
I 
1 

• 

A STUDY TO CORRELATE SOIL CONSISTENCY LIMITS 

WITH SOIL MOISTURE TENSIONS 

by 

Eugene Robert Russell 

Project 490-S 

September 1965 

= :::::::::::: ...... --- I 0 WA 

IOWA STATE UNIVERSITY I 
of Science and Technology/ Ames,lowa 

ENGINEERING 
lfl EXPERIMENT 

STATION 



ii 

TABLE OF CONTENTS 

Page 

INTRODUCTION 1 

LITERATURE REVIEW 3 

Early Research 3 

Evaluation of Present Devices and Methods 10 

Development of Alternate Limit Procedures 17 

Development of Alternate Limit Devices 21 

Theoretical Approaches to Plasticity 25 

Development of Moisture Tension Apparatus 41 

Application of Moisture Tension to the Consistency Limits 45 

DEVELOPMENT OF THE MOISTURE TENSION METHOD 47 

Equipment 47 

Materials 51 

Laboratory Investigation 53 

PRESENTATION AND DISCUSSION OF RESULTS 60 

SUMMARY AND CONCLUSIONS 134 

SUGGESTIONS FOR FURTHER STUDY 137 

BIBLIOGRAPHY 138 

ACKNOWLEDGMENTS 143 



.. 

• 

l 

INTRODUCI'ION 

The liquid and plastic limits of a soil are consistency limits that 

were arbitrarily chosen by Albert Atterberg in 1911. Their determination 

is by strictly empirical testing procedures. Except for the development 

of a liquid limit device and subseguent minor refinements the method has 

re~~i~ed basically unchanged for over a half century. 

The empirical d.eter...ination 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 

valuc.ole in all:lost every conceivable use of soil from an engineering 

stancpoint. Such a great volume of information has been collected and 

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. Nevertheless, many believe that the present 

method is too time consuming and inconsistent. 

There have been numerous attempts to correlate devices to increase 

speed or consistency. There has been no general acceptance, to date, of 

any new device or method. 

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 

"accuracy". They would have to be accurate in the sense of being consis­

tent and having a high degree of correlation to limits produced by the 

present standard methods. 

A method is presented here which meets the need specified above. 
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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 objective of this research was the evaluation and develop­

ment of the ~oisture tension method _in light of its direct application 

to efficient use and greater economy by an organization required to deter­

mine lil!lits in large numbers. Some organizations, such as state highway 

departments, make thousands of these tests each year. 

This investigation has.been limited to Iowa soils. Previously 

determined liquid and plastic limits were compared to values determined 

by moisture tension apparatus. The specific objectives of the research 

were as follows: 

l. to confirm a relationship between consistency limits and soil 

moisture tension values; 

2. to develop appropriate laboratory procedures for rapidly deter­

raining 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. 
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LITERATURE REVIEW 

Early Research 

Science can be defined as coordinated, systematized knowledge. In 

this sense, in the year 1911, Albert Atterberg initiated the science of 

measuring plasticity. He collecteu, studied and commented on twenty 

::::::ethod.s for ~easuring plasticity, or indicating its relative value, which 

had appeared in the literature at that ti:r.ie; and he found none of these 

methods satisfactory. He started with a conglomeration of previous 

concepts of plasticity requiring that a paste of "normal consistency" be 

prepared and forrced into cylinders, balls, threads, rings or rods and be 

subjected to various manipulations, such as, reshaping, tensile and 

compressive strength tests, bending, rolling into a thread, extruding a 

thread from a hand press, and penetration with a Vicat needle. He clas­

sified the above :n:ethods 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 ~hat 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 

co~tent of the clay proVides a measure of the plasticity. 

To Atterberg, plasticity meant "capable of being shaped" and he put 

e~phasis on the ability of a soil to be rolled out into threads. The 

result of his intensive studies, began in 1902, in the field of plasticity 
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led to five boundaries, or li~its, to differentiate various plastic states 

of soil and to assist him in rr~king an accurate study of soil properties. 

