase Their All-

eather Stability for Road Construction.” Several hundred samples were

analyzed over a period of years and their properties were recorded as a
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permanent record and a szuple of each was stored. The consistency limits
were teken from their records and used for compering the moisture tension
results. I hes been pointed out that siace these limits were determined
by several operators, they should be expecied o0 vary (43).

The scconi phase of thnis project comsisted of taking approximate
pressures froa the curves and making test ruﬁs to obtain samples at a
moilsture content thet correlated bect with one of the limits. Most of the
soils for {tais second phase were obtained from the Iowa State Highway
Comnission Soils Laboratory. The sesmple obtained was a 100-200 gram "left
over" porticn of the same soil that their technicians had sampled, proc-
essed and tested. Their consistency limits were used for correlation.

Tre commission's consistency limits are determined by a regular crew of
four men who do no other work. It should be reasonable to expect that
results produced by a steady, "professional" crew such as this, are going
t0 be as free from human variance as possible.

The nmost significant parts of the mechaniczl analyses of the samples
were recorded end are included with the tables presented herein. The
ccxpylete record of these soils is kept by the commission for several
years.

The portion of the soil used in this procedure is the minus No. 40
sieve fraction. The IEES so0ils had to be ground ard sieved prior to
being used. In the case of the ISEC soils, only the minus No. 40 fraction
was cotained; no further preparation was necessary.

The sample origin may be noted by the numbers used in this thesis.

All soils obtained from the commission are preceded by "AAD". All other

nurbers indicate soil samples from the engineering experiment station.
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11 mixing was done with distilled water.
Laboratory Investigation

Thne investigation esserntially consisted of two ‘phases". The first
phase consisted of finding representative curves for several textural
groups. To obtaln such curves, by desorption, it is necessary to bring
an initially saturated soll to equilibrium at each of several different,
increasing pressures.  Each sample was split into as many parts as needed
sc that one could be removed from the apparatus after equilibrium was
reached at each pressure. The moisture content was determined in the
usual manner (oven dried at lOSOC). The obJjective of this phase was to
determine a‘representative curve for each textural group that could be

used for determining the pressure that would equilibrate a soil of that

group at a moisture tension that would approximate one of the consistency

limits.

At the start of the project, the soils were saturated in accordance
with procedures outlined in U.S.D.A. Hardbook No. 60 (60), as suggested
by previous work (L3):

"Approximately 30 grams of a representative sample of the
soil was placed in a one-nalf pint fruit jar, and sufficient water
was eadded at one time to bring it nearly to the saturation point.
Where a large number of samples was being prepared, as many jars
as needed were lined up in a row, and the soil was placed in them.
Sufficient water was then added to each sample to bring it nearly
to the saturation point. Each sample in turn was then brought
to the saturation point, by slowly adding more water and mixing
with a spatula.

To determine the end point of saturation, the soil mass was
transferred 1o one side of the Jjar. If the soll slowly flowed
when the jar was tipped to an angle approximately 60 degrees with
the horizontal, saturation was assuwmed. The jars were then capped,
and the samples were allowed to stand for en hour or more, after
wnich they were again checked for saturation. The saturated soil




54

was then placed in the rings* of the saturated porous plates."

Rollins and Davidson (43) stated that the above saturatioﬁ process
must be followed cérefully because the soil moisture teansion at each of
the limits is affected by the initial roisture content. As the présent
work progressed, the above proceduré seemed to be unrecessarily time
consuning as well as arbitrary. A brief test was run to check the varia-
tion of moisture tension values caused by a variety of initial conditions.

The results are shown in Table 3.

Teble 3. Results of varied initial moisture content on a clay soil sample
run at 20 inches of water pressure for 3 days

Sample Wi. g. Hp0 added g. Moistgre at 20 in. HoO  Comments
. A B
1 15 0 56.41 56437 air dry
2 1 5 L3,74 L1.05 compacted
3 15 10 53.07 51.87 "normal" (USDA)
L 15 15 - 56 .64 56.38 free flowing
5 15 20 5781 56 .6k liquid
6 15 20 56.29 57 <2k mechanically

mixed, 20 min.

: aSamples in column "A" were mixed, and placed on the plates to stand
overnight in an excess of water (usual procedure). Samples in column "B"
vere left in capped Jjars and put on plate immediately beflore pressure was
turned on.

Sample 2 approximated an optimum moisture condition, which is the
reason that it had to be compressed (ccmpacted) to conform to the mold;
thus, the low value could be expected. It appears that the normal, or
the condition obtained by the USDA method would be the most critical,

and that if it were on the dry side, some compaction could possibly occur

¥Rings used were approximately 3/8 inch in height




ne sample in the rings.

The test was probably not sufiiciently comprehensive to warrant
mekirg definite conclusions on its basis alone. However, since a liquid
state slightly weitter than obtained by following the USDA procedure can
te placed in the rings with more speed and ease, can be arrived at least
as easily and consistently (with experience) and could possibly be in a
less critical region; the procedure waé so modified. The saturation point
used, therefore, is best described as the point where the soil mass could
be slowly poured out of the jar, with care being taken that it was not so
wet as to have free water on the surface when standing. The length of
tizme that the wet soil had been kept in the capped jar made relatively
little différence. Thus, for convenience as well as greater assurance of
saturation, the mixed soils were left longer in the jars. Four hours was
chosen as a minimun.

It can also be ncted from Table 3 that the air dry soil, placed on
the plate immediately prior to turning on the pressure, reached equilib-
riua by sorption, i.e., taking up water from the plate. Cn scne early
silty clay runs it appeared that the samples were taking up water in the
region of the two lowest pressures; cne possible explanation is that they
were not really saturated to begin with. Points_that were rerun using thé
modified, wetter initial condition, eliﬁinated this tendency from these
soils and ail future runs. (A curve showing this tendency will be present-
ed in the following section as Fig. 10.) It is not suggested here;
nowever, that the initial condition makes no difference. A consistent
initial condition could be very important, and emphasis was placed on

being consistent.
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As an initial step, the ceramic plates or membranes were always

tnoroughly saturaved with distilled water. The saturaied samples were

[Q)

llowed to stand on the plate (or merbrene) in an excess of water, for

16 nours while covered with small squares of waxed paper (55, 56)} Paper
and excess water were removed prior to the run. Here again, the steps
were abbreviated for convenience and ease of operation. Again, the
erphasis was placed on being consistent. The procedure arrived at and

used for alli the later calibrations is as follows.

-

Phe samples were mixed and allowed to stand in capped jars according

-

i

to the rmodified procedures above and then placed in the rings on the
plete (or membrane). An excess of water, an approximate depth of I inch,
was placed on the plate. The apparatus was closed in readiness for a
ruc.’ The sarples were allowed to stand, withoﬁt waxed paper covering,

at least 16 \6urs. In praqtice, for convenience, they were generally
placed during the afternoon and left set until the following morning.
Then the pressure was turped on and the run started without attempting

t0 remove any excess water from the plates. (Under pressure, the excess
water comss repidly out through the outflow tube.)

Rather trhar setting the end point, equilibrium, as a function of
time, it was determined by the complete cessation of any sign of roisture
Tlow from the outflow tube. This determination was made by wiping the
tloe dry acd then laying it on a dry surface for at least an hour. If
no water drcp was observed, equilibrium was assumed.

Lccoréing to the instruction manuals (55, 56) samples may be removed
anytize after k3 hours, or earlier if the outflow indicates that equilib-

rium has been attained. It further states that most soils will approach




equilibrium in 18 to 20 hours. This was found to be the case in all but
the clays, and some silty clays, which sometimes required up to 60 hours.
oxcept for the period wiren eqguilibrium was being caecked, tnce end
of tre outflew “ubes were kept constanily under a smell amount (+1 incn)
¢ wetezr in & oeaker. Thils procedure insured outflow into a constant
environment as far as humidity was concerned. It alsoc served as a check
against air leaks.
Using the above method of end point delermination, it was sometimes
unavoidable that samples were left at equilibrium longer than necessary,
perhaps over a weekend or even longer. Another test was run to study the

ffect of leaving a sample at equilibrium for several days. A sample was

[0}

split into 9 parts and taken out in pairs (except the last), after 1, 3,
5, and 6 days at equilibrium. The results can be seen in Table 4. The
lowest reading, at one day, is probably due to the sample not being in
complete equilibrium.

Table 4. Results of splitting sample 45-1 and varying lengths of time

in apparatus at 10 psi. (loaded samples and set at 10 psi on
July 21, 1964)

Date Sample 1 Sample 2 _ Average Change from
% moisture % moisture previous date

July 22 32.16 32.14 32.15 ———

July 23 - 31.60 31.57 31459 0.hk

Suly 25 31.5 31.62 31.60 0.01

July 27 31.63 . 31.61 31.62 0.01

July 28 31.62 -a 31.62 0.00

@0nly one remaining.
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wa in Tedle L. This test is also not comprehensive enough for making
cuanvltative conclusions with a high degree of reliability. However,

the closeness of the results indicates that splitting the sample should
ROT cause any wmajor problems. This assumption proved to be true through-
out the second phase of the project when all delerminations were made in
pairs.' Almost without exception, every major deviation between the pairs
was traced to a weighing or calculation error, or an obvious mixup of
sample nurbers.

After scme initial trials, it was determwined that a minimum of 8
pressures (10, 20, 50, 100 inches of water and 15, 20, 50, and 80 psi)
were needed to obtain a good curve. Later, a 9th was added at 192 inches
of water. Also, on some runs & point was obtained at a pressure of 10
psi. The pressures up to 192 inches of water were determined with the
pressure plate apparatus; the higher pressures were run in the pressure
sexbrane apparatus. Each run made with about nine different soils. One
nressure membrane extractor was used to run samples at 15 and 30 psi;
tae second was used to run saxples at 50 anmd €0 psi. ALl thé lower

ressures, inches of water, were run on the four plates of one pressure

US]

plate extractor. On occasion it was not rezadily apparent how to draw one
of the curves, and additional points were made by separate runs to clarify
the curve shape.

All samples were loaded together. Each soil had one sample available
to te taken cut as equilibrium was reached, in turn, at each of the pres-
sures. The sample was removed at each equilibrium point, weighed and

p.aced in the drying oven. After the last sample was completed, dried
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and calculated, a curve was &rawvn for each soil. IT was decided that the
best plot to clearly cover the range of pressures used, without distorting

either the high or low range, woull Do CLULiied Dy using oeiae-10g paper
ard plotting the pressures in pounds per scuare inch on a 3-cycle log-

eritimic scale as the ordinate, and ithe moisture coatent in percent on

an aritomatic scale as the absisca. Typical curves, both single and

P T S O A - ’ By S - I vy
ccmpesites for cach textural group tasted, were aravz.

The secord phase -of this project consisted of running a group of

cifferent soil seaumples at a specific pressure thal would affect equilib-

riuz at a moisture content that corresponds to one of the consistency ' ‘
iirits. The curves proved to be too variable to pick & specific point
with any coﬁfidence. The picking of a pressure turned out %o be a trial
and error procedure. After a few trials, it became evident that the
curves could be used only as a rough, first approximation.. The running
procedure was exactly the saxe as it hed been for the first phase of the
project. The only variation was that each soil sample was run as a
Guplicate. Since every indication éhowed that the results of the dupli-
cates should have been practically identical, or very close, it served

as the only check against errors in weighing or calculating, or a mixup

in sample anumbers.
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PRESENTATION AND DISCUSSION OF RESULTS

During the first phase of this project, déta wes obtained for the
purpose of plotting moisture tenszion curves. The theory of soil moisture-
energy relationships is beyond the scope and objective of this thesis.
Eowever, a brief discussion of some of the factors that affect moisture
‘ension curves will give a clearer understanding to those presented here.

Figures 5 and 6, end their interpretetion which follows here, are
after Baver (7). |

In Fig. 5 the effect on desorptibn cf two layers of different size
particles is shown. In curve A, fine particles (150 - to 270 - mesh) are
vlaced in a-layer over a layer of coarser (40 - to 60 - mesh) particles.
Curve B has the layers revérsed; i.e., coarse over fine. The curves
dexonstrate the velidity of the generally accepted concept that the
drainage of a pore is limifed by the size of the neck.

To quote Baver (7):

“"Tn both curves in this figure (5) the dashad lines indicate the
tensions a2t which the izdividual separates would drain. The
curve A indicates that no. appreciable amcunt of water was removed
from the system until the tension necessary to start the drainage
of the 150 - to 270 - mesh layer was reached. However, when this
polnt was attained, a large percentage of the water was removed
from the system with very little increase ia teasion. It is
ztural to suppose that there were a few pores larger than the
rest in the 150 - to 270 - mesh and that they formed continuocus
passagevways down through the layer as soon as the tension of
<ne largest pores of this layer was reached, the meniscus wes
pulled through ernd an air paessage down to the 4O - to €0 - mesh
layer was esteblished. When this occured, the LO - to 60 -
mesh was drained out immediately leaving the saturated stratum
of sand 8bOVe.=m=mm== The curve 3 shows that the 40 - to 60 -
zesh sapd drained out through the fine layer at approximately its
norral tension. When the coarse layer hzd been drained, it was
necessary to raise the tension before the fine layer drained.
The difference between the solid and dashed lines is undoubtedly

due to slight variations in packing.”
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Tnese curves show the elffects of two carefully controlled sizes, and
it is reasonavle to expect that the pore sizes are also withia @ narrow
range. In the "wovural” soils used on this research, all minus 40 mesh
with no lower 1imtc, this would not generally te the case. lMany factors
are nentionca . the soll moisture litersture as affecting moisture tension
relationshipse Nevertheless, it should be reasonable to expect that
major factors influencing the type (shape) of curve obiained for each
groun are the pore sizes as determined by the gradation and the packing.
The consistent mixing procedure should minimize differences due to pack=-
ing; <the groups should thus have curves that differ acccrding to their
gralaztion. The sbove seems to be verified by the gradations shown in
Table 5 and the curves ootained (Figs. 7 through 22). Table 5 presents
the analysis (percent gravel, sand, silt and clay) of each of the soils
represented by the individual curves (Figs. 8, 10, 12, ik, 16, 18, 19,
20, 21, 22) waich represent a "tysical" clay, silty clay, silt, etc.

Referring again to F 1g 5, it is seen that a sample which depends
essentially on one pore size reaches a point where it "unloads"; i.e.,
ine nolding capacity of every neniscus is reacheld at about the same
tension and the pores are drained. This region may not be horizontal,

(excent in the hypothetical case where all the pores Or pore necks are

Pty

ctuslly of the same diameter) but it is a definite region where sliight

ircreases in pressure cause relatively large changes in the molsture

caxple. Consider another hypotneticel case where tne

O]

B
COom ULy Ol TLe
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cexpie nas its pore sizes more rendomly Gisiributed frem smallest to

@st. The curve of this latter "sample' shouil have a tendency to

-

straighten; the sudden unloading effect would tend to be absent.
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Table 5. Composition of scils used for individual curves plotted on
graphs
Group Composition, percent
grave. sand silt clay
clay 505-4 12 42 46
clay Lol -l 33 23 LL
silty cliay k5.1 1 66 33
silty clay Llhog 1 59 40
silty loaax AADL-656 1 57 25 16
silty Lloan ALDL-661 2 62 30 6
silty lcaz A£DL-806 13 21 50 16
silty clay lecen AADL-653 6 48 27 19
siity clay loam T70-1 T T0 23
clay loanm AADL =564 1 41 38 20
loar: AADL-6LT 3 43 35 19
siit ALD3-12820 a3 17
511% ALD3-12822 3 90 7
sily ArD3-12832 1. 86 13
sand AAD3-12829 S0 8 2
sand AATL-828 89 10 1
sand AADL-3655 : 34 39 27
silty loan I-2 1 81 18
gr. Loamy sand AADL =809 14 71 11 in
sandy Llceaw AAD3-12807 63 2k 13

all o

LO -

In Fig. 6, Baver (7) presents log-tension curves of 4 different soils,

f controlled size (40 - to 60 - mesh except the Fe-zeolite which is

to 80 - mesh). Because of their controlled size it is reasonable

to expect the pore space between the aggregates does not vary greatly.

To cuote Baver (7):

Thzze results indicate that the porosity of an aggregated sysienm
s ceterzired by the emount of water withdrawn from the system
roa saturation up to the flex point on the log-tension curve,
ey be cons sidered to be that between the aggregates. The water
removed at the flex poiat m2y include some water at the contact
noints of the particles. The water drained out of the system
Just above the flex undoubtealy ccmes from the larger pores

within the aggregates.




80 |— \ R \VX\ Clays, composite of 43

plastic limit (p.1,)
\\\ ¢ = liquid limit (1.1.)

\ ' XX = p.l. points above graph
® = l.1. points below graph

b
[

20 —

[

—

T
| Outer limits of\ \
evenly distributed
| similiar curves \ \

Moisture tension, p.s.i.

1
o9 —
'8_
o7 —
6 —

05 [

Ty | .
035 S L ks ap w ww wewd w
_ 50 5o 50 60

Per cent water by weight

Fig. 7. Composite curve of 43 clays showing general distribution of the
consistency limits '




66

70 —
60 |

50 |

30 | —

20 —

-
& \n asxaoo\o[o
|

'

Moisture tension, p.s.i.

e N
9 —
81
o7

.6_..
o5 |—
Li

T

]

Clay, 4044 (A)
508-4 (B)

.35
U

Fig. 8.