In a corupr~hensive review of the history of the Atterberg limits, 

Bauer (6) suz:::r~ri~ed the five limits as follows: 

the upper limit of fluidity, that is, the limit at which a clay 

slip is so wateri; that it flows al;:J.ost like water; 

2. the lower li;:Ut of fluidity, or flow limit, the limit of water 

content at which two s:wa.11 portions of a clay slip, lying in a 

dish, will no longer flow together with vigorous blows of the 
0 

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 co:::ipressed 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 plasticity 

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 

lir.llts - the plasticity number - is the best measure of the 

plasticity g~~de (or class); and, 

4. that this r:zthod for the determination of plasticity is so 
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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 nur:loer has been changed to plasticity 

index. The liquid limit has been greatly refined. The plastic limit is 

determined, today, essentially in the same manner as it was by Atterberg. 

These linits, especially the liquid and plastic limits and associated 

plasticity index, have taken on great importance in alrnost all phases of 

soil engineering. 

Atterberg's work appeared to provide the impetus that started many 

other rese3rchers 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 

Atterberg's work on plasticity. They seemed to want a less arbitrary 

measure of plasticity. In another history of early methods of measuring 

soil consistency, Bodman (8) presents a review of early research methods. 

l-~uch 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 t'ne resistance to deformation of material", a concept that Atterberg 

initially discarded. 

The methods reviewed by Bodman include: mixing by pug mill to 

~easure resistance of a motor driven pug mill to soil-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 
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th3n i~pacts; 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, 

oethods based on various penetration tests, compression of a stationary 

cylinder, cor;.pression and shearing of a prism or annulus, shearing of a 

cylindrical core, shearing a core fro~ 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 

opposition to Atterberg'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 agronomists, 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-

o::nists, then, had no incentive to continue research on the consistency 

li.IJits. 

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 bis 

coworkers at the Bureau of Public Roads were largely responsible for 
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c:i.tr~r:ching the concept of the consistency limits into the area of soil 

clussification. They recognized the value of plasticity tests of subgrade 

soils. Hogentogler, Wintermyer, and Willis ( 25) placed prime importance 

on plasticity index as a rr;easure of highway soils properties. They 

defined the liquid li~it as the moisture content at which soil will just, 

begin to flow when lightly jarred 10 times. 

Early researchers used a spatula to produce the groove in the soil 

cake. The thic:rn.ess 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. First 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 rer..ained unchanged to date. It will be pointed out below that 

not everyone uses this standard tool, but no alternative 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 

limit test and remove the deviations that were due to operators' hand 

techniques. This apparatus is essentially unchanged today, except 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 

i~pact. The device was then correlated to Atterberg's original work by 

sta:::tdardizing the number of blows, "N", at 25. 
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Casagrande's device was essentially the same as now specified in the 

current tenative oethod of test for liquid limit of soils, ASTM Designs-

tion: D423-61T {3). A r.J.ajor exception is that the grooving tool devel-

oped by Casagrande has never been accepted as a standard or alternate, 

although it is widely used (32). 

Casagrande also observed that the nur.iber of blows necessary to close 

the groove depended on the water 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 oethod for determining the liquid limit of soils, ASTM 

Designatiou: D 423-61T, section 5 (3) states: 

"Plot a 'flow curve' representing the relationship between water 
content and corresponding nwnbers of drops of the cup on a semi­
logarithmic graph with the water content as abscissae on the 
a~ithmetical 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." 

Casagrende (10) also noted that the slope of the flow curve varied 

for different soils and proposed that the slope of the curve be measured 

by extending the curve across one cycle of the semilogarithmic scale and 

securing the difference in water contents at 10 and 100 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., 

W : -F log N ~ C (l) 

Where: 

W = moisture content in percent of dry weight 

F = flow index 
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N = number of blows 

C = constant 

Based on this study, Casagracde concluded that Atterberg's liquid 

and plastic limit values, supplemented by the flow index, reflect the 

shearing resistance of a plastic soil in the remolded state at various 

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, making 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 which 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 liquid and plastic limits bas 

been directed either at n:aking recorr..::n.ended changes in present devices or 

nethods, or proposing a new ":;nachine" or device. Researchers search for 

a method or device that is simple and fast, as well as capable of prod.uc-

ir.g cor.sistent 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 information presently based on them. 