20 30 JW

Per cent water by weight

Two clays typical of the group

85___




67

TXXNYX
\ \ \ \Silty clay, composite of 34
VoV A2 ¢ WV x = plastic 1imit (p.l.)
\ x \ 0= liquid limit (1.1.)
: x \ X_= p.l. points above graph
N\ YT \ & =1.1. points below graph
R \ \\ x*
\ R
ook <
\\\\ \)\( X
\\'t'\ \"x){x
W
\ A
. \ \ \\ \
-t \ '
w 10| A N \
* 9 \
ﬂ‘ ——
- 8|— \\
-]
3 T "\
7 \
§ 6 AR \
¥ 5| Outer limits of evenly \ *
g distributed similiar curves \ W\
':; bl— ‘\‘\:\\ \ \
ol - \ ° 5\
E \\\ \\\ VA
3 — l'\\ ® 8 \\ .
= \ ° \ \\ \\\
\ ‘ .
2 - \\ : \\ \\\\
— \\ ° \ \
|
\
\ A
L_- : \.‘ \ \
9 \ ‘\\1 \\ \
81— \ B \
T | Ve \
06 t—— I \* . : . .5‘ \
51— | \
.u — | }\ ° \ R
35 l ! | I l J' Wzt | | 4
0 10 20 30 Lo 50
Per cent water by weight
Fig. 9. Composite curve of 34 silty clays showing general distribution

of the consistency limits




68

90—

70

50 |

30 |

20 |

[

& Ww o= a>u>F>
| i

Moisture tension, p.s.i,

|

) S
9
o8 (-
o7 —

o6 |—
5 |—

A
.35

GK\ Silty clay, 45-1 (two runs)

| -
10 26 30

Fig. 10,

Per cent water by weight

Silty clay typical of the group




69

90_[—
80 | I .'\\\\\ Silty loam,composite of 32 ‘
70 |— ' - .
60 | — N x = plastic limit | ‘
! CAS ¢ = liquid limit
50 — AN
| RN
Lo -
\ SN
. \ o VY
30 . a‘ /\\‘-.‘_\.\\\ \\
- \ ‘1\ :_\\ | \\\ v N
20 |— \, Voo f\'ﬁ \
L RN
- I T A
A\
\\ \ -\ x\\ //
.,: \ VA
9 10— \\ x *y<< \
:. 8 [ \' \° * ‘\\ N ' \ 8
-r°'| 7 — ! E "\\ \?S\:\v \\ 4
Q 6 | \ ;\ X ‘ X X\'\‘ a
§ X X x;(,c." /\\
g iB )3(\/".0’ \ s
+ 4| * . . 4
n N
3~ : “ " ‘
- \ “.\ L, e \\-\_‘z\‘
2 | Outer limits of evenly - Vool \
distributed, similjar ——— )
curves \ é»—~ =
Note: Cross-hatched areas \ . |
have even distribution | T
. of lesser density o
9L l A
I F.
S | L
71— | | P
6 o Ty
o5 | P
: L
35 | l J | SR IR |
70 10 20 30 Ty 50

Per cent water by weight

Fig. 11. Composite curve of 32 silty loams showing general distribution
of the consistency limits - ‘




70

90 - .
80 | Silty loam, AAD4-661 (A)
L -656 (B)

-806 (C)

REREL

"

Moisture tension, p.s.i.

1

91—
8l
o7 |— i
6 -
S | v

bi

i

}

k“;U | A)AL |

Per cent water by weight

|
350 | | Qu !

Fig. 12, Three silty loams typical of the group




71

| \ \ Silty clay loam, composite of 29
\
\ \ \ x = plastic limit
\ \ ‘\ o = liquid limit
“
| vi 10|
e 91—
- 81
§ 7
§ 6 o »
® 5| Outer limits of evenly: '
g distributed, similiar
. 2 4 [ curves N
:‘)' Voo
b Note: Cross-hatched area |
3= has even distribution,
n of lesser density
2 —
) - ‘
9 - "'-.\
81— '
61— . L ‘
| \ . 1 -
o5 : by |
_ : 1 \ .
o ol | \: ' \
- l l L 1 A T |
»35 0 1 1[0 20 3 40 50

Per cent water by weight

Fig. 13. Composite curve of 29 silty clay loams showing general
distribution of the consistency limits




72

9.

80 |— b Silty clay loam, AAD4-653 (A)

70 — . A 70-1 (3)
—

30 —

20 |—

& \AO\\im\OP
|

Moisture tension, p.s.i.

1
9
81—

o7 -
6 —

o5
o

|
o35 | | l | | i zlu% |

|
30

10 Y4y 30
: Per cent water by weight

Fig. 14, Two silty clay loams typical of the group




70

50 (—

30 |—

[o

&£ W 0\\70)‘0‘0
‘

Moisture tehsion » PeSel,

ML
35

Clay loam, composite of 11

x = plastic limit (p.l.)
o = liquid 1imit (1.1.)
—x = p.l. points above graph
w = 1.1, points below graph

Outer limits of evenly
distributed, similiar curve§

l ! | | |

Fig. 15.

10 _ 20 30
Per cent water by weight

Composite curve of 11 clay loams show1ng general distribution
of the consistency limits




74

90"'f_

70 —

50 |

30 (—

20 —

(o

& W <h_~:cn\of>
ER

Moisture tension, p.s.l.

I

1
09 —
o8 | —
o7 —
o6 —

o5 —

oM
.35

| l l l | 1 l

Fig. 16.

10 20 J0
Per cent water by weight

A clay loam typical of the group




80 |

70 |-
60 |

50 —

30—

20 —

[

[

Moisture tension, p.s.i.

1
o9 —
o8 —
.7"“_
6 |—

05—
ol

Loam, composite of 7

plastic limit
liquid limit

b 4
®

Outer limits of
evenly distributed,
similiar curves

l | | | l

35 o

Fig. 17.

10 20 30 Lo 50
Per cent water by weight

Composite curve of 7 loams showing general distribution
of the consistency limitg '




76

Moisture tension, p.s.i.

4

9
.8

t?r——-
o
oS

W

o3

Loam, AADL-647

Note: (A) points from
separate run

1 | 1 | | | l l

Fig. 18.

10 20 30 L)
Per cent water by weight

A loam typical of the group

50




77

Moisture tension, p.s.i.

—

o7—
N
oS

.lﬂ__
o35

Silt, AAD3-12822 (4)
- 12832 (B)
- 12820 (C)

Note: (\/) points from
separate run

| | | | [ @

Fig. 19.

10 20 30 40
Per cent water by weight

Three silts representing the group




90 [

80
70

60
50

30

20

Py
'O

™0

6 .

Moisture tension, p.s.i.

i
o9
.8
o7

6
5

oM
.35

78

'sand. AAD3-12829 (A)
kAD4-828  (B)
AADN-3655  (C)

Note: all non-plastic (NP)

Fig. 20.

~—0
Per cent water by weight

Three sands representing the group




79

80 | — ‘ Silty loam, I-2
70 | —

60 | —
50| ;

30 — Note: (A ) point from
separate run
20 | éo

|

Moisture tension, p.s.i.

1]
9
o8 —
o7
6 b

S —

b

.35 | | | l | |

0~ —I ~""""I%T” | <V JO . 0 50
: Per cent water by weight

Fig. 21. A silty loam representing the group



80

Cylinder
Fitting
| | |
Compressing//// ; | Membrane
Uiaphragm o '
= _J Screen Drain Plate

Water Films

Pores Soil Particles

Suppcert Screen — Membrane

\\3 \\ \\ ) i\\ . N \
N \\ N\ N \

Zero pressure | 1 atm, pressure{15 atm, pressure

Fig. 4. Pressure membrane apparatus
Top:- Cross~section

Center: Enlarged cross-section showing a soil sample
during a run

Bottom: Enlarged cross-section of one pore of the membrane
showing relative meniscus shape during three dif-
ferent pressures




81

oY A ~vame: e 24 . PR . e .
Teble 6. Comparison of the composition of clays frox opposite extremities
of the composite clay, Fig. 7.

a. Clays thzt plotited clcse To the t. Clays that plotted close to the
Left ooundery ' right boundary

Scil Ccmposition, perceat Soil Compesition, percent
nwicer gravel sand silt cley(5u) nuzmoer gravel sand silt clay(5.)
krli-2 3.5 23.5 30.0 L3.0 500-2 0.8 L47.6 51.6
$13-2 0.2 17.2 31.6 5L, 503-2 1.7 50.3 k8.0
£15-2 2.7 29.2 30.9 37.2 504~ 6.5 L45.1 L8.4
505-4 22.7 k0.9 36.L 509-2 1.7 L9.3 L9.0
507-3 31.2 35.4 33.k4 511-3 0.7 Lu46.3 53.0

Baver does not discuss the upper porticas of the curves. He does
voint out that water holding capacity is influenced by the clay content,
the type of cley mineral, the amount of organic matter, and the amount of
porosity of the aggregates. Ke also discusses the total potential of the
so0il water system, which gets into a thermodynamic discussion which is
neither necessary nor éesirable for the objectives herein.

It is reasonable to exPect (although this is not said or inferred by
Baver) tkat these cther forces would nmask the effect of capillary tension
in the region of the upper flex. In other words, after the unloeding
_region which represents water drained from the larger pores, the effect

-~

cf pore size is ro longer predominant. It should follow that, above

' where

%ris second flex, the sample has reached a state of "dryness'
forces, such as the attraction of oriented dipole water nmolecules on the

surfaces of the particles, has a strorg effect. Large pressure increases

would be required to remove small emounts of the water that remains.




82

If all tne above is valid, and if Grim's (22) theoretical definitions
of plasticity end thne consistercy limits ére also valid, then the defini-
tions can de closely related to regions of tne curve witrout excessive
speculation. Tae portioa of the moistufe tension cﬁrve from saturation
to the flex point, may be considered tb ve that between the aggregates
and the weter at the Tlex point mey Iinclude some weter at the contact
points of the particles (7). Compare this statement ebove to Grim's (22)
liguid limit definition:

"---The liguid limit is a measure of the water>which can be held

with any substantial rigidity, and dces not separate tine particles,
but approacues the point wnere there is substantially no bonding

“ b
"

fcree between tnelis---

Tnls pbint reprew..uts the verge 0. senaration; tne Ilex point, coming
from the "other direction" could be said to be just past the end of
separation. It should be reasonable to assume that these points are
arnalcgous. Tnus, the lower.flex.point of the moisture tension curve
snould represent the liquid limit.

Tre plastic limit is & measure of the water content just slightly
in excess of the esmount that a particle surface can adsorb in a highly
rigid condition and which does not separate the particles enougn to
‘reduce ettractive forces between them {22). 1In addition to the water
between particles it is estimaied thet there is some pore water present
(22). Considering tne unloading region above the flex point of the
moisture tension curve (?):

"e--The water drained out of the system just above tne flex undoubt-
edly ccres from tne larger pores within the sggregates.”,

it snould be reascnable to assurme that the point where the larger pores

re drained suggests that the pore water left is not a simple function

o©
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of éore size. That is, the upper flex point,'just below the region where
it tekes large increases in pressure to remove small amounts of waﬁer,
should represent the plastic limit.

It follows that the unlosding regibn between the upper and lower
flex points of the cufve would be the plasticity index. The plasticity
inéex ney be defined as the measure of the amouat of water that can be
added between particles, between the end point of rigid water and the
point of particle separation, beyond which there is essentially no attrac-
| tive force between them (22). Or, considering it analogous to itne region
above the lower flex of the moisture tension curve; it is fhe region
wnere the water being drained out of the system comes from the laréer pores
within the aggregates. It follows that it is the range where the effect
of pore'size is predominant.

Using'the above concepts of moisture tension curves &as backgrouﬁd,
bthe following discussion will be of the curves obtained from data deter-
mined during the first phase of this project. The curves (Figs. 7
through 22) represent 167 different soils from 11 textural.groups. The
curves for six groups (clay-Fig. 7, silty glay-Fig.'9, silty loam-Fig. 11,
silty ciay loam-Fig. 13, clay loam-Fig. 15, and loam-Fig. 17) are shown
as composite curves, shoving limits between which most of ﬁhe curves were
. evenly distributed. A trace of those curves thaf are definitely outside

the general trend are shown as dotted lines.

Following each group is a éraph of one or two curQes from the group
tnat appeared to be most typical of its group (Figs. 8, 10, 12, 1k, 1o,
and 18). Tae remaining groups, silt (Fig. 19), sand (Fig. 20), silty

loam (Fig. 21), sandy loam (Fig. 22 left) and gravelly loamy sand (Fig.
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22 right) were presanted in their entirety, because only the few shown
were run.

Based oa the Qalidity of using textural groups to divide the samples
(L43), each group smould have resulted in a family of curves within narrow
limits. That this was not the case can be readily seen by the composite
clay group (Fig. 7). This wide band is easily understood in relation to
the comren triangular textural chart which di&ides textural groups by
their sand, silt, clay composition. The clay sectioﬁ of these charts is
gernerally large ard includes a wide range of varied composition. The dif-
Terence in composition between curves near the right and left boundaries
can also be seen frem their composition as presented in Table 6. Those
representing the left side of Fig. 7 are nmore well graded while those
representing the right are aslmost entirely silt and clay.

If it were necessary to narrow the band, it would be necessary to
find sorz other criteria besides textural groups. However, the final
results seem to indicate fhat the group width is.not of any great impor-

ance., With the ccrmon triangular chart ir mind, it is easy to visualize

Pax

that the width of all the bands presented is approximately proportional
to the size of the group limits on the chaert. That is, the larger the
section on the chart, the greater the ccocmposition can vary.

Al;hough their lirits vary considerably, the curve shapes can be
roughly related to the previous discussion of Baver's (7) curves if the
following are kept in mind:

1, his material was limited to size between LO and 60 mesh;

2. the scale of his curves (relative to the curves of this

work) causes a horizontal "distortion"; and,
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3. ~ the abscissa of his curves represent percent water by

volume which is more directly converted to porosity.

As can be seea in Teble 5, and Figures 1k, 19 and 21, the samples
that perheps come clocest to khaving particle sizes equal or within
relatively narrow limits, are the mosf coviously analogous to Figs. 5
and 6., That is, the three regions - relatively fla£ slope between two
flex points - are easily discerned. It is also apparent from Fig. 14
‘which shovs two silty clay loams of distinctively diffefent shape, that
cemposition (send, silt, clay) affect the unlozding region. It-can be
seen by the data of Teble 5 that curve B is predominently silt (71%)
while curve A is obviously more well graded.

The distinctive unloading region is also noticable to a lesser
degreevin the loam (Fig. 18), the sandy loam (Fig. 22 left) and the
gravely lciry sand (Fig. 22 right), end to a minor degree in all curves.

The clays show the least curvature, and some (curve A, Fig. 8)
plotted essentially as a straight line. This "straight line" could be
due to greater pore size distribution and also, predominance of small
pores and clay particles which cause forces other than meniscus tension
to predcminate. Most clays, however, showed at least a slight lower
flex (curve B, Fig. 8) and, in scme cases, curvature in the upper regions
may have been more noticable at higher pressures.

Tn between the "straight" clay curve and the sharply curving silts
are those with intermediate curvature; -e.g., silty clay (Fig. 9), silty
clay loam (Fig. 13) and cley loam (Fig. 15). Although data has not been
analysed in such a way as to make quantitative conclusions, the sharpness

cf curvature could probably be related to the proportion of silt; relative
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to the clay. .

One of the sards (curve A, Fig. 20) appears to be distinctly differ-
ent than the other two sands, end even Irom all other curves. However, |
its composition {Tedle 5) is dis%inetively diflerent than the other two
sands. It appears to be very ﬁell graded (sand-34%, silt-39%, clay-27%)
and could have & systeonf pore sizes distributed in such a manner thqt
it tends to.stext out as a straight line; or the character of the pores
could be such that a lower flex would occur at a pressure below the curve
range (0.35 vsi). In other words, the lowest pressure is already in the
unloading region.

Cne other distinctive occurence was noted. Some curves, notably the
coarser soils such as the loams and sand, exhibited a "secondary lower .
flex." This lower curvature can bé clearly seen in Fig. 12. At first it
was though£ that the points were in error and that the curves should
follow trhe dotted lires. Several curves were rerun with points especially
in this region (curve B, Fig. 12) and in every case this lower curvature
was verified.

This effect appears 10 cccur predominently in soils with a relatively
‘high proporvion of sard. Comparing the two curves of Fig. l4 with their
corposition in Tedble 6, it can be noted thet curve A (which has ‘the
secondary lower flex) has 48 percent sand compared to 4 percent for curve
B. The send may create.a relatively few pores or pockets, some with
'weak" necks, so that a "minor unloading” begins that is not representa-
tive.of the majority of the nores, after which the majority of the pores,
tnet are wore representavive, are still saturated.

It has previously been suggested herein:
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L. that the lower flex poini could reoresent the liquid limit;

2. that the lower flex points should occur at about the same

(@)
o
¢t
by
a

5

19}
(6]
H
(3
]
(i
v

© point coulld reprecent the plastic limit.
Tre results were too varied to give any concrete verification to
taese ccncepts. There were rany excepticns. However, there is also a
vreposderance of data that suggests that it chould not ve ruled out. In

ne silty loan grouy for exemple, @ larze majority of the plastic limits

o

1

cceurreé close to the poinit of tangency of the two curves (region A-B,

o
Figs. 11 and 21}, A sizilar concentration ray be found on the silty clay

loam corpposite (Fig. 13) and the loaxms (Fig. 17). Although single curves

are scanty evidence, Figs. 16, 18, 19, 21, and 22, show a rather idealized
Dicuure,.

The liguid limits appear 1o be extremely variable. In fact, picking
a pressure from the wide scatter of poinits appeared to be impossible,
and trial and error was finally resorted to. However, the steepness of
the curve in this region of very low pressures means that large vertical
devietions on the first cycle of the graph result in only small changes
in moisture content.

Consider also that it is entirely arbitrary to discredit the curves
and say a point is in "error" because it doesn't agree with the standard
- licuid limit to which it is cormpared. If the curve flex point were the
"stardard," a slight variation in the'sténdard (ASTM) 1liquid limit would
cause it.to be far off the flex point and it could be said to be in

Yerror."

The clays and siliy clays show liquid limit points well below the
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lover Tlex. In tre clays, forces other ithen meniscus tension could con-

trivute to this condition and result in raising the flex., On the other

2]

and conisive forces (22) should not be strictly spplied to clays and
coarser meterials ellke.
During the second phase when the curves were used to pick a pressure

10 avnoreximate the licuid limit, pressures were picked off the curves at
aghes i ) X

kb

each consistency limlit. An average was figured as a starting point. It

was found to Le only a rough approxiration, and many triel and error

)

ad justments were necessary. In retrospect, the average was probably not
the best figure to use. There were apverently enough widely scatiered
values to nmake the average value of little oractical use. The mode would
probably rave given a closer starting point, or a point picked visually
from thne center of a composite such as shown in the figures.,

After several trials and adjustments, good liquid limit values were
obtained at the pressures, given in Table 7.

Good results were obtained at pressures within a relatively more
narrow range of pressures than the composite curves would indicate.
However,-they are 1n a cycle of the graph where the differences in pres-
sure are "exaggerated". In other words, the points (dots of the composite
figures)'can vary rélatively widely, vertically, with relatively small
cnange in the corresponding pressure and moisture content. By entering
all the composite curves with the final pressures, it can be seen that
the point would fall essentially near the center of the scattered points.
There is still the possibility that if all the soils were run at one

pressure, 60 in. of water for example, the results would be acceptable.
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Table 7. Summary of suitable pressures for approximating the liquid

limit
Group '~ Final pressure Final pressure
(ino of H20) ’ (PoSoio)
clay Lo 1.4k
silty clay . Lo L.k
silty clay loam 60 2.17
clay loam 60 2.17
loam 70 2.53
sandy loan : . T0 2.53
gr. sandy loam ' TO 2.53
silty loam T0 2.53
silt | 70 - 2.53

The plastic limits required more adjusting trials than the liquid
limits, the final pressures were more varied and the results achieved
were not as good. This fact appears to‘be contrary to the closeness that
the points shdwéd on most éf the compoéite curves. However, it must be
kept in mind thatvthey are in a region of the graph where small chaﬁges
of pressure correspond to : lérge changes in moisture content. Also,
the plastic 1imit is less clearly defined.by both the standard method anq
" by its relation to the curve. |

| Plastic limit values were determined only for four groups. The final
pressure values used are given in Table 8.

The second phase of'this project consisted of running numerous
samples at the final pressures indicated in Table T and 8.

The liquid limit results obtained for 687 soil samples from nine

different textural groups and one "combined" group are presented in Tables

9 through 18. Data for an approximation of the reproducibility of liquid
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Table 8. Summary of suitable pressures for approximating the plastic

limit
Group . . Final pressure (p.s.i.)
clay . : 162
silty clay _ 70
silty clay loam ‘ 35
clay loam : 70

limit values by both the standard and moisture tension méthods are
presented in Tables 19 and 20 respectively.
The plastic limit results obtained for 273 soil samples from four

different textural groups are presented in Tables 21 through 24. Data

for an approximation of the reproducibility of plastic limit values by
both the standard and moistﬁre tension methods are shown in Tables 25 and
26 respectively. | | |

A summary and evaluation table of all the liquid limit results is
presented as Table 27, and Table 28 presents plastic limit‘results in
the same manner. |

Samples were run as they.were obtained from the JIowa State Highwéy
Commission, and this fact is the main reason for the great difference
in the number of samples that were run from each group; e.g. 168 clays,
but only 6 silfg (5 of ﬁhich were repeated). In other words, the number
of samples received from the commission contained different textural
groups roughly in proportion: . to théir abundance in Jowa soils.

The number of samples run from the groups with a limited number of
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Table 9. Moisture content for 40 in. HpO moisture tension compared with

the liquid limit of clay soils

¥In Tables 9 through 17 and 21 through 24 the following footnote

symbols will be applicable.

8Numbered and grouped in order that they were run.

bBy weight, sample split into 2 sections.

Caverage, to nearest number.

dpeviation, moisture tension minus standard.

€5tandard limits run by Iowa State Highway Commission (ISHC).

fFrom ISHC records, gravel not shown.

€sand.
hgi1t,

iClayo

. sample®® 4 Moisture®  Ave.C pev.t  1SHC (ASTM)® Ccréxpositionf
number 1 2 IL PL PI sa® sib ot
AADL-6522 51.73 52.50 52 3 ko 15 3% 24 31 L2

" 6523  Lo.49 LO.34 kO 1 39 13 26 38 26 3k
" 6525 56.53 5hk.T5 55 -k 50 21 38 12 3k 54
" 6530 5L.48 s5L4L.75 55 1 . 56 19 37 7 Lk kg
" 6533 39.2F 38.83 39 -1 bo 13 21 30 33 35
" 6535 L47.05 L46.60 L7 -2 b 19 30 23 32 Lh
" 6538 L47.58 L7.34 L7 -2 b9 23 26 23 31 L5
" 6542 39.90  39.13 39 1 38 13 25 30 32 36
" 6545 53,90 54.16 Sk -1 55 17 38 17 36 L7
" 6550 62.32 63.36 63 -2 65 16 49 T 39 5l
" 6553 L4.55 L43.73 Lk -2 L 20 26 16 45 38
" 6554  L40.30 L40.20 4o 1 39 12 27 30 3k 35
" 6556 LB.65 47.93 L8 -2 50 22 28 4 43 43
" 6557 50.30 49.80 50 =l 56 19 35 21 30 48
" 6558  39.36 38.T1 39 5 3+ 15 19 28 30 34
" 6566 39.90 39.9L 4O 3 37 15 22 19 L3 36
" 6567 38.70 38.79 39 2 37 1 23 22 37 39
" 6571 36.40 36.75 37 3 34 16 18 25 43 30
"o6572 L0.80 Lo.B4W 41 2 39 11 22 26 30 L1
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Table 9. (continued)

Sample®® ¢ Moistureb  Ave.© Dev.® 1ISHC (ASTM)® Cogposit%onf
numbex 1 2 ' . LL PL PI sa

AADL-6575 38.66 39.17 39

" 6576  Lh.oh 44,10 Lk
" 6577  L4.LO L4.TO 45
" 6591 52.45 51.59 52 -
" 6593 L43.92 L43.16 L4
"o6594 42,73 L42.20 42
" 6595 34.79 34.67 35
" 6596 L4999 L45.55 L
" 6597 3l.46 31.28° 31
" 6598 36.04 36.19 36
" 6603 L40.98 LkL.63 k2

" 6607 39.90 39.90 kLo
" 6bl2 36.78 37.05 37
" 6675 37.39 37.60 37
" 6686 L6.88 Lr.h2 4T

37 16 21 2k 45 31

39 16 23 30 29 39
k2 13- 29 32 29 32
55 21 34 9 Ll L7
Ly 16 28 30 29 34
41 18 23 32 33 32
32 13 19 37 29 30
17 26 13 31 52
27 15 12 27 36 28
38 1k 20 35 29 35
L1 25 16 23 L6 31

37 27 10 26 Lo 32
33 17 16 6 L7 L5
3k 15 19 19 L 36
k9 15 3% 21 32 45

PWEFW HFOEFFHFWRPOWWWUMT N
=
w

" 6691 45,30 L7.67 U6 0 46 14 32 20 34 43
" 6700 36.57 36.28 36 2 34 1% 20 34 34 30
"o6Thl  69.46 T71L.00 TL 0 71 21 50 0 31 69
" 6745 50.56 51.32 51 0 SL 19 32 2 50 48
" 6746 68.54 68.60 69 -4 73 22 51 1 29 70
"o6534 Lhk.12 L2.91 43 ‘2 L o5 16 24 L 32
" 6581  Lhk.59 45.13 45 -1 k6 14 32 19 37 43
" 6879 L4.75 44.TO L5 -4 k9 20 29 T 25 65
"o6884  33.24 32.77 33 -2 35 1+ 21 36 31 30
" 6895 33.20 32.15 32 -1 33 1+ 19 32 36 32
" 6900 50.49 L9.90 50 c-1 51 20 - 31 8 28 59

34 1 20 29 35 33
33 15 18 35 27 36
6 17 29 31 31
33 1+ 19 32 33 30
41 21 20 18 46 36

" 6910 36.03 36.01 36
" 6920 35.33 33.79 3k
" 6927 34.51 3443 34
" 6940 33.12 32.68 33
" 6943  U43.97 U3.66 Lk

"o6okl k6,72 h7.23 e g
" 6963 44,17 Lh.62 L4
" 6964 L43.52 L43.68 Lb
"6965  hh.6h 45,18 45
" 6969  39.30 38.51 39
" 6970 38.89 33.450 33
" 6971 36.82 37.43 37
" 6972 L41l.19 LO.TH L1

OFHKFM
w
w

48 17 31 33 31 34
ko 17 23 33 27 Lo
39 19 20 5 33 62
39 18 21 5 31 63
33 15 18 38 29 30
31 17 14+ 16 43 38
35 L 19 15 35 50
b2 16 26 33 35 30

]
PN oW w
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Table 9. (continued)

SampleB# % Moistureb Ave.© Dev.d ISHC (ASTM)® Compositionf-

number 1 2 LL PL PI a8 sib ¢

AADL=TO1k 40.40 41,12 41 5 - 36 1T 19 371 21 33
" 7016 46,75 44.98 L5 I 4 22 19 11 39 Te)
" 7018 30.42 30.31 30 -2 32 16 16 27 L1 32
" 7026 36.36 37.02 37 -1 38 23 15 21 ko 37

" 7030 L2.16  L2.39 L2 -4 b6 20 26 25 36 31
" 7031 48.82 48.47 k9 -3 52 18 34 20 38 L1
" 7032 - 4L9.T4  50.30 50 . -1 51 21 30 8 46 L6
" 7036 L40.69 Lo.62 Ll -3 Wy 22 22 32 30 31

" 7037 4091 42,01 41 -3 Ly 19 25 14 Lo 37
" 7107  30.79 30.90 31 0 31 13 18 35 29 30
" 7113 31.42 31.08 31 0 31 13 18 28 36 33
" 7171 58.26° 57.92 58 -8 66 27 39 1 17 80
"o6581% 46.53 L6.32 U6 -0 4% 14 32 19 37 43
" 6879% L5.5L  Lh.T9 L5 5 Lo 20 29 T 25 65
" 688MC 32,77 32.57 33 -2 35 1k 21 36 31 30 i
" 6895K 33.44  33.73 3k 1 33 1+ 19 32 36 32
" 6900k k9.7l Lb9l6 50 0 -1 5. 20 31 8 28 59 |
" 6910K 3Lh.52 34.81 35 1 3= 1+ 20 29 35 33
" 6920k 33.30 33.72 33 0 33 15 18 35 7 36 \
" 6927k 33.87 33.78 3k 1 33 16 17 29 371 31
" 69L0™ 31.95 31.22 32 -1 33 1+ 19 32 33 30
vogoh3k 4349 42,96 43 2 41 21 20 18 L6 36 ' ‘
" 6ohlk L6.4O k7o k7 -1 L8 17 31 33 3L. 34
" 6063k 46,07 U6.C5 k46 6 Lo 17 23 33 27 Lo
"o6o6LE LS5 Wl 45,69 L5 6 39 19 20 5 33 62
"6965K LT.1k k6,72 b7 8 39 18 20 5 31 63
" 6969K 38.13 38.41 38 5 33 15 18 38 29 30
" 6970K 34.60 34.54 3k 3 31 17 14+ 16 43 38
w.6971K 37.86 38.84 38 3 35 16 19 15 35 50

697K 41.31 L41.11 L1 =1 b2 16 26 33 35 30
"oT21lh 5h.22  Sh.22 53 =3 56 29 27 13 L9 38
" 8162 46,36 U45.23 L6 2 by 25 19 11 ite Lo
" 8177 W7.23 50.99 L9 L ks 19 26 12 21 63
" 8179 57.0L 56.66 57 2 55 21 34 3 23 Th
" 8180 46.70 L6.6T L7 T Lo 26 1k 19 45 35
" 8187 Lo.87 hkl.52 Ll 3 38 18 20 9 L8 43
" 8209 60.54 60.34 60 5 55 28 27 12 47 k1
" 8228 37.75 38.05 38 2 36 16 20 1+ 50 36

KRerun of samples above at a later date.
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Teble 9. (continued)

sempled® % Moisture®  Ave.© Dev.d ISHC (ASTM)® Compositionf

number 1 2 1L PL PI sa8 i cd

AADL-8239 L1.4bO L0.96 L1 2 39 20 19 21 ko 30
" 9348  34.34 3h.47 34 1 33 1+ 19 36 32 30
" 8265 57.39 57.19 © 57 -3 60 19 3 L9 48
" 8266 52.34 52.06 52 0 52 16 36 10 48 42
" 8281 36.87 36.98 37 -2 39 16 23 37 28 34
" 8285 35.93 35.80 36 2 3+ 15 19 31 37 31
"829h  35.27 34.65 35 2 33 15 18 31 .32 35
" 8315 U42.09 L2.48 L2 0 L2 19 23 24 Lo 35
" 8326 35.12 34.91 35 1 3% 15 19 22 48 - 30
" 8337 44,61 U4, 06 Lk ) by 17 28 20 48 32
" 8342 37.16 37.34 37 -2 39 1+ 25 34 34 31
" 8347  L41.01 L0.93 41 2 39 18 21 21 4o 38
" 8402 39.10 39.58 39 -1 ko 21 19 19 50 31
" 8415 L42.01 41l.37 L2 3 39 22 17T 19 50 31
" 8416 48.28 L48.27 48 -3 5L 22 29 9 46 L5
" 8423  37.31 37.44 37 -2 39 17 22 38 30 31
" 8428 35.98 35.47 36 -1 37 16 21 33 30 35
" 8438 36.79 36.36 37 0 37 14 23 25 Ly 31
" 8443 32.53 32.55 33 1 32 15 171 31 37 30
“o8hLh 40,75 LO.56 kL -1 ke 15 27 28 35 36
"84T  62.24 62.18 62 -3 65 23 L2 3 43 S
" 8458 50.62 50.54 5L -3 sk 20 34 " 49 L7
" 846l  50.14% 50.04 50 2 48 28 20 16 46 38
" 8463 L4090 LL.96 Lo 3 38 18 20 33 33 31
"o8hk6s  ho.48 Lo.22 Lo 2 38 20 18 21 Ly 33
" 8472 45.93 LS.43 46 -2 48 23 25 12 it} 38
" 8478  42.50 42,38 L2 -2 Ly 19 25 21 45 31
" 8489 49,96 LU9.87 50 0 ‘50 19 31 13 L6 Lo
" 8491 56.6T ST.46 57 -1 58 30 28 20 Lo 38
" 8hg2 55.24 54,63 55 =3 58 23 35 26 33 38
" 8493 61.88 6L.68 62 0 62 26 36 2 Ll 54
" 9017 35.25 35.06 35 1 3+ 1 20 35 29 30
" 9018 56.43 55.90 56 0 56 32 24 30 3k 34
" 9019 u48.22 47.77 48 3 ks 20 25 28 33 38
" 9036 32.81 32.66 33 2 31 16 15 40 25 32
" 904l 35.62 36.04 36 3 33 15 18 27 L1 30
". 9055  37.33 37 1 36 16 20 36 3% 30

36.85
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Table 9. (continued)

Semple®® ¢ Moisture®?  Ave.¢ Dev.d ISHC (ASTM)®  Composition
number 1 2  LL PL PI sal sib i