Sowers (49) compiled a list of faults of the present test that con-

tribute to variation in the results: 

l. difficulty of cutting a groove in some soils, particularly those 

containing sand; 

2. tend~ncy of soils of low plasticity to slide in the cup rather 

than to flow plastically; 

3. tendency of some soils of low plasticity to liquify with shock 

rather than to flow plastically; 

4. 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; and, 

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 adjust:r:lent and thoroughness of mixing. 
/) 

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

today that have hard rubber bases as specified by ASTM, and Micarta - 221 
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bases o.s recor.irr:end.ed by Casagrande. The original bases had no "feet" 

out so:ne ope:..~ators cushioned the bottom. Later, the bases were supplied 

with feet, but 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 

li~u:d limit values higher than those obtained by using the ASTM tool, 

but a0reed well with the Hovanyi tool (32). Tool motion, whether away 

or tcwar~ tte O?erator 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 judgr::;ent. 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 a controlled depth without tear. The Hovahyi tool 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:Z Com:ni ttee ·D-18 showe~ that the Casagrande tool is used by 4 highway 

departments, l government agency, l commercial agency, 10 experts and 

universities. The survey also quotes (anonymously) manufacturers: 

"Ca~agrande grooving tool outsells ASTM"; from another, "ASTM outsells 

Casagrande tool 4 to 1 11
• 

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. Army Corps of Engineers uses the ASTM tool in the determi­

~ation of liquid limits of soils to be used for military construction 
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p~rposes and Casagrande tool in ciVil works construction activities. 

so~e 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 judg::ent, but its ID3in advantace is that it does not tear 

the groove, es~ecially on soils of low plasticity. The Casagrande tool 

in5u~es a constant depth of groove but tends to tear soils of low plas-

ticity. The Hovanyi tool was developed in an attempt to overcome the 

tearing action of the Casagrande tool. It has the capability of making 

smooth grooves relatively easily in soils of low plasticity. V~tchell 

(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 operator variability. Table 

l sbcws the results tr.at were reported. One laboratory had a single 

tecGwician run 20 tests on a single uniform sample over a period of about 

7 w~~ks. His liquid limit values varied from 6o to 68. 

Table l. Liquid limit results reported by nine commercial testing 
laboratories 

sa~ple 

A 

B 

c 

Average L. L. 

25 

67 

62 

Range 

20-30 

65-70 

58-71 
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Tests were also run by students at the University of Texas and it 

was concluded from this study (17): 

1. the liquid li:wi t test (AST:·1 Method D 423-59T) is ~uestionable 

and neeC.s further stud.y and investigation; 

2. if it is to be continued, procedures roust be revised and 

standardized; 

3. under present test procedures variation in results range from 

~ 5 percent to :!:: 10 percent; 

4. 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 ~nother program to evaluate the liquid limit test, two separate 

universities, independently and unknown to each other, were given new sets 

of both ASTM and 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 progra~ was interchanged in four sets as listed below: 

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

2. 

3. 

Casa~rande base, with ASTM grooving tool; 

AST;t, base (hard rubber) with Casagrande tool; and, 
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4. 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 tbe results of the above tests, the following recommendations 

for change in the AST.M method "Were ::::1Sde: 

l. air dry tbe sample to approximate plastic limit; 

2. use distilled water in preparing the pat; 

3. use ASTM grooving tool; 

4. cut tbe groove with motion away from operator, from lip to 

center of cup; 

5. use a lfdcarta 221 base; and, 

6. use a metronane to insure a dropping rate of 2 blows per second. 

Most of the research effort has been concerned with liquid limit 

devices. However the plastic limit method is not without supporters of 

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

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

method 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 a wetted soil into a cube 

of approxi:ir.ately 3/4 inch, then pressing and reshaping it until it dries 

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

that the two methods may be used interchangeably. 

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 co=::aonly disregard certain parts of the ASTM 

standards when preparing a sample; 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 

dried sample to approach equilibrium with the water added to 

::r.ake it plastic. 

A study of the mineralogical co;:aposition of the soils was also made, 

and a correlation betveen clay mineral composition and the limits was 

evident. A su."'n!ll8ry of the authors (51) conclusions follows. 

In four samples that did not contain montmorillonite as their most 

cort:::on clay :mineral constituent, air dried material that had been rehy­

dre.ted at a moisture content near the :nqt1id 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 (1949) 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 stand vet 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 

containing mont~orillonite reach their TG.3Ximu.~ plasticity after about 

one hour of wetting. For r.sximu.~ plasticity, therefore, an unknown soil 

should be tested at least one and no more than three hours after wetting. 

Since these above conclusions do not appear to be directly supported 

by tne later study (51), the results rJB.y 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 standarl.i..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 

li~uid 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 rr.ajor factor contributing to the total vari­

ance of results was the individual operator. Operator variance was 

furtr.er attributed to the decision that must be made regarding the end 

point of the plastic limit test. In other words, an operator was able 

°'VO 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.l 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, artificial sa::iple be specified for universal use of "cali­

brating" or checking operators. ~hey also recorcr:iended a hydration time 

of 24 hours, which generally agrees with the recontnendations of Winslow 

and Gates (51). 

Liu end Thornburn (30) also made a recent (1964) study of the 

reproducibility of Atterberg limits. They conducted a stz..;istically 

controlled experiment to investigate both how well an operator can repro­

duce the Atterberg li~jts, and the effects of the operator's experience. 

They concl~ded 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. 

Krebs (29) presented data showing that a single operator could obtain 

appreciable differences in liquid limit. These variances were attributed 

to 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 

lL~its are simplicity of operation, speed, and obtaining results that can 

be reproduced within narrow tolerances. 

In regard to one-point methods, there is no question regarding the 
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si1::plicity of operation because tr,e equipment a:id general procedure are 

not c~anged. The idea of speed has considerable merit theoretically, 

because the uethod 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 determi::iation N should be between 20 and 31 blows, with a range of 

15 to 41 blows allowable for classification purposes (59). The time 

savin.:; factor depends on "N" being on the acceptable ranges without many 

trials. The one point I:lethod can be only as accurate as the regular 

deter.:iination and is obviously going to be somewhat less accurate, because 

the ~thod. has all of the source of error inherent in the standard method 

plus an edditional 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 

limit 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 

logaritnmic 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 summarized in a few steps. First it is necessary to 

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

l. the alluvial valley of the Miss. river, 

2. the wast Gulf Coastal Plain; and, 

3. the East Gulf Coastal Plain. 

A flow line is determined in the usual ~~nner and its slope is determined 

and converted to a log-log plot by replotting the data. The slope is 

then determined: 

tan B = Log WlO - Log W30 
Log 30 - Log 10 

where: 

= 
T,T 

Log 1.10 
W3Q 

o.477 

-----(2) 

tan B : slope, referenced to the horizontal 

W10 : moisture content at 10 blows 

W30 : moisture co~tent at 30 blows 

W10 and W30 are detennined 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 consequence (59). Equations of the above tYPe are usually 

reduced to the form: 

LL 
_ W /N \ tan B 
- N~25} 

where: 

LL : liquid limit 

------------------------------------(3) 

WN = water content at N blows of the liquid limit device 

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

(mean value for a given soil group). 
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T0e 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 l~quid limit is (59): 

A LL = 6 LL x 100 = ln f N \ x (A tan B x loo) 
p LL \ 25) 

where: 

6 LL : change in LL, percent 
p 

A LL : change in LL 

N : number of blows to close groove 

tan B = slope of constant curve 

----(4) 

Equation 4 may be used to determine a theoretical limiting range of blows 

for any percentage deviation from the liquid limit that is considered 

allowable. 

Tne Waterways Experiment Station used the value, tan B = 0.121. 