AADL-9036  42.97 43.38 43 2 41 19 22 11 Lo 36
- " 9065 L41.40 L1.26 41 2 39 18 21 20 50 30
" 9067 57.81 57.19 58 -2 60 21 39 27 32 41
" 9068 37.92 37.41 38 3 35 16 19 28 37 34
" 9069 L49.92 50.30 50 0 50 21 29 3 L9 48
" 9076 60.53 6l.22 61 -6 67 20 U7 8 Lo 52
" o084 57.83 57.98 58 -2 60 27 33 35 9 55
" 9091 L41.60 k1.84 L2 - -1 43 22 21 15 48 37
" 9094k 39.09 39.03 39 -1 - b 21 19 19 47 34
" 9095 86.25 86.54 86 -6 . 92 28 64 5 17 78
" 9097 82.77 81.66 82 -3 85 35 50 T 5 87
" 9101 L40.80 L40.55 L1 3 38 22 16 20 L9 31
" 9102  27.71 27.83 28 -8 36 20 16 20 L9 31
" 9105 35.61 35.21 35 1 3+ 20 1+ 22 45 32
" 9116 51.69 5L.30 51 1 50 22 28 6 32 62
" 9120 68.28 68.83 69 -8 77 31 k46 11 15 Th
" 9125 = 52.41 51.96 52 -2 s4 34 20 15 L5 Lo
" 9glk2 66.23 65.49 66 -10 76 29 k47 9 22 69
" 9143 70.85 Ti.55 Tl -9 8 29 51 o0 19 81
" 9lkk  73.63 T2.67 T3 -7 80 21 53 0 25 75
" 9Lk5  T5.64 T75.30 75 =7 82 28 54 23 38 35
" 9190 47.33 L4L.86 L6 -1 k7 18 29 23 38 35
" 9196 L49.32 L49.96 50 -1 5L 17 34 19 37 43
" 9199 L0.95 Uu42.82 42 0 ke 23 19 28 38 34
" 9203 51.64 52.58 52 -1 53 19 34 18 38 43
" 9215 L42.88 L42.88 L3 -1 Ly 18 26 17 41 L2
" 9216 38.38 38.31 38 -2 b 19 21 18 50 32
" 9220 L0.02 kl.25 Ll 6 3 19 16 9 39 43
" 9228 37.59 37.15 37 -1 38 19 19 18 u9 32
" 9231 64.83 65.56 65 6 59 26 33 L 22 T4
" 9286 54.62 53.76 5k -1 55 25 30 3 3 33
" 9282 39,30 39.22 39 = -1 b 19 21 30 36 29
" 9310 L45.48 45,43 45 1 Ly 16 28 19 k2 36
" 9321 35.51 35.51 36 L 32 15 17 31 37 31

" o347 L47.08 L46.86 47 -2 ko9 19 30 18 by 37
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Table 10. Moisture content for 40 in. H,O moisture tension compared
with the liquid limit of silty clay soils.
Sample®* - % MoistureP Ave.C Dev. ISHC (ASTM)® Comp081t10nf
number 1 2 1L PL PI sa8 ik ¢
AADu -3913 50.33 L49.85 50 5 bs o4 21 11 54 35
3917 39.56 40.28 ko 3 37 18 19 b 58 38
" 3939 L1.2% L41.90 k2 0 ke 25 17 1 . 69 30
"o394k6  Lh.ih 43,26 W4 3 41 22 19 2 3 34
"o3952  L2.73 43.81 43 -1 Ly 21 23 12 57 31
" 6519 52.24 S51.T4 52 -1 53 27 26 3 51 L6
" 6527  U48.10 50.47 L9 0 ko 26 23 2 59 39
" 6528 43,50 42.81 43 -2 4s 19 26 3 59 38
" 6529 L0.80 L0.97 k1 0 L 16 25 7 5k 39
" 654h  50.27 49.86 50 -3 53 21 32 3 53 Ll
" 6548 43.90 43.91 Lk -1 ks 24 21 2 60 38
" 6549  47.96 uLB.uL 48 -4 52 20 32 3 51 L6
" 6551 Lh4.91 U5.09 L5 -1 46 29 17 13 53 3L
" 6552 45,68 L5.83 L6 0 Wb o4 22 7 51 k2
" 6555 L48.13 Lu8.14 48 -1 b9 25 24 11 53 36
" 6559  41.14 k1.37 L 0 b 22 19 1 64 35
" 6569 31.89 31.83 32 1 31 20 11 8 73 19
" 6579 Lo.0o2 40.30 kO L 36 18 18 5 60 35
" 6580 38.18 38.00 38 2 36 1+ 22 16 52 31
" 6584 L41.88 L2.69 k42 1 41 16 24 6 58 36
" 6585 L40.90 Wi.1k k1 1 b 25 15 1 67 32
" 6586 38.85 39.53 39 1 38 21 17 1 67 32
" 6602  Lh.79 44,95 b5 -l kg 22 27 1 69 39
" 6605 35.02 34.61 35 2 33 16 17 2 46 28
" 6609 38.54 38.79 39 -1 Lo 19 21 1 68 31
" 6611 L0.90 k1.9 L1 5 36 23. 13 1 61 38
" 6613 37.73 38.03 38 0 38 20 18 1 68 31
" 6616 L0.18 Lo.ks Lo 0 bo 25 15 1 65 3k
" 6617 Lh2.64 Lh2.51 L3 2 41 - 31 10 1 67 32
" 6620 40.93 Lo.25 Ll 2 39 21 18 2 68 30
" 6650 Lo.28 L0.37T Lo 1 39 24 15 1 58 L1l
" 6651 39.60 39.54 Lo 0 Lo 25 15 1 67 32
" 6652  38.74 39.09 39 0 39 22 17 1 66 33
" 6653 37.86 37.23 38 -4 ko 21 21 0 68 32
" 6654 43,50 L43.62 Lk -2 b2 24 18 o] 68 32
" 6655 38.78 38.86 39 -1 Lo o4 16 o} 66 34
"6656  39.66 39.52 ko -2 ko 24 17 1 69 30
" 6658 32.69 33 I 29 16 13 3 56 Ly

32.69
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L7.92

Table 10. (continued)

Sample®® ¢ MoistureP Dev.d ISHC (ASTM)® Compositéonf

‘number 1 2 . LL PL PI a8 gib il

AADL-6659 39.7h L40.20 -3 k3 23 20 0 68
" 6660 35.06 35.18 1 3+ 22 12 1 67
" 3492 Lo.kk L9,73 2 L8 20 28 8 52
" 34ok 46,04 LU6.LO 1 b5 26 19 1 65
" 3495 44.84 45,18 -4 kg 24 25 1 59
" 3497  L4.08 L44.09 -2 ¥ 19 27 1 57
" 3498 LL4,10 L4.62 -5 kg 21 28 8 53
" 3499 Lh9.3h L9.59 -6 55 21 34 0 58
" 3501 45.08 L6.01 -2 - 48 22 26 10 51
" 3502 50.50 50.86 -3 s4 21 33 0 56
" 3503 u4k.27 L43.03 0 Ly 21 23 0 6L
" 3504  h7.51 L7.uk -1 g 22 26 1 58
" 3520 L4LB.04 47.51 3 bs 28 17 0 62
" 3521 U46.36 L45.63 1 ks 22 23 0 58
" 3522 Lh2.22 LW1.17 0 42 23 19 0 56
" 3523  U43.51 L3.26 3 b 20 - 20 0 67
" 3524 45.20 W.k 3 b2 21 21 0 6l
" 3526 L45.98 L6.12 -2 L8 26 22 0 57
" 3582 37.63 37.65 o2 36 20 16 1k 52
" 3631 39.95 39.88 1 39 17 22 2 68
" 3636 L1l.42 h1.89 1 k1 23 18 0 70
" 3639 k4l.12 LOo.54 1 Lo 21 19 0 68
"o3643 L4966 LL4.50 .3 b 26 16 6 62
" 3675 L45.98 45.89 -5 5L 24 21 1 55
" 3676 L46.57 U6.57 -3 50 22 28 0 60
" 3677 41.38 L40.53 -2 43 18 25 1 63
" 3681 35.41 34.88 1 3+ 21 13 1 67
" 3683 L44.87 L4451 -3 48 18 30 0 62
" 3688 L46.23 L46.08 -2 48 26 22 0 62
" 3691 u48.73 49.18 -3 52 24 28 0 56
" 3699 47.98 48.20 -4 52 22 30 1 57
" 3700 51.17 51.27 0 50 24 27 1 59
" 3702 53.19 51.92 -1 53 25 28 0 54
" 3703 L45.15 Lh4.29 2 43 19 24 2 60
" 3704 51.18 50.19 -9 60 25 35 1 51
" 3705 U45.36 L45.39 3 ko 20 22 0 6k
" 3709 L45.83 U46.33 3 43 25 18 1 6L
" 3711 47.89 6 k2 25 17 2 61
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Table 10. (continued)

sample®® % MoistureP® Ave.© pev.® 1SHC (ASTM)® Composit%‘onf

number 1 2 IL PL PI sa8 si ct

AADL-3712  47.35 L6.32 47 2 b5 25 20 1 62 36
" 3715 52.11 52.43 52 -1 53 25 28 O 56 Ll
" 3718 s54.20 54,10 5L -1 55 22 33 0 52 48
" 3735 41,96 Lo.hO 41 2 39 20 19 6 58 36
" 3739 L48.26 L47.85 4B 3 Ls 26 19 8 58 34
" 37kl 45.98 L5.50 46 5 41 23 18 2 61 37
"o37h2 45,21 WL4.TT b5 0 45 18 27 3 57 Lo
"o374h3 L1.70 L41.82 L2 1 41 19 22 3 61 36
3746 U6.54 L6.84 LT 2 45 23 22 8 56 36
" 3749 Lh Lk 43,92 Ly L L 20 20 3 59 38
" 3750 36.95 36.69 37 2 3 16 19 1 51 38
" 3751 L6.66 Lh6.uL 4T 2 ks 21 24 L 56 40
" 3752  L48.58 U4B.67 L9 3 46 20 26 7 5k 39
3755  L2.49 L2.84 43 3 bo 20 20 0 67 33
" 3757 38.35 37.61L 38 L 34 18 16 2 66 32
" 3760 38.26 38.65 38 L 34 22 12 1 67 32
"o3761  Lh.51 L43.81 bk L Lo 23 17 0 6l 36
"o376h 42,02 k2,10 L2 i 38 21 17 1 65 34
" 3783  Lh.oh 44,11 Lk -1 ks 21 24 0 62 38
" 3786  L4.66 L4448 L5 2 43 20 23 2 6k 3k
" 3789 39.11 38.22 39 3 36 17 19 1 58 31
" 3803 38.79 38.24 39 5 34 20 1 10 59 31
vo384k7 W7.26 W7.37 4T -2 k9 20 29 2 56 38
" 3850 L46.86 UW7.27 4T 0 k7 24 23 2 57 L1
" 3862 45.17 L4.58 L5 2 43 20 23 1 63 36
". 3865 L43.50 L43.13 43 2 41 26 15 1 60 39
"3867 b2.55 b3.56 43 1 k2 25 17 1 57 42
" 3868 L48.35 U3.77 k9 -3 52 26 26 0 54 46
"o3869 L42.13 ui2.40 L2 0 b2 21 21 © 65 35
" 3871 38.94 39.16 39 0 39 26 13 L 6L 38
" 3872 44,10 L4.68  Lb -5 ko a4 25 0 56 L
" 3873  U43.93 43.08 Lk -2 4% 15 31 0 65 35
" 3876 L0.63 LO.9H Ll 1 Lo 24 16 1 62 31

" 3877 b6.50 L6.T8 LT -5 52 23 29 0 57T 43
" 3878 L46.23 L7.08 L7 1 b 20 26 o0 64 36
" 3881 L45.52 U45.09 L5 3 h2 24 18 1 59 Lo
" 3882 L48.43 U48.63 U9 -3 52 23 29 0 56 Lk
" 3883 41.83 Ly 1 k3 19 28 0 66 3k

k5.33
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Table 10, (continued)

Sample®® ¢ Moisture®  Ave.© Dev.® ISHC (ASTM)®  Composition®

nuroer 1 2 . LL PL PI saf ib i

AADL-3886  47.83 L47.73 L8 5 43 23 20 L 58 38
" 3888 44,18 Lh.21 4L 2 k2 23 19 2 61 37
" 3889 50.35 U9.60 50 1 k9 20 29 0 56 L
" 3890 42.19 L2.27 42 1 k1 18 23 o 68 32
" 3893 L48.43 L47.82 48 0] 48 20 28 5 L8 37
" 3894 44,48 43.88 Lk 0 by 22 22 3 63 34
" 6661 L40.51 L0.32 Lo -2 e 21 21 0 67 33
"O6668 41,19 41.45 41 0 k1 21 20 1 69 30
Y6672 39.17 Lo.sk 4o L 39 21 18 1 69 30
" 6673 30.29 L2.26 L2 o} ko 19 23 0 66 34
"O66T7T  L1l.58 L1.67 L2 3 39 20 -1y 0 68 32
" 6680 :39.09 39.69 39 0 39 19 20 0 70 30
" 6682 U45.36 U5.74 L6 -1 k7 17 30 L 61 34
" 6683 L42.80 k2.7l 43 4 39 23 16 o0 68 32 |
" 6685  L41.15 41.30 k1 1 bo 17 23 8 58 34 |
" 6687  L1.04 L41.20 L1 1 ko ok 16 1 67 32
" 6690 39.05 39.66 39 0 39 18 21 L 64 32
" 6692 38.01 38.87 38 -2 bo 24 16 0 6l 36
" 6695 h1.13 L4i.12 L1 2 39 17 22 2 66 32
" 6696 38.66 38.92 39 0 39 16 23 6 62 32
" 6697 L0.60 39.98 Lo 0 bo 24 16 1 69 30
" 6705 h0.28 L40.50 ko 3 37 16 21 13 50 34
" 6783 39.95 39.37 Lo 3 3r 22 15 1 67 32
" 6801 L40.87 L41.58 k1 -3 Ly 19 25 10 55 35
" 6853 Lb0.59 Lo.21 Lo -1 b1 17 24 9 52 39
" 6856 k4i.32 Lo.21 b1 0 b1 17 24 9 58 33
" 6863 33.33 34.05 3k -1 35 20- 15 12 5T 31
" 6869 36.80 36.72 37 -4 41 19 22 3 65 32
" 6872 31.70 3l.36 32 1 31 21 10 3 66 31
" 6876 36.35 36.61 37 -4 b1 19 21 2 62 36
" 6886 33.9% 33.26 34 -3 37 22 15 1 67 32
" 6890 35.23 34.05 35 -2 37 2% 13 1 65 3k
" 6893 34.59 34.38 3k -3 3T 19 18 7 58 30
" 6896 38.66 38.82 39 -3 ko 20 22 0 67 33
" 6898 Lh.30 L3.TH bk L o 25 15 1 65 34
" 6899 L40.68 L41.78 k41 L 37 23 1k 1 65 3k
" 6901 37.30 37.50 37 -1 38 18 20 0 70 30
"6902 39.17 39.92 Lo 1 39 20 19 o} 68 32
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Table 10. (continued)

. sample®* 4 Moisture®  Ave.C Dev.d ISHC (ASTM)®  Composition®
number 1 2 I PL PI sa8 il ¢
AADL-600L4 38.20 38.06 38 2 36 23 13 1 67 32
" 6905 39.98 L40.03 4O 2 38 22 16 1 67 32
" 6906 39.06 39.83 Lo 1 39 26 13 1 67 32
" 6907  Lb3.24 L2.25 43 3 Lo 22 18 3 63 3k
" 6908 43,50 43.83 . Lk 3 L1 22 19 1 68 31
" 6909 L0.59 L0.22 k4O -2 b 20 22 0 6k 36

Table 11. Moisture content for 60 in. HoO moisture tension compared with
the liquid limit of silty clay loam soils

sample?® ¢ Moisture® = Ave.© Dev.® ISHC (ASTM)®  Compositionf
. number 1 2 . IL PL PI saf sib (i
AADL-3630  35.40 35.43 35 -1 36 22. 14 2 71 26
" 3634 34.15 33.80 34 -1 35 21 14 0 76 oL

" 3635 34.79 34.50 35 0 35 21 14 0 76 24

" 3640 36.01 35.81 36 -2 38 21 17 0] 72 28

" 3733 34.82 34.83 35 -2 37 19 18 11 59 29
"o37kk 32055 32.75 33 . -3 36 15 21 16 54 30
" 3754 35.35 34.78 35 0 35 23 12 2 72 26

" 3763 32.42 31.65 32 0 32 20 12 1 69 30

" 3776 33.05 33.10 33 - -1 34 20 14 I 66 30
"o3777 29.82 29.86 30 0] 30 21 9 Ly 70 26
"o3778  32.27 32.41 32 0 32 22 10 5 72 23

" 3779 31.65 31.77 32 -5 37 18 19 2 70 28

" 3780 30.89 31.70 31 -3 3+ 21 13 2 76 22

" 3781  35.39 35.93 36 3 33 25 8 2 Th el

" 3782 34.86 35.04 35 3 32 22 10 1 69 30

" 3792  33.07 =j 33 2 31 21 10 14 61 25

" 3794  30.57 30.64 31 0 31 20 11 10 66 = 24

" 3795 31.32 31.56 31 -1 32 18 14 10 67 23

" 3809 28.06 27.75 28 -1 29 18 11 7 71 22

" 3810 30.26 30.53 30 2 28 18 10 20 58 22

JData for duplicate not available.