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-

mi.nations, Eden (18) traces their development in detail. He includes 

n\Z:erous r,;;ferences and an appended, "Suggested Procedure for One-Point 

Lic;.uid Limit Determination." 

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

methoC.. It states: 

"The accepted trial shall require between 20 and 30 drops of the 
c~p to close the groove, and at least two consistent consecutive 

l 
I 
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closures shall be observed before taking the moisture-content 
sample for the calculation of the liquid limit. 11 

The result is then.used to calculate the liquid limit by the formula: 

LL • \IN ( ~5) 0 .12 ----------------------------(5) 

Where: 

N = n~~ber of drops of the cup required to close the groove 

at the water content, WN• 

A table of values of the factor (N/25) 0 •12 is presented for 11 N11 bet,:,~,._;n 

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 11strictly 

correct. 11 He concludes that 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 special slide rule has been developed to 

convert the results, which are claimed to be, "as accurate as the 3 point 

nethod." 

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 essentially 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 a~proacbes 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 performance; 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 

made 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 dropping cone is very different according to the nature of the 

material; and that results furnished by the test (consistency 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 

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, summarized as follows (49). 

Early 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 which 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 lowero. When the curve is 

adjusted to coincide with ASTM determinations (a usual procedure that 

goes with this method) results are claimed to be accurate 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)o It consists of a 31 degree cone, 1.2 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 the cone penetrometer 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 

has also been formulated where the water content for any penetration from 

o.8 to 1.2 inches can be measured and converted to be equivalent to l 

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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weight, tir.:e, 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 lO seconds to reach final penetration 

gave consistent results. An additional lO seconds was needed, 

in most 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

ular weight; 

3. constant cone penetration does not yield a "true" liquid 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 4o0
• 

Darienzo and Vey (l3) made a study of vane apparatus as a possible 

device for measuring the consistency of remolded soils. A smaller size 

vane than ordinarily used in the field was used to measure the shear 

resistance of four different remolded clays as a function of water content. 

The authors obtained a straight line plot, on log-log scale, of percent 

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



25 

liquid limit equation. 

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

Liquid limit (lw) =we (c/o.59)tan B ---------------------------(6) 
Plastic limit (Pw) =We (c/4.4o)tan B --------------~-----------(7) 

where: 

We = water content at given vane shear test 

C = shear value obtained in vane shear test 

tan B = slope of line obtained by plotting water content versus 

vane shear to logarithmic scale = 0.153 

0 .59 = average value of vane shear at Ly
1 

by standard method 

4 .49 = average value of vane shear at Pw by standard method 

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

l. the vane shear at the plastic limit is nearly a constant for 

all clays; therefore, the vane method provides a convenient tool 

for determining plastic limits; 

2. for static conditions a more general definition of liquid limit 

would be the water content of the soil at a prescribed shear 

resistance; and, 

3. the vane shear resistance may be accurately found at the liquid 

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

Theoretical Approaches to Plasticity 

The liquid and plastic limits are arbitrarily defined by empirical 

methods. There has been much research concerning evaluation of the tests 

and devices. The great importance of the limits goes unquestioned; also, 
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the sinplicity of their determination. Yet, until recently (4, 45) prac­

tically no basic research has been conducted in an attempt to define and 

evaluate the liI:lits outside the envirom:J.ent of their empirical definitions; 

e.g., deter7..ine the li:ti.ts th~oretically, by equation. 

However, so:ne qualitative atte:::cpts to give theoretical definitions 

and concepts to the complex nature of plasticity had been presented 

earlier. As early as 1926, Terzaghi (57) suggested more study in relation 

to the ~eaning of the tests and the factors that determine their results. 

His writings on the subject were i~portant contributions; however, they 

were primarily concerned with the significance of the tests. Casagrande 

(10) stated thot the number of blows required to close the groove repre­

sented a rr~asure of shearing resistance of the soil, and he approximated 

it at 25 gm. per sq. cm. 

Hogentogler, Wintermyer, and Willis (25) stated that the shearing 

resistance of all soils at the liquid 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 moisture content above which water evaporates about 4 

percent faster from a clay sample than from a free water 

surface; 

2. the 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; 

4. a capillary pressure equal to 2.5 Kg/cm2 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 generally considared a measure of cohesion. 

It was said to indicate the difference in water content required to 

increase the thickness of the water fiL-ns 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: 

11 ---t:1e liquid limit is that amount of water expressed in per 
cen-~ d-.::y weight of soil, which must be added to a soil in order 
that the water layers most distant from the soil particle 
surface acquire the properties of free water---" 

" - --t:ie plastic limit may be considered as that amount 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 appreciable amount." 

The above definitions also follows the general concepts of plasticity 

as presented by modern clay mineralogists (22, 23). Most early attempts 
I 

to theoretically define the true nature of plasticity are found in the 

ceramics and clay mineralogy literature. 

McNamara (33) surr..marizes 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 rr~rked 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 a tough, 

viscous water coating is for:ned around each clay particle 

because of the attraction between the negatively charged 

(normally) clay particle and 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 

11m.ass" (two or mQre particles) together to a stretched, unbroken 

sheet of water molecules 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 greater force. An analogy would be a toy 

balloon filled with dry pulverized 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 summary 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 that may be present in soil materials may exert 

a tremendous influence on properties, even though they are present only 

in small amountso The changing of such components by weathering p~ocesses, 

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: 

lo the clay mineral C~'TIJ?OSition - 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 electroJ.Yte content - the amount and kind of exchangeable 

bases and presence of water soluable salts; 

4o the organic content - the amount and kind; and, 

5a 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 orientationo 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 

ice. If so, the layers increase in thickness until, at some distance, the 

water molecules would no longer be orientedo At this point they become 

fluid, whereas the initially adsorbed water is not. When a group of 
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flakes are in close contact, the oriented water films, building indepen­

dently from each surface, ~eet and fonn a rigid bond. With increasing 

ar.:ount, the point of "fluidity" would be reached and act as a lubricant 

between the flakes. It can be concluded from the above that a plastic 

condition would develop when. 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 gradually, 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 developed 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. 

~linor amounts of certain chemicals have a tremendous influence on 

properties of soil materials. For example, the viscosity of a sodium 

montmorillonite-water mixture is changed greatly by a trace of hexam.eta­

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 

and the abruptness of transition to non~oriented water. 
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Tne p:astic properties of a soil due to clay mineral effects, are 

largely a function of the kind of clay mineral. In regard to the Atterberg 

limits, kaolinite and illite have about the same effect and montmorillonite 

(eait, H+) has 3 or 4 times the effect of the first two. This highly 

plastic property is due to its tendency to 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 

interlaye:;.~ing that is affected causes much greater influence by the 

montmorillonite than the proportion would suggest. The reason for this 

fact is that kaolinite and illite occur in aggregate particles that do 

not corre 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 terms of clay-mineralogy. 

There is no single plastic limit value that is characteristic of a partic­

ular clay mineral. Variations in the plastic limit are due to: exchange­

able action composition, presence of non-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 

plast~c limits of some soils are increased by the presence of poorly 

crystalline amorphous material, while in other soils it 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 li~uid limit tending to increase more than the plastic limit. 
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There are several size factors involved. The fineness of particles 

in the natural state is important. The degree of dispersion during 

sample preparation is also important. 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 

con:::ponents, with the smaller particles being less well ordered. Poorly 

ordered clay minerals break down into smaller particles more readily than 

well ordered oinerals. A decrease in particle size would be accompanied 

by an increase in total surface. This increase would cause an increase 

in plasticity 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 halloysite 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 together that attractive forces become so great 

that water can no longer penetrate between 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 properties; 

therefore, limit values should be determined on undried samples. 
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Definitior:s of the consistency limits, after Grim (22), in iight of 

the above theoretical concepts and related facts, are presented below. 