Table 11l. (continued)

101

Sample®* 4 Moisture®  Ave.© Dev.d IsHC (AsTM)® Composi tionf

number 1 2 : IL PL PI a8 sift el

AADL-3811 28.46 28.71 29 3 26 20 6 9 71 20
" 3814 34.58 3479 35 0 35 19 16 6 65 29
" 3816 34.93 34,85 35 1 34 19 15 7 67 26
" 3817 33.98 34.14 3k -1 35 20 15 8 65 27
" 3818  30.09 30.01 30 -1 3. 16 15 9 = 68 23
" 3826 28.57 28.94 29 1 28 18 110 26 51 23
" 3855 34.94 35.28 35 0 35 23 122 13 62
" 3844 30.76 30.73 ° 31 1 30 21 9 8 61 29
" 3849 - 36.34 36.17 36 -2 38 21 17 8 6l 28
" 3937 3k.25 34.28 34 0 34 22 12 2 T2 26
" 3938  37.79 38.68 38 -1 39 23 1 1 713 2k
" 3940 . 36.75 36.12 36 0] 36 23 13 2 72 26
" 3941 37.09 35.97 36 -1 37 21 16 1 70 28
" 3942 38.48 38.80 39 3 36 24 12 1 76 23
" 3943 38.30 38.56 38 o 38 25 13 2 72 25
" 39Lh L0.36 L1.79 bl 2 39 23 16 2 7+ 23
" 3945 35.23 36.19 36 -1 37 21 16 2 T4 2k
"o3947  36.28 36.44 36 2 3 20 1k 1 76 el
" 3957  43.43 L42.96 43 0 43 25 18 14 56 29
" 6543 LB.59 L9.06 k49 3 6 25 21 2 69 29
" 6750 26.88 2694 27 -1 28 18 8 2 78 20
" 6751 28.46 29.05 29 0 29 20 9 1 77 22
" 6755 29.89 30.03 30 -1 31 18 13 1 T1 28
" 6756 35.39 34.55 35 0 3 23 12 1 71 28
" 6759 28.29 28.52 28 1 27 19 8 2 78 20
" 6762  29.80 29.54 30 1 29 19 10 L 73 22
" 6778 29.05 29.09 29 -2 31 19 12 1 73 26
"o7784  35.12 34.48 35 -4 39 20 19 0 TL 29
" 6785 29.90 29.57 30 -1 31 17 1k 1 69 28
" 6787 30.42 30.43 30 -4 3+ 18 16 1 75 24
" 6802 33.41 33.01 33 2 31 22 9 7 68 25
" 6803 33.59 3h.u6 3k 0 3+ 21 13 19 52 29
" 6855 39.37 39.57T 39 1 38 21 17 18 58 2k
" 6862 25.51 25.35 25 0 25 13 12 39 Lo 21
" 7008 33.99 34.16 34 0" 3% 17 17 17 54 29
" 7015 30.31 30.46 30 1 29 16 13 24 51 25
" 7039 36.78 37.3% 37 2 3% 23 12 .1 7 22
" 70k2  31.70 31.54% 32 -1 33 21 12 1 17 22
" 7043 L41.01 k1 5 36 2k 12 1 T1 28

)+O .76
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Table 1l1. (continued)

Semple®® ¢ Moisture®  Ave.© Dev.d  ISHC (ASTM)® Composit%onf

number 1 2 - L. PL PI sa® i el

AADL-TOLL  35.47 35.66 36 1 35 21 1k 0 T4 26
" 7045 34,48 34,91 35 -1 36 21 15 0 Th 26
" 7046 31.26 32.09 32 -1 33 22 11 0 78 22
" T0k7  35.09 35.47 35 0 35 21 1k 0 70 30
" 7048  34.02 33.44 34 -1 35 21 14 1 75 24
" 7049  33.76 33.91 3k -3 39 19 18 1 73 26
" 7050 33.22 33.5% 33 -2 35 23 12 1 72 27
" 7051 34.92 35.14 35 -2 37 22 15 0 Th 26
" 7052 36.12 36.04 36 2 3% 20 14 0 73 27
" 7053  35.73 35.12 35 1 34 20 14 0O T4 26
" 7054 36.81 36.50 37 o) 37 22 15 0 72 28
" 7055 34.37 34.58 34 0 3+ 23 11 0 T4 24
" 7056 38.15 39.09 39 L 35 23 12 1 69 39
" 7057 33.45 34.04 3k -1 35 21 14 0 77 23
" 7058 36.79 37.65 37 0 37 23 1k 0 76 Th
" 7059 3447 34.52 34 1 33 22 11 0 78 22
" 7060 37.17 37.25 37 b 33 21 12 .0 Th 26
" 7061 34.92 35.33 35 0 35 20 15 0 78 22
" 7062  35.46 35.67 36 0 36 20 16 0 T4 26
" 7063 35.02 34.8% 35 -1 36 19 17 0 75 25
" 7064k 34,12 34.67 3k -2 36 21 15 0 T4 26
" 6560 37.18 37.72 37 2 3% 20 15 0 70 30
" 6561 37.83 37.h0 38 0 38 20 18 0 72 28
" 6562 37.37 37.72 38 3 35 19 16 o0 70 30
"o6564 45,57 LS4l L6 -2 48 271 21 0 71 29
" 6565 34.05 34.51 34 0 34 21 13 1 78 21
" 6568 37.43 37.61 38 2 36 18 18 7 64 29
" 6573 58.51 57.56 58 -1 59 k1 18 7 69 23
" 6574 37.18 L1.04 39 b 35 20 15 3 70 27
" 6578 34.85 35.97 " 35 0 35 19 16 1 75 ol
" 6582 35.83 36.71 36 0 36 19 17 0 72 28
" 6583 37.15 37.37 37 0 37 18 19 1 71 28
" 6599 L40.95 LO.05 k1 L 37 24 13 7 63 30
" 6610 35.43 35.85 36 2 34 19 15 1 73 26
" 661k 38.6L 31.98 35 -1 36 21 15 1 Th 25
" 6615 31.20 32.06 32 2 30 19 11 2 70 28
6619 29.50 28.92 29 2 27 18 9 6 67 27
" 6657 L41.48 Lo 2 ko 24 16 "0 70 30

41.62
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Table 11. (continued)

Sample®* % Moisture®  Ave.© Dev.d ISHC (ASTM)® Composlt%on
number 1 2 IL PL PI sab

AADu -6662 32.04 31.50 32 2 30 20 10 0 78
6663 37.16 36.13 37 0 37 23 14 9 64
"6667  38.71 38.T1 39 2 37 24 13 2 Th
" 66TL  32.21 32.82 32 -3 35 17 18 0 76
" 6676 34,70 34.67 35 1 38 23 11 0 71
" 6678 35.71 36.10 36 -1 37 20 17 0 72
" 6679 38.32 38.61 38 -2 Lo 19 a1 0 71
" 6681 39.30 38.45 39 0 39 19 20 0 71
" 6684 37.81 37.67 38 -1 39 19 20 1 70
" 6688 37.77T 37.17 37 -1 38 22 16 .0 76
" 6689 37.29 36.38 37 1 36 20 16 o) Th
" 6693 37.26 36.44 37 2 3 20 15 0 72

37 18 19
L 20 20

" 6694 36.85 37.13 37 0

" 6698 36.99 37.34 37 -3

" 6699 37.5T 37.05 37 1 36 17 19
"O6703  35.12 38.64 37 1 36 20 16
" 6704 38.93 38.49 39 1 38 19 19
" 6713  34.80 34.T4 35 2 33 23 10
" 6716 39.39 39.30 39 Y 39 25 14
" 6725 Lo.ko 40.56 4l 0 41 25 16
" 6740  33.75 33.58 3k 3 31 19 12

I
FOHORKOO
—~
’_-\

"o7065  32.41 32.08 32 -1 33 21 12 0 78
" 7066  34.01 34.00 3k -1 35 22 13 0] 7
" 7067 35.70 35.88 36 -1 3t 20 17 0 T4
" 7068 35.10 34.99 35 -2 37 21 16 0 72
" 7069 38.20 37.41 38 0 38 23 15 0 70
" 7070 31.50 31.57 32 0 32 17 15 22 53
" (100 39.38 38.92 39 3 36 24 12 5 63
" 7103 31.71 31.39 32 1 31 20 11 1 7
" 7105 32.92 32.62 33 -1 3% 19 15 0 75
" 7106 30.05 33.13 32 0 32 18 W 17 51
"' 7110 33.48 33.27 33 -1 3 19 15 0 73
"o711h 33.17 32.80 33 0 33 2L I2 1 73
" 7116 31.08 31.56 3L 1 30 22 8 1 78
" o7117  28.13 28.24 28 1 27 19 8 1 78
S 7118 29.95 29.82 30 2 28 19 9 1 T
"o7122  29.49 29.67 30 1 29 19 10 L 76
" 7162 37.64 37.16 37 -1 38 23 15 1 70
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Table 1ll. (continued)

sample®* ¢ Moisture®  Ave.© Dev.d ISHC (ASTM)® Cogposittonf
si el

number 1 2 . IL PL PI sa
AADL-T165 L41.58 U42.18 42 3 39 23 16 1 T . 28
" 7166 36.51 37.65 37 -1 38 22 16 0 70 30
N 7167 31.08 30.50 31 0 31. 20 11 0 78 22
" 7176 28.00 27.80. 28 -1 29 20 9 1 77 22
" 7184 34,02 34.14 34 -3 37 23 1+ 13 5T 30
" 7189 34.17 33.05 34 0 34 23 11 7 7L . 22
" 7210 30.60 30.47 31 -2 33 18 15 24 52 23

Table 12. Moisture content for 60 in. H,0 moisture tension compared with
the liquid limit of clay loam

Sample®® ¢ Moisture®  Ave.© Dev.d ISHC (ASTM)®  Compositionf

numoer ‘1 2 ' - L PL PI sa8 sih ¢l

AADL-3601  36.04 35.82 36 0 36 23 13 38 Lo 22
" 3602 32.61 32.29 32 -1 33 15 18 k5 27 25
" 360k 35.71 35.81 36 -1 37 22 15 30 L2 28
" 3606 33.33 33.36 33 -3 36 16 20 Lo 29 26
" 3607 25.37 25.82 26 -2 24 13 11 43 28 20
" 3608 24,93 -3 25 1 2k 13 11 39 3k 20
" 3609 41.35 LO.73 k1 -1 k2 23 19 29 42 29
" 3610 33.06 32.90 33 -2 35 14 21 38 33 25
" 3611 26.12 26.26 26 .2 2k 14 10 L1 34 20
" 3613 36.21 35.58° 36 -1 37 18 19 37 34 27

" 3623 29.34 28.93 29 1 28 18 10 37 39 2l

"o3626  25.62 25.06 25 0 25 12 13 38 33 19

" 3628 31.99 31.94 32 = -1 33 19 1 29 L 27

" 3644 37.55 ‘37.72 38 1 37 2L 16 20 kg - 29

" 3646 28.19 27.88 28 0 28 1k 14 L6 28 2k
1

" 3650 36.01L 35.9% 36 35 20 15 29 41 30

JData for duplicate not available.
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Table 12. (continued)

Sample®® ¢ Moisture®  Ave.C Dev.® ISHC (ASTM)® Composition®

number 1 2 IL PL PI a8 sibh i
AAD4-3651  36.73 36.30 36 1 35 22 13 28 Lo 28
" 3652 30.k6 30.52 30 0 30 17 13 &4 32 .22
" 3653 36.97 37.56 36 -l bo 20 20 39 31 26
" 3656 32.17 32.36 32 0 32 19 13 34 39 27
" 3657 2L4.67 25.07 25 -1 26 13 13 39 36 20
" 3661 30.26 30.49 30 -1 31 19 12 38 37 25
" 3664 35.17 34.96 35 -1 36 14 22 L4 29 24
" 3665 33.74 33.84 3k 0 3 22 12 35 35 27
" 3668 27.96 27.32 28 1 27 13 1 o 32 31
" 3669 34.12 33.70 3k -3 37 19 18 38 3T -25
" 3738 28.41 28.51 28 0 28 14 14 L5 33 22
" 3748 28.41 28.82 29 0 29 14 15 39 35 26
" 3759 29.59 29.27 29 0 29 14+ 15 36 36 26
" 3765 27.53 27.50 28 0 28 18 10 46 33 21
" 3767 28.94 28.91 29 -1 30 18 12 L4 32 22
" 3768 30.89 30.60 31 1 30 19 11 41 35 23
" 3773 28.30 28.25 28 -1 29 14 15 45 33 20
" 3784 30.58 30.47 31 1 30 15 15 31 Ls 24
" 3828 26.14 25.82 26 1 25 13 12 43 37 20
" 3832  33.71 33.52 34 0 3 16 18 28 Ll 28
" 3834F 26.15 25.90 26 1 25 15 10 ks 32 22
" 383 30.70 30.62 31 3 28 1+ 14 37 30 25
" 3838 29.95 29.67 30 2 28 15 13 31 37 23
" 38k2 31.92 31.26 31 0 31 17 1+ 30 LW 28
" 3507 29.28 28.87 28 Ly 32 18 14 36 37 25
" 3511 2hk.5h 23.77 2k -1 25 12 13 L3 35 20
" 3512  23.54 24.16 24 -1 23 13 10 L1 33 21
" 3561 22.71 23.61 23 -1 2k 13 11 Lo 33 21
" 3562 28,73 28.69 29 -2 31 19 12 L8 28 24
" 3568 26.32 26.57 26 -3 29 17 12 50 26 2k
" 3570 24,39 24.66 24 1 23 16 7T 25 43 28
" 3571 28.05 28.05 28 -1 29 16 13. U5 29 20
" 3578 31.80 31.66 32 1 31 16 15 38 3k 28
" 3584  31.94 33.07 32 1 31 17 W 34 L1 23
" 3586 31.30 30.82 31 -2 33 15 18 k2 31 24
" 3587 27.70 27.96 28 L 24 14 10 41 33 21
" 3589 29.34 29.b0 29 -2 3L 15 16 43 28 22
"o3592 26,82 26.30 26 1 25 13 12 L 31 23
" 3593 26.80 28.05 27 2 25 13 12 50 29 21

" 3595 33.36 32.63 33 -1 3 21 13 39 36 24
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Table 12. (continued)

Sample®* % MoistureP Ave. Dev.d ISHC (ASTM)® Compositionf

numbexr 1 2 1L PL PI sa8 i cl

AADK-3507% 31.30 32.11 32 0 32 18 14+ 36 37 25
" 3511k 24,77 24k.75 25 0 25 12 13 i3 35 20
" G720k 27.77 27.69 28 0 28 14 14 ko Lo 20
"o3561k 24.37 24.31 2k 0 2k 13 11 s 33 21
"o3562k 29,18 29.07 29 -2 31 19 12 48 28 ok
“ 3568k 28.33 28.21 28 -1 29 17 12 50 26 ol
" 3570k 24,72 24.61 25 2 23. 16 T 25 43 o8
"o3571k 27.58 27.49 28 -1 29 16 13 L5 29 20
" 3578K 30.84 30.73 31 0 31 16 15 38 34 28
" 3584k .30.69 30.76 31 0 31 17 14+ 34 41 23
" 3586K 30,75 30.43 31 -2 33 15 18 k2 31 2k
" 3587k 26,16 25.73 26 2 2+ 1 10 k1 33 21
" 3589k 29,55 29.36 29 -2 31 15 16 U3 28 22
" 3592K 25,16 25.26 25 0 25 13 12 K 31 23
" 3593k 25,65 25,73 26 1 25 13 12 5 29 21
" 3595k 35.21 34.88 35 1 3 21 13 39 36 24
" 3596 31.53 31.8% 32 -1 33 17 16 38 33 27
" 3598 28.41 28.59 29 0 29 16 13 U6 28 23
" 3599 25.00 25.29 25 1 2k 13 11 ko 32 19
" 3600 24.96 25.39 25 0 25 12 13 k1 33 21
" 38k6 29.77 28.89 29 -1 30 15 15 b 30 2k
" 3858 36.66 36.20 36 -1 37 21 16 22 kg 29
" 3859 34,07 34.2 34 -3 37 17T 20 27 43 29
" 3864 32.66 31.83 32 -1 33 17 16 37 36 24
" 3895 32.71 31.70 32 -8 Lo 18 22 27 37 36
" 3898 32.92 32.67 33 1 32 21 11 34 39 27
" 3911 38.44 39.07 39 -2 b1 24 17 32 38 29
" 3014 23.80 24.21 24 0 2k 12 12 L4 30 20
" 3919 34.03 33.82 3k -3 3y 2 17 36 371 27
" 3949 33.30 33.85 34 0 3B 21 13 k2 37 21
" 3953  28.70 29.44k 29 1 28 18 10 43 34 23
" 3956  3hk.42 34,7k 35 -2 37 1+ 23 43 31 24
" 3959 35.60 34.99 35 -2 37 21 16 33 L1 25
" 6587 32.92 34.91 33 -1 3 14 20 43 27 29
"OB588 29,17 29.27 29 0 29 13 16 37 36 27
" 6592  38.33 38.27 38 -2 bo 16 24 28 Lo 29
"OBo00 27.06 27.07 27 -1 28 1% 14 L6 27 26
voG6ok 34,06 34.57  3b -1 35 1+ 21 33 35 27 -
6606 31.24 31.15 31 -1 32 16 16 25 46 26
" 6670 26,78 26.15 27 0 27 12 15 kW2 34 22