~~e plastic lL~it is a ~easurc of the water content just slightly in 

excess of tt-= a;-;10~.lr:t t:r..at a particl.:: sur:fc.ce can adsorb in a highly rigid 

condition and 1:hich does not separate the :;;articles enough to reduce 

attractive forces betwee~ 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 organization would 

yield under the application of a slight force. In addition to the water 

betw0~n particles, it is estimated that there is pore water present which 

pr0bably ra~ges from about.20 per cent of the plastic limit value, in the 

case of mor:t~orillonite, to a major part of some kaolinite clays. 

The li~uid li~~t is a measure of the water which can be held with 

any substantial rigidity, and does not separate the particles, but 

approaches th8 point where there is substantially no bonding force between 

them, (the verge of separation). 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 lim,it. 

The plasticity index is the measure of the amount of water that can 

be added betw~en particles, between the end point of rigid water and the 

point of partiGle separation, beyond which there is essentially no at~rac­

ti ve forces between them. 

The above discussion of the consistency limits from the clay miner­

alogy point of view, should emphasize the cocplex nature of plasticity, 

the difficulty of presenting theoretical explanations of Atterberg's 



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 been done to theoretically clarify the meaning of the Atterberg 

limits since the 1930's. 

Some recent work is aL~ed at a better 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 
Activity of clay : -----------------(8) 

Percent clay sizes < 2u 

For aDy 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 

• o.4 for kaolinite to about 5 for montmorillonite. 

Ske:mpton (48) found that the linear relationship between plasticity 

index and per cent 2u clay, passed through the origin. Seed, Woodward 

and Lundgren (45) found that the same relationship, for all clay tYJ>es 

used in their investigation, was linear, but with the plasticity index 

beco:ning zero at a clay content of about 9 percent. This last relation-

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

Activity = Change in Plastic Limit 
Corresponding Change in ClSy Content ------(9) 

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

formula: 
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Activity = Plasticity Index -------------------------(10) 
C-9 

wnere: 

C = the per cent< 2u clay sizes 

The wo~1}~ of Seed, Wood:wa:rd, c.nd Lur.dgren ( 45), was done on artificial 

soils containing mixturas, in pairs, of kaolinite, illite and bentonite 

clay rniLerals. They concluded from the results, shown on numerous graphs 

with e:r.:pirical e~~ations of the plots, that the activity would accurately 

classify these soils with regard to their liquid limit versus clay content 

relationsnips, or their swelling potentials, regardless of the clay mineral 

co::nposition of the clay fraction. It is suggested that the above relation-

ships would also apply to natural soils. They further presented a lengthy 

discussion to support a hypotheseis that the activity of a clay would 

reliably reflect important engineering properties. 

Ballard (4) made a comprehensive attempt to give a theoretical 

explar;ation and quantitative analysis to the plastic limit. He used 

carefully prepared artificial soils to eliminate unwanted variables. 

Earlier work by Davidson and Sheeler (16) and Davidson and Handy (15) 

had concluded that the plastic limit decreases linearly with increasing 

clay content for clay values less than 30 per cent. Baver (7) reported 

in l94o that in the higher ranges of clay content the plastic limit 

increases linearly with increase in clay content. Ballard reports others 

~ound a linear increase in the plastic limit with increase in clay content 

over a range spanning 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). 



Ballard (4) relates the variation of the plastic limit as a function 

of the clay content to the variation in bulk volume with respect to the 

weight frection 01· fines for a two cor:lponent packing system. 

The packing diagram shown in ~ig. l 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 

volun:e) fine and coarse components of various proportions. However, if 

the two are nixed 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 

co:rrp1etely fill the voids of the larger ones, 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 fine. Thus, the line COD (Fig. l) 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 bypath-

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 (4): 

"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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then the plastic li:-.lit and water content, w, are measures of 
the pore space and hence the packing." 

Ballard concludes tr£t ttere a~c four distinct zones which completely 

define the clay-silt wa"';,er syster.:s, with the following pnysical concepts: 

1. Zone A, repre~ents the fine clay particles filling the interstices 

of the coarser silt fraction, which persists until the voids 

between the silt particles are completely filled with hydrated 

clay, but the system is non-plastic fro~ a soil-mechanics point 

of view; 

2. Zone B, represents the constantly expanding silt latt~ce, 

ter.ci.nsted when all the silt grains are separated from each 

other; 

3. Zone C, represents hydration of the clay fraction in association 

with the silt to a level that it can sustain only while the silt 

lattice exists; and, 

4. Zone D, represents random, dissociation of the silt particles 

without form or matrix, in a sea of hydrated clay. 