KRrerun of samples above at a later date.
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Table 13. Moisture content for 70 in. Hp0 moisture tension compared with
the liquid limit of loam

sample®® ¢ Moisture®  Ave.® Dev.® ISHC (ASTM)® Compositionf

number 1 2 IL PL PI sa8 il ¢

AADL-6866 23.26 22.97 23 0 23 16 T 34 46 20
"6966 29.48 29.61 30 0 30 19 11 Lo Lo 18
" 7012 23.27 23.50 23 -1 2h 13 11 U6 37 17
" 7206 26.56 26.36. 26 1 25 17 8 37 48 1k
" 7218 24,98 25.11 25 0 25 15 10 43 38 19
" 3567 23.59 23.33 23 0 23 15 8 38 bl 19
" 3573 24.51 23.82 24 0 ok 12 12 k2 36 19
" 3576 24.33 24.39 24 2 22 1k 8 40 37 17
" 3577 19.65 20.17 20 2 18 15 3 46 38 11
" 36l  24.31 24.09 2k 1 23 13 10 39 37 19
" 3621 2449 25.01 25 3 22 13 9 k2 35 15
3629 26.14 26,14 26 1 25 14 - 11 L4 35 18
"366T7 27.19 27.09 27 1 26 12 W W L3 13
" 3769 26.26 25.56 26 0 26 18 8 47 3% 19
" 3788 21.73 22.32 22 1 21 16 5 k1 L6 13
" 3801 23.65 23.38 23 1 22 15 7 Lh 38 18
" 3807 26.48 26.55 27 -1 28 1 14 32 kg 19
" 3808 22.90 23.78 23 1 22 1k 8 L7 39 1k
" 3825  29.97 29.79 30 0 30 20 10 39 43 17
" 3830 24.52 25.33 25 0 25 12 13 43 37 20
" 3833 25.20 25.04 25 0] 25 1k 11 L3 39 18
" 3863 29.00 28.37 29 1 28 18 10 36 L 19
" 3954 - 27.3% 27 -1 28 15 13 38 38 19
" 6570 27.08 27.28 27 1 26 18 8 2 78 20
"o6666 24,75 2h.55 25 -1 2k 14 12 41 37 19
" 6715 2k.75 24.86 25 -1 26 13 13 45 37 17
" 6719 2h.62 24k.52 25 -1 26 15 11 35 49 16
" 6723 2h.02 2k.01L 24 0 2k 15 9 36 49 15
" 6729 25.71 25.57 26 0 26 15 11 371 k17
" 6736 24.05 24.02 24 0 2k 14k 10 L4 39 17
Tn 6966 30.31 30.05 30 0 30 19 11 ko 4o 18
" 3230 22.90 22.97 23 -1 2l 16 8 43 38 19

Jpata for duplicate not available.
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Table lk., Moisture content for 70 in. H20 moisture tension compared with
the liquid limit of silty losnm

Sample®® 4 Moisture®  Ave.© Dev.d IsHC (ASTM)®  Compositionf

number 1 2 IL PL PI sa8 gih ol

AADL-3603 25.60 25.28 26 1 25 19 6 26 58 16
" 3753 25.45 25.46 25 -1 26 19 7 21 65 1k
" 3785 24.55 24.63 24 0 ok 19 5 30 53 17
" 3802 28.60 28.74 28 3 25 20 5 19 62 19
" 3804k 26.88 26.95 27 1 26 19 7 5 78 17
" 3603k 25.50 25.32 25 0 25 19 6 26 58 16
" 3753k 25,31 25.90 26 0 26 19 7 21 65 1k
" 3785K 24,81 2L.94k 25 1 o2k 19 5 30 53 17
" 3802k 26.95 27.30 27 2 25 20 5 19 62 19
" 3804k 27.53 27.78 28 2 %6 19 7 5 718 17
" 3815 2477 25.09 25 0 25 .17 8 33 51 16
" 3819 25.74 25.91 26 1 25 16 9 19 63 17
" 3854 29.65 29.65 30 1 29 25 L 15 72 13
" 3916 25.02 24.84 25 -2 27 15 12 31 53 16
" 6590 26.20 26.38 26 0 26 18 8 7 Th 19
"OB8TT  22.70 . 22.56 23 2 21 17 L 32 55 13
" 6891 28.25 28.12 28 1 27 18 9 9 TL 19
" 8235 25.92 25.97 26 0 26 21 5 8 7 15
" 8241 28.03 28.13 28 -1 29 21 8 9 T5 16
" 8292 29,18 29.04 29 0 29 20 9 1 79 20
"6669 28.51 27.78 28 1 21 19 8 0 81 19
" 6709 24.78 240 25 -1 26 16 1 26 58 16
"o6712  25.99 25.89 26 0 26 17 9 12 68 20
" 6733 2h.07 24.19 2k 1 23 17 6 24 60 16
" 6741, 28.07 28.00 28 -2 30 18 12 10 7L 19
v o6877K 21.01 21.27 2 0 21 17 L 32 55 13
" 6891K 26.89 26.78 - 27 0 27 18 9 9 TL 19
" 8035k oln,21 2429 24 -2 % 212 5 8 11 15
"ok 27,62 27.29 28 -1 29 22 8 9 75 16
" 8zgok 28,24 28.61 29 0 29 20 9 1 19 20
" 8293 27.04 28,40 28 0 28 20 8 1 79 20
" 8299 26.03 26.42 26 -1 27 18 9 10 T2 18

KRerun of samples sbove at a later date.
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Teble 15. Moisture content for 70 in. H,0 moisture tension compared with
the liquid limit of sandy loam

semple®® 4 Moisture®  Ave.®© Dev.d ISHC (ASTM)®  Compositionf
number 1 2 LL PL PI a8 i c

AADL-3590 32.17 32.45 32 -2 3 21 13 L7 29 19
"o362h  22.19 22.26 22 1 21 13 8 53 29 12
" 3627 25.58 25.98 26 0 26 17 9 52 29 16
"o3645 26.13 25.77 26 -1 27 15 12 51 26 16
" 3654 18.56 18.67 19 1 18 14 L 54 33 8
" 3770 19.47 19.62 20 1 19 13 6 66 17 10
" 3787 18.42 18.73 19 1 18 12 6 69 19 12
" 3790 19.01 18.90 19 2 17 13 L 62 o7 11
" 3791 18.27 18.32 18 2 16 12 L 61 30 9
" 3797 .15.59 15.44 16 1 15 13 2 Th 18 8
" 3798 17.53 17.17 17 -1 18 13 5 67 ok 9
" 3799 22.58 22.46 23 0 23 13 10 55 29 16
" 3800 17.09 16.95 17 1 16 14 2 50 41 9
" 3805 17.88 17.97 18 0 18 13 5 170 20 - 10
" 3806 1k.56 14.88 15 1 13 1 69 22 9

N " 3812 19.85. 19.80 20 2 18 13 5 58 29 - 13
" 3813 16.98 17.14 17 1 16 14 2 178 14 8
" 3835 21.87 22.10 22 2 20 1k 6 54 35 11
" 3509 2447 24,53 24 0 24 14 10 50 30 18
" 3564 18.47 18.39 18 1 17 16 1 170 18 12
" 3566 18.91 19.03 19 2 17 15 2 58 33 8
" 3580 25.23 24.82 25 0 25 15 10 52 30 18
" 358 24.23 23.83 24 1 23 17 6 59 . 27 14
" 359 31.65 31.9% 32 -2 34 21 13 47 29 19
"o362lK 21,16 21.29 21 0 21L. 13 8 53 29 12

KRerun of samples above at & later date.
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Table 16. Moisture content for 70 in. Hy0 moisture tension compared with

the liquid limit of silt

sample®® % Moisture®  Ave.© Dev.d ISHC (ASTM)® Compoaitgonf
number 1 2 " LL PL PI sal
AADu 6730 37.51 37.60 38 0 38 24 1 T 88 5
6960 30.39 30.07 30 1 29 2k 5 1 85 14
" 7040 30.92 31.01 31 0 31 23 8 1 83 - 16
" 7041 31.25 31.50 31 1 29 23 6 1 81 18
"o7121 - 29.40 29.55 29 o] 29 20 9 0 80 20
. 673ok 39.12 39.7L 39 1 38 24 14 7 88 5
" 6960K 28.77 28.67 29 ) 29 24 5 1 85 14
" 7ouok 32.32 31.81 32 1 31 23 8 1 83 16
" 7ohik 30.84 31.14 31 2 29 23 6 1 81 18
" 7121% 31.28 30.69 31 2 29 20 9 0 80 20
w7163 29,03 29.02 29 - -1 30 20 10 ©0 8 18

kRerun of group above at a later date.

1Run with group above, separated for convenience.
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Table 17.
the liquid limit of gravelly sandy loam

semple®® ¢ Moisture ° Ave.C Dev.d ISHC (ASTM)® Compositionf

number 1 2 LLL PL PI sa sib ci

AADL-3556 23.54 23.52 24 2 22 16 6 L4 29 15
"O3771 25.99 26.41 26 0 26 17 9 48 23 14
" 7083 18.17 18.11 18 0 18 13 5 68 9 9
" 7086 28.03 27.88 28 0 28 14 14 56 13 13
" 7209 35.95 35.96 36 2 3+ 21 13 ke 27 15
" 8237 23.27 23.52 23 -2 25 13 12 55 18 13
" 8261 17.80 17.78 18 2 16 15 1 52 14 3
" 3771k 26.18 25.70 26 0 26 17 9 L8 23 14
" 7083k 18.96 18.99 19 1 18 13 5 68 9 9
" 7086k 27.16 27.44k 27 -1 28 14 14 56 13 13
" 7209K  35.79 35.35 36 2 3B 21 13 k2 27 15
" 8237§ 23,12 23.26 23 -2 25 13 12 55 18 13
" 8261 17.30 17.57 17 1 16 15 1 52 14 3

KRerun of group above at a later date.



Table 18%,

Moisture content for 60 in. H,0 moisture tension compared with the liquid limit of
soils from various groups run together

Sample Group % Moisture Ave. Dev. ISHC (ASTM) Composition
nunber 1 2 IL. PL PI sa si c
AADu-93oo gr. sal 28.01 28.61 28 1 27 18 9 64 6 3
9302 sa. 1.° 28.04  28.60 8 -0 28 16 12 sk 25 16
" 9303 " 20.35 20.62 20 2 18 17 1 L 22 7
¥ 9304 " 25.40 26,03 26 3 23 16 T 69 17 13
" 9308 - gr. sa. 1.° 26.70 27.04 27 b 23 15 8 6k 14 10
" 9311 s. co 1.9 63.80 65.80 65 -2 671 41 26 3 69 28
" 9312 - u 43.70 L4h.06 bk -2 6 26 20 2 69 29
" 9316 s. c.® k7.22 L46.51 L7 -2 k9 21 28 0 68 32
" 9317 " 42,17 L43.k9 L3 o 43 19 24 0 63 37
" 9319 " 43.12 39.53 41 0 b1 21 20 5 5 36

#See Table 9 for explanation of column headings.

aGranrelly sand.
bSandy 1oanio
CGravelly sandy loam.
dSilty clay loam.

®s5il1ty clay.

AR}
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Table 19. Comparison of liquid limit values rerun by ASTM standard,

compared with values taken from records previously run by
ASTM standard

Sample LL by ASTM 1L by ASTM Deviation®

number run during project from records
504-6 54 56 -2
507 -4 L L5 . -1
508-3 Sk 58 -l
505-4 32 33 -1
500-2 52 | : 54 -2
509 -k 37 35 2
L13-2 53 53 0
511-4 L6 L6 o}
L16-2 Ly L 0
AADL-3897 32 ‘ 31 1
" 6581 b7 L6 1
" 6793 35 31 4
v 721k 56 56 0
" 7009 3k 3k 0
" 7010 Lo 39 1
" 7011 o 39 2
" 7190 38 36 2
" 7192 43 b1 2
" 7197 3 6 3
"eTTT L 1 3
" 6779 69 66 3
" 6782 58 56 2
" 6794 33 30 3
" 6796 38 33 P
" 3913 Lo L5 i
" 6545 56 52 N
" 6579 41 36 5
" 6602 51 L9 2
" 6611 L1 36 5
" 6653 L1 L2 -1
" 6658 . 30 29 1
" 6659 43 k3 0
" 6683 o by : 39 5
" 6783 4o : } 37 3
" 373k 46 46 0
" 3796 31 31 0
" 664k 52 53 -1

8values run during project minus record values.
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Table 20. Comparison of liquid limit values of two separate moisture
tension runs of gb clays at 4O in. H;0

Sample LL by moisture® LL by moisture Deviation®

number tension, 12-23-64 tension, 1-23-65

AADL-8266 52 52 0
" 8281 37 37 0]
" 8285 36 37 -1
" 8294 35 35 0
" 8315 L2 41 1
" 8320 35 37 -2
" 8337 Ly Ly 0
" 8342 37 38 -1
" 8347 41 41 0
" 8ho2 39 39 0
" 8416 48 50 -2
" 8423 37 37 0
" 8428 36 37 -1
" 8438 37 37 0
" 8hh3 33 3k -1
" 8kl b1 Lo -1
" 8hh7 62 63 -1
" 8458 51 52 -1
" 8461 50 50 0
" 8463 L1 Lo -1
" 8465 ko b2 -2
" 8hT2 L6 b7 -1
" 8478 Lo W7 =3
" 8489 - 50 50 0
" 8hol 5T 56 L
" 8492 55 35 0
" 8493 62 62 0
" 9017 35 36 -1
" 9018 56 5T =3
" 9019 L8 50 -2
" 5036 33 3k -1
" ookl 36 38 -2
" 9055 37 36 1

8yalues also used in Table 9.

byalues from 12-23-64 minus values from 1-23-65.



Table 20. (continued)

Sample LL by moisture® LL by moisture Deviation®

number tension, 12-23-64 tension, 1-23-65

AADL-906L4 43 45 -2
" 9065 41 42 -1
" 9067 58 59 -1
¥ 9068 38 39 -1
" 9069 50 50 0
" 9076 61 62 -1
" 908l 58 59 1
" 9091 L2 41 -1
“ 909k 39 39 0]
" 9095 86 85 1
" 9097 82 83 -1
" glol L1 Lo 1
" 9102 28 28 0
" 9105 35 36 -1
" 9116 51 50 1
" 9120 69 69 0
" 9125 52 52 -0
"og1h2 66 68 -2
" 9143 T1 75 =k
" o1kl 73 75 -2
" QlLL5 75 75 0
" 9190 46 L8 -2
" 9196 50 52 -2
" 9199 L2 43 -1
" 9203 52 53 -1
" 9215 43 L6 -3
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Table 21. Moisture content for 162 psi moisture tension compared with
the plestic limit of clay soils

Sample®® % MoistureP Ave.© Dev.d ISHC (ASTM)® Composition®

number 1 2 " IL PL PI sa8 il ci
AADL-3493  18.59 18.96 19 0] W 19 25 18 L3 37
" 3496 18.61 18.49 19 1 ks 18 27 23 35 L1
" 3505 22.05 22.01L 22 0 53 22 31 9 k50
" 3513  17.23 17.61L 17 -2 41 19 22 18 Lo 36
" 3515 18.90 18.k2 19 0 k1 19 28 26 31 ke
" 3516 17.61 17.36 17 0 b 17 25 22 36 Lo
" 3518 16,73 16.76 1T 2 Ly 15 29 36 28 35
" 3525 24,17 2k.u7 24 5 59 19 Lo 2 ko 56
" 3507 18.42 17.84 18 1 ks 17 28 25 31 4o
" 3508 16.84 16.80 17 2 W 15 29 30 31 37
" 3541 15.66 15.67 16 -6 38 22 16 15 48 37
"o3632 19.96 20.19 20 3 50 17T 33 20 39 39
" 3633 17.03 16.56 17 2 L1 15 26 26 L2 31
" 3637 18.74 18.15 18 0 Lo 18 24 18 48 33
" 3638 18.60 18.65 19 1 ks 18 27 28 34 37
" 3658 24,22 22.97 23 0 k7 23 24 14 43 43
" 3659 25.00 21.29 23 3 b9 20 29 15 43 96
" 3662 23.04 22.90 23 -3 ki1 26 21 21 39 39
" 3663 21.11 21.19 21 1 b9 20 29 21 38 Lo
" 3670 19.21 16.97 18 -2 -39 20 19 29 38 33
" 3674 17.98 17.75 18 3 46 15 31 26 3L 39
"3678  22.79 22.33 23 7 56 16 k4o 13 Ty) L7
" 3679 19.29 19.62 20 3 50 17T 34 25 32 43
" 3680 21.75 21.60 22 5 56 1T 39 9 L1 50
v 3684 28.62 28.49 29 6 67 23 L4 3 27 70
" 3730 19.25 21.57T 20 3 Y7 17 30 11 W7 Lo
" .3731  21.47 23.54 22 2 51 20 31 2 50 48
" 3736 15.83 15.49 16 1 38 15 23 33 31 35
" 3737 18.28 18.16 18 1 ks 17 28 12 Lk 43
" 3740 17.19 16.71 17 2 b2 15 27 33 28 39
"o37h5 15,73 15.94 16 -l 38 20 18 16 5 3k
" 3747 15.63 15.57 16 1 36 15 21 25 38 34
" 3827  15.44 k.04 15 -3 34 18 16 24 L3 33
"* 3831 16.05 15.71 16 0 36 16 20 21 43 36
" 3840 12.84 12.76 13 -2 32 15 1T 27 39 30
" 3843 16,83 16.65 17 0 38 17 21 34 29 34
" 3848 1443 1L.68 15 -k 38 19 19 15 L7 33
" 3853 29.19 28.57 29 2 7 27 51 0 . 24 76
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Table 21. (continued)

Sample®* ¢ Moisture®?  Ave.C Dev.d ISHC (ASTM)® Composit%onf ,
si ct

number 1 2 1L PL PI sab

AADL-3861 19.53 20.04 20 0 4 20 26 25 37 37
" 3870 20.86 20.57 21 1 48 20 28 21 36 43
" 3874 21.34 21.25 21 3 51 18 33 1k 39 L7
" 3875 18.61 18.25 . 18 2 by 16 28 27 36 37
" 3879 20.98 19.75 20 3 W6 17 29 15 k2 43
" 3880 19.32 19.94 20 3 48 17 31 22 37 41
" 3884 19.30 18.99 19 1 43 18 25 17 42 41
" 3885 19.38 19.66 20 1 b1 19 28 23 34 43
" 3801 14.98 15.14 15 1 35 1 21 30 38 32
" 3892 19.16 19.00 19 3 43 16 27 13 b 43
" 3806 18.60 18.60 19 1 Lo 18 22 27 37 36
" 3912 21.70 22.17 22 0 e 22 24 25 39 36
" 3915 21.32 20.63 21 2 y1 19 28 11 Ly 46
" 3950 27.41 26.09 27 0 57 27 30 21 36 42
" 3951 19.39 20.02 20 1 6 19 27 2L L1 36
" 6518 22.01 21.63 22 1 57 21 36 12 38 50
" 6520 27.95 26.84 27 3 67 ok L3 2 L7 51
"og5oh 22,66 22.20 22 -6 52 28 24 12 50 38
" 6506 16.12 15.83 16 1 37 15 22 30 7 4o
" 6531 19.66 19.9T 20 L by 16 31 10 418 k2
" 6532 18.69 18.24 18 b 48 14 34 19 39 41
" 6534 22,43 20.76 21 =l 41 25 16 24 L 32
" 6536 15.80 15.54 16 1 37 15 22 29 32 35
" 6537 20.48 20.26 20 -2 b1 22 19 22 Lo 38
" 6539 15.70 15.86 16 3 39 13 26 31 30 38
"G50 22.32 20.56 21 0 Ly 21 23 21 4o 39
" 6541 18.16 18.05 18 2 ks 16 29 28 27 42
" 6546  17.86 17.59 18 2 48 16 32 27 30 42
"o6547  16.96 19.79 17 2 b1 15 26 30 32 37 .
" 6581 18.07 17.66 18 L 46 1% 32 19 37 43
" 6589 16.20 16.21 16 2 39 1+ 25 28 39 33
" 6758  15.71 15.82 16 0 28 16 12 16 45 39
" 6766 21.51 21.25 21 3 48 18 30 13 25 58
6792  21.29 2L.47 21 -1 k2 22 20 1 39 60
" 6795 14.58 14,40 1k -k 33 18 15 26 L3 30
" 6798  15.65 15.67 16 2 33 1+ 19 31 iTe) 24
" 6800 18.23 18.22 18 2 39 16 23 3% 29 36

" 680k 15.51 15.71 16 .2 35 14 21 k2 2k 32
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Table 22. Moisture content for 7O psi moisture tension compared with
the plastic limit of silty clay soils

R Sampled® % Moisture® Ave.© Dev.d ISHC (ASTM)®  Composition®
number 1 2 I, PL PI sa8 sib ot ‘
AADL-3917 20.56 20.72 21 3 39 18 19 L 58 38 \
" 3939 18.79 18.78 19 -6 b2 25 17T 1 69 30 -
" 3964k 21.66 21.25 21 -1 41 22 19 2 64 3k |
" 3952  22.06 21.95 22 1 Wy 21 23 12 - 57 31 1
" 6519 30.18 29.83 30 3 53 27 26 3 51 46
" 6527  25.21 24.53 25 -1 b9 26 23 2 59 39 |
" 6528 23.85 23.81 24 5 ks 19 26 3 59 38
" 6529 22.35 22.34 22 6 L1 16 25 7 54 39 ‘
" 6548 2448 23.41 24 0 ks 24 21 2 60 38 .
" 6551 224k 22.76 23 -6 W 29 17 13 53 34 ‘
" 6552 26.51 26.43 26 2 W o4 22 7T 51 42
" 6555 24,20 2L.94 25 0 k9 25 24 11 53 36
" 6559 21.94 22.02 22 0 41 22 19 1 6k 35
" 6569 12,93 12.64 13 -7 31 20 1 8 73 19
" 6580 20.12 20.06 20 6 36 14 22 16 52 31
" 6584 22.71 23.02 23 7 L1 16 25 6 58 36
v 6585 18.71 18.75 19 -6 b 25 15 1 67 32
: "o 6586 19.49 19.66 20 -1 38 21 17 1 67 32
. " 6605 17.34+ 17.39 17 1 33 16 17 24 46 28
" 6609 18.12 18.18 18 -1 Lo 19 21 1 68 31
- " 6613 20.00 19.86 20 0 38 20 18 1 68 3l
" 6616 18.7Tk 18.53 19 -6 bo 25 15 1L 65 3h
" 6617 17.40 17.13 17 -1k L1 31 10 1 67 32
" 6620 16.89 17.34 17 -4 39 21 18 2 68 30
" 6650 17.99 18.17 18 -6 39 24 15 1 58 4
" 6651 19.13 19.76 19 -6 Lo 25 15 1 67 32
" 6652 19.07 19.03 19 -3 39 22 17 1 66 33
" 6653 20.62 20.63 21 0 kg 21 20 © 68 32
" 6654 20.40 18.46 19 -5 k2 24 18 o© 68 32
" 6655 17.80 17.77 18 -6 o 24 16 0 66 3k ‘
" 6656 17.38 17.35 17 -7 L1 24k 17 1 69 30 |
"o6660 16,09 16.21 16 -6 38 22 12 1 67T 32
" 6661 21.38 21.3Fk 21 0 kg 21 21 0 67 33
" 6668 20.18 19.09 20 -1 b1 21 20 1 69 30
"oG6T2  1T.L7 1T.47 AT -4 39 21 18 1 69 30
" 6673 19.89 19.72 20 1 k2 19 23 O 66 3k
" 66TT  21.27 20.22 21 1 39 2 19 o 68 = 32
" 6680 19.30 19.22 19 0 39 19 20 0 70 30
un 6682 23.89 24.28 2k 7 k7 17 30 b 61 34
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20 .62

Table 22, (continued)

Sample®* % Moisture®  Ave.® Dev.d = ISHC (ASTM)® Compositionf

number 1 2 ILL PL PI sa8 sih i

AADL-6685 21.33 21.52 21 L Lo 17 23 8 58 3k
" 6687 20.69 23.05 22 -2 Lo 24 16 1 67 32
" 6690 21.32 22.32 22 L 39 18 21 4 64 32
Y6692  19.27 19.66 19 -5 Lo 24 16 0 64 36
" 6695 20.07 23.05 22 5 39 17 22 2 66 32
" 6696 20.25 20.16 20 I 39 16 23 6 62 32
" 6697 1794 17.28 18 -6 bo o4 16 1 69 30
" 6853 22,69 22.44 23 6 L1 17 24 9 52 39
" 6856 20.76 21.08 21 L b1 17 2k 9 58 33
" 6863 19.59 19.46 20 0 3 20 15 12 57 31
" 6872 12,02 14.08 13 -8 3L 2L 10 3 66 31
" 6890 20.45 18.27 19 -5 37 24 13 1 65 34
" 6901 19.42 18.70 18 0 3 18 20 0 70 30
" 6902 18.50 19.38 19 -1 39 20 19 o0 68 32
" 690k  17.57 19.44k 19 =l 36 23 13 1 67 32
" 6905 18.52 18.28 18 -l 38 22 16 1 67 32
" 6906 23.33 27.85 23 -3 39 26 13 1 67 32
" 6909 19.43 19.18 19 -1 k2 20 22 0 6l 36
" 6911 19.19 19.37 19 1 38 18 20 0 68 32
" 6913 16.61 16.94 17 -5 bo 22 18 1 64 35
" 6916 17.71 17.75 18 -9 k1 27 1b 1 67 22
" 6917 20.68 22.54 21 1 Lo 20 20 0 68 32
" 6922 18.32 17.97 18 -6 bo 24 16 1 53 33
" 6923 1l.13 1l.02 11 -9 28 20 8 o0 56 Lk
" 6924k  20.39 20.0T 20 0 43 20 23 1 66 33
" 6925 18.44 18.55 18 -5 b2 23 19 1 65 34
" 6926 17.28 17.81 17 -5 36 23 15 1 64 35
" 6930 17.91 17.hk 18 -5 39 23 16 .1 67 32
" 6937 20.81 21.10 21 2 Ly 19 25 2 64 3k
" e9k2  19.70 20.0T 20 3 k2 17 25 1 65 34
" 6967 2h.ou 23.68 2k 5 Y 19 25 6 57 37
" 7038 18.10 17.86 18 -5 39 23 16 1 66 33
" 7072 15.39 15.12 15 -7 37 22 15 3 66 31
" 7073 18.42 17.79 18 -1 38 19 19 3 63 34
" 70Tk 26,13 25.87 26 L 52 22 30 0 . 60 Lo
" 7075 23.24 22.Th 23 L 43 19 24 2 65 33
" T0TT 20.69 20.90 21 -1 ke 22 20 3 57 Lo
" 7078 24.88 24,98 25 6 b9 18 31 1 €60 39
" 7084 20.L0 21 -1 k2 22 20 1 63 36
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Table 23. Moisture content for 35 psi moisture tension compared with
the plastic limit of silty clay loam

Semple®* ¢ Moisture®  Ave.® Dev.d IsHC (aSTM)® Compositiont
si ct

number 1 2 LL PL PI  sab

26 20 6
35 19 16

71 20
65 29
67 26

65 27

AAD4-3811 20.01 19.89 20
" 3814 19.05 18.94 19

0

o

" 3816 19.24 19.22 19 0 34 19 15

" 3817 20.53 20.55 21 1 35 20 15
2

9

6

7

- 8
" 3818 17.73 17.93 18 31 16 15 9 68 23
" 3826 16.37 16.24 16 -2 28 18 10 26 51 23
" 3844 17.90 17.69 18 -3 30 21 9 8 61 29
" 3849 21.60 21.b2 22 1 38 21 17 8 6L 28
" 3855 16.96 16.60 17 -6 35 23 12 13 62 24
" 3937 18.75 18.65 19 -3 3 22 12 2 T2 26
" 3938 20.18 20.45 20 -3 39 23 16 1 73 24
" 3940 23.55 23.73 24 1 36 23 13 2 72 26
" 3941 23.76 23.52 2L 3 37 21 16 1 70 28
" 3942 20.12 20.18 21 -3 36 24 12 1 76 23
" 3943 22.97 22.62 23 -2 38 25 13 2 T2 25
" o394k  21.09 20.87 21 -2 39 23 16 2 T4 23
" 3945 22.55 22.48 22 1 37 21 16 2 Th 24
" 3947 19.96 19.88 20 0 34 20 14 1 76 24
" 3957 23.28 23.06 23 -2 43 25 18 1k 56 29
" 6543 31.56 30.63 30 5 k6 25 21 2 69 29
" 6560 24k.50 24,48 24 i 35 20 15 0 70 30
" 6561 24.82 25.19 25 5 38 20 18 0 72 28
"o6562 24,05 23.63 24 5 35 19 16 0 70 30
" 6564k  29.65 28.19 29 2 W8 21 21 0 71 29
" 6565 19.26 19.47 19 -2 3+ 21 13 1 78 21
" 6568 23.75 23.60 24 6 36 18 18 7 o 29
" 6573 35.18 37.49 36 -5 59 4 18 7 69 23
" 65Tk 23.77 23.70 24 L 3 20 15 3 70 27
" 6578 20.25 20.18 20 1 35 19 16 1 75 ok
" 6582 23.08 24.07 23 L 36 19 17 0 72 28
" 6583 24.85 24.73 25 7 37 18 19 1 71 28
" 6599 20.86 21.31 21 -3 37 24 13 7 63 30
" 6610 20.16 21.44 21 2 34 19 15 1 73 26
" 6614 23.83 23.72 24 3 36 21 15 1 Th 25
" 6615 20.70 20.78 21 . 2 30 19 11 2 70 28
" 6619 17.51 17.65 18 0 27 18 9 6 67 27
" 6657 22.01 20.93 21 -3 Lo 24 16 0 70 30
-3 30 20 10 0 78 22

" 6662 1T7.35 1T.32 17
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Table 23. (continued)
Sample®* % MoistureP Ave.© Dev.d 1s5HC (ASTM)® Cog:omti;lon
number 1 2 IL PL PI sa
AADh 6663 20.53 22.91 22 -1 37 23 1k 9 64 o7
6667 19.65 19.89 20 -4 37 24 13 2 Th 24
" 6671 20.40 20.22 20 3 35 17 18 o 76 ol
" 6676 23.05 2L.68 22 -1 34 23 1l 0 T1 29
" 6678 24.32 24.82 24 b 37 20 17 0 T2 28
" 6679 25.50 25.19 25 6 b 19 21 0 71 29
" 6681 21.67 23.13 22 3 39 19 20 0 T1 29
" 6684 25.09 25.0T 25 6 39 19 20 1 70 29
" 6688 22.7h 21.92 22 0 38 22 16 0 76 2
" 6689 21.86 21.hk9 22 2 366 20 16 O Th 26
" 6693 22.74 22.96 23 3 35 20 15 0 T2 28
" 6694 24,98 24.56 25 7 37 18 19 o 173 27
" 6698 21.12 20.91 21 1 b 20 20 11 73 26
" 6699 23.56 23.76 2k 7 36 17 19 6 6k 30
" 6703 23.56 2h.72 24 L 36 20 16 1 73 26
o604k 25.40 25.04 25 6 - 38 19 19 1 71 28
" 6713 20.52 20.93 21 -2 33 23 10 16 62 21
" 6716 19.97 17.71 18 =7 39 25 1+ 1 65 ol
" 6725 24.33 24L.9L 25 0 L1 25 16 2 69 29
" O6ThO0  19.60 19.91 20 1 31 19 12 L 68 28
" 6Th9  21.56 20.53 21 2 3+ 19 15 0 Th 26
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Table 24. Moisture content for 70 psi moisture tension compared with
the plastic limit of clay loam

Sample®* ¢ Moisture®  Ave.© Dev.d 1SHC (ASTM)® Composit;ionf ,
si

nunber 1 2 ILL PL PI sa® c?t

AAD4-8245  1Lk.4k3 14.32 1k -8 33 22 11 26 L9 25
" 9140 17.25 16.90 17 -5 37 22 15 22 50 28
" 8247 19.53 19.22 19 3 35 16 19 36 39 25
" 8248 16.99 16.65 1T L 32 13 19 44 30 24
" 8249  16.78 16.86 17 -4 37 21 16 38 37 23
" 8250 19.05 19.14 19 2 35 17 18 32 39 26
" 8252 13.62 13.78 1k -3 31 17 14+ 35 Lo 20
" 8253 15.51 15.67 16 1 32 15 17 28 L2 25
" 8254 18.63 18.51 19 1 37 18 19 28 Ly 27
" 8256 14.26 13.91 14 -k 31 18 13 W 37 21
" 8258 -18.52 18.04 18 -1 39 22 17T 35 L1 2k
" 8280 15.11 15.20 15 -7 37 22 15 28 48 23
" 8300 17.84 18.04 18 3 32 15 17 31 39 30
" 8308 17.74 17.43 18 4 34 14 20 39 31 28
" 9186 18.77 18.30 19 -2 3 21 13 3k 4o 24
" 8316 17.73 17.89 18 L 35 14 21 K 32 26
" 8321  16.50 16.17 16 2 32 1 18 35 37 27
" 8329 12.14 12,31 12 0 23 12 11 37 36 22
" 8332 16.85 16.58 17 2 30 15 15 30 L1 25
" 8338 17.61 17.36 1T 2 32 15 17 33 39 26 - |
" 8349 13.87 13.27 14 -4 30 18 12 38 35 23
" 8362 17.83 17.88 18 3 30 15 15 26 46 27
" 8363 16.98 17.14 17 2 31 15 16 34 3k 28
" 8391 14.29 1k.29 1k 0 28 14 14 35 36 24
" 8392 15.92 15.94 16 2 30 1+ 16 32 Lo o7
" 8394 16.37 16.30 16 -1 36 17 19 35 35 27
" 8435 17.70 17.30 17 1 33 16 17T 36 32 29
" 84hk6  13.20 13.38 13 1 26 12 14 b7 31 20
" 9020 20.69 20.56 21 -5 Ly 26 18 36 34 27
" 9026 13.93 1lh.u2 1k 0 28 14 14 38 33 23
" 9027 14.53 1bk.2h 14 -1 28 15 13 k41 30 22
" 9028 19.35 19.87 20 -2 36 22 12 L4 28 25
" 9034 18.09 17.79 18 -3 36 21 15 37 3k 27
" 9035 16.27 16.73 17 -3 35 20 15 37 34 27
" 9037 1k.39 1.7 14 0 27 14+ 13 38 37 22
" 9038 26.53 27.26 27 -1 37 28 9 38 35 25
" ogoks5  16.87 17.16 17 -1 33 18 15 35 35 26

" g9ok6  17.35 17,24 17 2 31 15 16 25 47 25
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Table 24, (continued)
Sample®* 4 Moi sture’  Ave.C  Dev. ISHC (ASTM)®  Compositionf
number 1 2 ‘ LL PL PI sa® i c
AADh-9OL8  18.00 17.92 18 1 33 17 16 37 36 25
" 9ohk9 18.07 17.6L 18 2 33 16 17 38 33 26
" 9052 15.08 14.83 15 -2 29 17 12 35 21
" 9053 15.33 15.18 15 -5 - 36 20 16 38 33 23
" 9057 16.69 16.33 17 -5 39 22 17 38 38 22
" 9058 19.50 19.60 20 L 38 16 22 32 39 27
" 9059 16.91 17.03 17 1 32 16 16 27 45 25
" 9063 17.85 17.53 18 -2 35 20 15 23 L6 29
" 9071 17.13 17.22 17 3 3+ 14 20 33 35 29
" 9074k 11.73 11.91 12 <4 27 16 11 45 34 21
" 9075 1b.47 1444 14 -6 32 20 12 28 L6 26
" 9079 17.77 17.28 17 1 3 16 18 24 L7 29
" 9080 14.70 15.13 15 -5 34 20 14 29 45 26
" 9082 14.69 15.36 15 2 28 13 15 38 39 23
" 9086 13.83 13.76 1k -5 31 19 12 34 Lo pel
" 9096 17.74 18.18 18 0 38 18 20 30 3k 26
" 9107 14.78 15.22 15 1 27 14 13 L4 30 22
" 9108 14.55 14.89 15 -8 36 23 13 28 48 2L
" 9109 15.39 15.20 15 -4 31 19 12 33 L1 26
" 9111 14.72 14.82 15 1 28 14 14k 45 31 21
" 9113 15.20 15.51 15 -4 33 19 1 o 36 2k
14.60 15.06 15 2 26 13 13 W4 31 22

" 9139
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Table 25. Comparison of plastic limit values rerun by ASTM standard
compared with values taken from records previously run by
ASTM standard
Sample PL by ASTM PL by ASTM Deviation
number run during project from records
AADL 8353 21 23 -2
" 8336 15 16 -1
" 8U96 21 2k -3
"o8h21 20 21 -1
" 8L00O 17 18 -1
" 8367 18 21 -3
Table 26. Comparison of plastic limit values of two separate moisture
tension runs of 20 clays at TO psi
Sample PL by moisture PL by moisture Deviation
nunber tension, 12-17-64 tension, 1-7-65
AADL-8245 1h 15 -1
" 91ko 17 17 0o
" 82uT 19 19 0
" 8248 17 17 0
" 82ug 17 17 0
" 8250 19 19 0
" 8252 14 1k 0
" 8253 16 16 0
" 825k 19 20 -1
" 8256 14 14 0
" 8258 18 19 ~1
" 8280 15 15 0
" 8300 18 18 0
" 9186 19 19 o
" 8316 18 18 0
" 8321 16 7 -1
" 8329 12 12 0
" 8332 17 7 0
17 18 -1

] 8338




Table 27. Summary of all liquid limit data presented in Tables 9 through 20

Group Summary Number  Percentage of samples that are equal to or less than Ave,
of of a deviation of': dev.
table samples 1 2 3 L 5 6 7 8 9 10

clay . 9 1682 38.6 62.4 79.1 84.5 88.6 94.6 96.4 98.8 99.4 100 - 2.k
silty clay 10 158 41.8 62.7 81.7 92.5 98.2 99.h 99.k 99.h 100 2.1
silty clay loam 11 1)+2b 63.4 83.1 93.0 97.9 99.3 99.3 99.3 100 - 1.3
clay loam 12 96 71.9 90.7 98.0 100 1.2
loam : 13 32 90.6 96.9 100 0.7
silty loam 14 32¢ 78.1 96.8 100 0.9
sandy loam 15 o5d 72.0 100 1.0
silt 16 11° 81.8 100 0.8
gravelly

sandy loam 17 13% 53.8 . 100 1.5
combined run 18 10 ko.o 8.0 9.0 100 : 1.7
total all groups 9-18 687 55.9 77.0 88.9 94.3 96.9 98.5 98.8 99.4 99.8 100 1.7
comparison of ASTM
method rerun 19 39 43.6 66.7 T79.5 89.8 97.5 100 2.0
(various) ”
comparison of
moisture tension 20 60 94,9 96.6 98.3 100 1.0
rerun (clays)

8Includes 18 samples that were run twice. ®Tncludes 15 samples that were run twice.
CIncludes 10 samples that were run twice. dIncludes 2 samples that were run twice.

€Includes 5 samples that were run twice. frncludes 6 samples that were run twice.

YA



Teble 28, Summary of all plastic limit data presented in Tables 21 through 26

Group Summéry Number Percentage of samples that are equal to or less than Average
of of a deviation of: deviation
tables samples 1 2 3 L 5 6 7 8 9 10

clay 21 76 39.5 64.5 82.9 92.1 94.7 98.6 100 2.1

silty clay 22 78 33.3 37.1 43.5 56.3 70.5 88.4 94.8 96.1 98.7 100 3.7

silty clay loam 23 59 27.1 474 67.7 T7.9 84.6 93.1 99.3 100 2.9

clay loam 2k 60 30.0 53.3 65.0 83.2 93.2 94.9 96.6 100 2.8

total all groups 2l-24 273 33.3 50.9 64.8 T77.3 85.7 94.1 98.2 99.3 100 2.7

comparison of

ASTM method 25 6 50.0 66.7 100 1.8

rerun (various)

comparison of

moisture tension 26 20 100 0.3

rerun {clay loams)

91
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samples available, would appear to be insufficient for making positive
conclusions. However, it can be noted by visusl observation of the data
of the "groups", or individual runs within the larger textural groups,
that they vary in the same proportion as the entire group. It should

be reasonable to sssume then, that the variance of these groups woﬁld
have remained essentially the same if a great many more samples had been
run,

There is no clear cut criteria to Jjudge a éonsistency limit value.
There is ho geﬁeral agreement as to the magnitude of varisnce that
should bé allowsble, Jjust as there is no general agreement as to the
" acceptability of the ASTM standard methods in their present form (5, 6,
17, 18, 26, 21, 29, 30, 32, 3k, 43, 47, 50, 51, 59).

Considering the great number of factors that can contribute to
variance in the standard methods, it should be reasonable to conclude
that calling a liquid limit value 40, instead of 39, or 41, is in & sense
"arbitrary". In other words, there is doubt thét a "variance" of one is
really a variance at all. In his recent (1963) text, Scott (4k4) expresses
this idea as follows:

“The liquid limit of a soil determined on the basis of such a

test should not be expressed in decimals of & percentage; an

indication that the liquid limit in a given case is, say 4i% or
k5%, strains the accuracy of the device to the limit."

/
For the purpose of establishing some criteria herein for evaluating

the liquid limits, it will be assumed that a deviation of two should be
universally acceptable and the best that can be expected from reproducing

any group of liquid limits is that a large percentage do not vary more

than three or four. In this respect, the comparison run (Teble 19) in
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which 39 samples were rerun by the ASTM standard method and checked against
values taken from records (previously run by the ASTM sﬁandard method)
will arbitrarily be used herein as a guide.

. There is every reason to assume thét the results obtained in each
case vere as accurate and reliable as is humanly possible. They do, in
fact, show less variance than some reported reproducibility tests (17,
43). Also, see Table 1 of this thesis. Thus the criteria of "acceptabuie"
deviation assumed herein using Table 27 as a guide, would require'that:

1. 65 percent of the calculated results be within 2;

2. 80 percent of the calculated results be within 3;

3. 90 percent of the calculated results be within 4; and

L, average deviation should be within 2.

It is not anticipated that everyone would agree with the above criteria.
It is contended here; however, that since there is no agreement regarding

¢ this variation, that the above criteria.is reasonable considering thé
nature of the standard method with all its inherent shortcomings.

The analysis of 687 samples that represent the study of liquid
limits, shows that the results are well within the criteria established
above; i.e., 79.5 per cent of the results are within a deviation of 3,
66.7 ﬁer cent are within a deviation of 2, and the average deviation is
1l.7. Considering the groups individually, there should be no question
regarding the clay loams, loams, silty loams, sandy loam groups, as
more than 90 percent of all these groups are within a deQiation of 2,
with average deviations well under 2. The silty clay loam group is
slightly more variable, but it is well within both the total group devia-

tion and that of the standard method. The slilty clay shows about the
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same deviation as that of the standard method. The clay group is the

only one showing more deviation>than the standard, but only to a slight
degree. The clay group, because of its greater variation in composition
and properties, should be the most variable by any method. For example,
it can be seen by visual observation of Tables 9 (clay)vand.ls (sandy

loam) that the range of clay liquid limits is from 27 to T7; the range of
sandy-loam liquid limits is from 21 to 30. Their compositions vary spprox-
imately in relative proportion.

The data indicates that the liquid limit results run by the moisture
tension method are capable of reproducing the standard results with less
variation than the standard method. Considering the moisture tension it-
self, there is no doubt that it reproduces its own values closely. During
the experimental phase of this project, many samples were run a second
time; some of these reruns were accidental, others were used &s checks.
Reruns appear in Tables 9, 12, 1k, 15, 16, and 17; the high degree of
reproducibility can be easily noted. Also, two groups of 60 and 20 samples
each were rerun as a separate test of reproducibility and the results are
tabulated in Tables 18 and .24 and analysed in Tables 27 and 28 respectively.

Thé group that was rerun at 4O inches of water pressure in the
pressure plate apparatus showed that the deviation was not greater than
one for 94.9 per cent of the results, with a maximum of four and an
average of one (Table 27).~ The second group that was rerun at 7O psi
in the pressure membrane apparatus had all of its results within a devia-

tion of one, with an average deviation of 0.3 (Table 28). The 60 samples
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run at L0 inches of water pressures were all clays which probably accounts
. for their greater deviation compared to the second group, which was com-
posed of clay loams.

Any soil sample that is properly ground and consistently prepared
for‘moisture tension runs should result in the same high degree of repro-
ducibility for any number of runs.

The analyses of 687 samples that represent the study of liquid limits,
shows that the moisture tension values obtained compare to values obtained
by the standard method within the deviation that could be expected within
the standard method alone. The samples rerun indicate that the moisture
tension method has the capability of reproducing its own values with very
litfle deviation. In other words, the results indicate that the moisture
. tension method is .capable of producing a liquid limit value essentially
the same as would be obtained by the standard ASTM method with practically
no variation in reproducing the values,

The nature of the method and the equipment keep operator variability
to a minimum; it should be negligible. One other factor in favor of the
moisture tension method is its speed. In one container of four ceramic
 plates, 80 duplicate or 160 single samples can be run. One man could
possibly handle four such containers a day. Assuming that three sets
(12 containers) are available so that the operator can unload four and
load four every day; 320 duplicate or 640 single liquid limit values may
be obtainéd per day, on the average. This number is substantially more
than would be possible using the standard method;

The discussion above has been concerned with running each grouphat

a '"best" pressure as indicated by Teble 7. Even though the differences
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in pressure are small, it would be more convenient if all groups could
be run at one pressure, say 60 inches of water. One run of 10 samples
was made combining'gravelly sand, sandy loam, gravelly sandy loam, silty
clay and silty clay loam. The first three should be run at TO inches
of water, the silty clay lqam at 60 inches of water and the silty clay
at 40 inches of water. A variation was made in thié particular run in
that it was timed. It was anticipated that cutting the run off at 2L
hours, would leave the silty clays short of equilibrium and tend to
compensate for running them at the higher pressure which, at equilibrium,
should have resulted in values that were too dry. As for those that should
have been run at 7O inches of water (gravelly sand, sandy loem, and gravel-
ly sandy loam) it was hoped that the 10 inches of water pressure difference
would have a minor effect on the acceptability of the results.

On the basis of 10 samples, the results were entirely acceptable,
with 80 per cent of the results having a deviation less than two, 90
per cent having a deviation less than three, and the group having and
average deviation of 1l.7. One run of 10 samples should not be used to
make definite conclusions. Howefer, it does indicate the possibiiity
that & 24 hour combined run at 60 inches of water pressure has possibili-
ties that should be investigated further.

The results of the.plastic limit runs are analysed in Table 28.
Much of the general discussion above regarding acceptable deviation and
reproducibility of results is also applicable to the plastic limit
- determination by moisture tension.
The plastic limit values by the standard method are perhaps more

variable between different operators than the liquid limit values.
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However, to determine a reasonable criteria for evaluating the results is,
perhaps, not as easy. Ballard and Weeks (5) pointed out that an operator
could reproduce his own result with little variation, but that vafiation
between operators wes greater, Less research has been published regarding
plastic limit determinations, than is the case with liquid limit studies.
A few samples (6) were run by the ASTM standard hand method for comparison
to the values from the record. The six results are insufficient for

using as a reliable guide. Using the guide used with the liquid limit
values, it can be noted that only the clays are close to this criteria,
with over 80 per cent of the deviations being within three and an average
deviation of 2.1. There is little doubt that the silty clays values

could not be accepted, and the silty clay loams eand clay loams are
questionable.

Observation of the tabulated silty clay data (Table 22) shows that
there is wide variance. It can be noted that if a histogram of variations
were plotted that the values would have two modes, one at zero (10 values)
and another at -6 (also 10 values) with the remaining valueé widely
distributed and showing no central tendency. The clay loams and the
silty ciay loams also show wide distribution vith little or no central
tendency. There is no possible way to determine how much of this wide
distribution is caused by inherent variances in the standard method that
are assumed to be "correct" values. It was indicated by previous discus-
sion herein that the plastic limit point is less clearly defined by the
moisture tension method also.

The distinct double modal characteristic of the silty clays indicates

the possibility that there are soils within the textural group that have
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two distinct sets of chéracteristics, indicating that divisions within
the textural group would have to be made to improve the results. The
composition would seem t0 be suspect; -however, visual observations of
tabulated values in Table 22 shows definitely that there is practically
no difference of compbsition in the values that deviate O or 1 and those
that deviate 5 or 6. It wpuld appear that a great deal more study would
be required to determine the cause of the variance and to find methods
or factors that would compensate for it. In general, the plastic limit
results cannot be generally termed "acceptable" based on the available
data. However, the method could be used for the determination of plastic
limit values for clays and good results should be possible.

One note of caution is in order regarding the results presented
herein. It must be remembered that all of the runs at specific pressure
" were made on Jowa soils. There is no assurance that the pressures
presented herein would achieve the same results in a different geological
environment. It is possible thét it would meske little difference; never-
theless, some preliminary determinations should be run.

In regard to preliminary determinations, it has previously been
pointed out that the curves were of little value in picking & pressure.
Another method is recommended. Instead of plotting several points, make
regular runs at : several different pressures and calculate the algebraic
deviation. Plot this'variation against pressure and & line drawn through

the points should intersect the pressure axis at the correct pressure.
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SUMMARY AND CONCLUSIONS

The objective of this project was to investigate the feasibility of
using moisture tension as a practical method of approximating consistency
limit values. The first "phase" consisted of obtaining points and plott-
ing moisture tension desorption curves for each textural group. The
curves turned out to be of little value in determining usable pressures.
However, an evaluation of the curves in light of theoretical concepts of
both mﬁisture tensionvand plasticity, provided a basis to evaluate the
soundness of the moisture tension method aﬁd showed that a definite
relationship existed between the two. Whenever possible, theoretical
explanations were given to the curves. In regard to finding specific
pressures, trial and error was finally necessary.

After a pressure was determined for each group, 960 consistency
determinations were made (687 liquid limits and 273 plastic limits) and
the results were tabulated and analysed. A criteria was suggested and
the deviations were tabulated.

Conclusions arrived at are as follows:

1. Moisture tension desorption curves follow a predictable pattern
for each textural group studied. Although forces other than capillarity
play an important role, probably a dominant one in the clays, the
composition maihly controls the parémeters that affect curve shape.

2. The désorption curve can be divided into three distinct regions.
By assuming popularly acceﬁted moisture tension and plasticity theory as
being correct, the three regioﬁs, "iower flex", "upper flex" and the

"unloading region" between the flexes, are analogous'to the liquid limit,
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plastic limit and plasticity index, respectively. The moisture tension
method of liquid limit determination is based on theoretical principles
and offers a less empirical, less arbitrary and more clearly defined
point than the standard ASTM method.

3+ There is essentially no operator variability connected with
the moisture tension method. A test indicated that wide variances in
initial condition of the soil had little effect on thé resulting value;
therefore, differences in operator technique shogld not affect the results,
the equipment itself offers no source for variation, and that caused by
sampling, or splitting a sample into portions, is minimal.

L. The moisture tension method can be used to approximate liquid
limits of Jowa soils with less veriance than that of the ASTM standard

method at the following pressures:

Clay _ 4O inches of water pressure
Silty clay L0 inches of water pressure
Silty clay loam 60 inches of water pressure
Clay loam 60 inches of water pressure
Loam T0 inches of water pressure
Sandy loam T0 inches of water pressure
Gravelly sandy loanm TO inches of water pressure
Silt TO inches of water pressure

5« The effect of textural groups on liquid limit determination is
not especially critical; the total pressure difference used being only
30 inches of water or 1.09 psi. Obtaining acceptable results, then, at
one préssure cannot be ruled out, although a time factor may be required.

6. The plastic limit value of clay can be epproximated at 162 psi
and should be within the deviation established herein. However, the rest
of the plastic limit groups run were questionable.

7. The limit values obtained by moisture tension can be reproduced

at the same tension with little variation; they are reproducible to a
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high degree.

8. The quality of the results and the speed of making determinations
make the moisture tension method a valuable substitute for liquid limit
devices. The method shows such promise that it should be valuasble to
any organization running values in great number.

9. The plastic limit determination by moisture tension shows enough

possibility that it should be studied further.
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SUGGESTIONS FOR FURTHER STUDY

On the basis of the present investigation, the following areas of
further study are suggested:

1. A more extensive program of running limits aﬁ one pressure, such
as 60 inches of water for all liquid limits.

2. Groupings other than textural groups should be attempted with
the plastic limits.

3+ Along with the programs above, the same consistency limit values
should be also reproduced by the standard ASTM method so that a more
meaningful statistical comparison can be made.

L, "Uhdisturbed" samples should be investigated as they are obtained;
€.g. take a 2 in. core and slice of 1/k - 1/2 inch "discs" and run in the
usual manner. ' |

5. The effect of a time variable should be studied. The operation
could perhaps be.speeded up by running at higher pressures for shorter

times.
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