E~uc.tions fo~ the plastic limit of each zone were derived, based on the 

geo:netry cf the packing diagram, void ratios, angularity, grading and 

packing constants of the silt and the specific gravity; as well as other 

assu..'il:ptions. 

In the "A" and "B" zones, occuring approximately from "C11 to 11 0" 

(FiG· l) plastic limit decreases with increased weight fraction of clay; 

in the "C" zone plastic limit remains constant, and in the "D" zone, 

plastic limit increases with increase in clay content. The 11 C" zone, 

o~c-..;.:-ing as a "transition" at "O" occurs between 4o to 50 percent clay. 

Ti:le "D 11 zone occurs approximately between "O" and "D 11
• Ballard's work 
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is more complicated than r.:a.y be indicated here. Quantitative equations 

are derived for t~~ plastic l::....."'lit in each zone and are expanded to include 

other silt variables such as ang~lz.~~ty and packing of the silt grains. 

Seed, Wo:xh:o.rd, and LunC.gr~n ( 46) used a very si:oilar approach to 

develop a quo~titntive understanding of the consistency limits. The soil 

was visualized as being composed entirely of a clay fraction and a non 

clay fraction. The entire moisture content was considered to be associated 

with the clay fraction of the soil. A soil containing a high proportion 

of clay results in a rr.sss which may be considered to have properties that 

are essentially 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.' s Zone "D"). The liquid limit then depends solely on the 

liquid limit of the clay fraction and the proportion of the non clay 

particles. 

This relationship is represented by the equation (46): 

WLL = _E_ • WCLL -------------------------------------(11) 
100 

where: 

C = percent clay 

WcLL = liquid limit of the clay 

W11 : liquid limit of the soil 

The sa~e concept is applied to the plastic limit (46): 

WPL : lgO • Wep1 -----------------------------~---------(12) 

where: 

C : percent clay 

Wep1 = plastic limit of the clay 
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Wp1 .. plastic limit of the soil 

When the clay volu:ue is less than the voids of the nonclay fraction 

allowing the non clay particles to co~ into contact, the equation is no 

longer valid. This point is cslcul.a~ed using void. ratio relationships. 

~he liquid or plastic limit at this point is taken as the lower limiting 

value. Tne point, given the notation Cfv' is calculated using specific 

gravity and void ratio data: 

c~ - · x loo 
J..v - .J..00 + X --------------------------------------(13) 

where: 

X m 100 eT 

Gsg(!_ + Wc11) 
Gsc 100 

----------------------------------(l3a) 

e1 : void ratio of nonclay fraction of soil in loosest condition 

Gsg = specific gravity of nonclay fraction of the soil 

Gsc = specific gravity of clay fraction of the soil 

WCLL = liquid limit of clay fraction 

Or, in the case of the plastic limits WCLL is replaced by Wep1 • Ballard 

(4) had de=ived an analogous equation for th~ point •. 

Xv = -=:--e_c __ ':;'" 
Efc + eff + l ----------------------------------------(l4) 

where: 

Xv = volume fraction of clay (fines) 

ec = void ratio of silt (coarse) 

er = void ratio of clay (fine) 

In deriving Equation 14, 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 soil particles may be sometimes induced to roll into 

threads. The plastic lir:iit, rosy be expected to increase from the mini.mum 

value at the clay conte:it C:f:v' to a value representing the pure nonclay 

fraction. This state is analogous to Ballard's Zones A and B, which 

include the regions that decrease from the pure nonclay plastic limit 

to the point wbere the hydrated clay is just sufficient to completely fill 

the non clay voids. Seed, Woodwsrd, and Lundgren (46) point out that there 

is likely to be gradual transition from the decreasing to the increasing 

r~cion. 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 characteristics of the soil mass. Other equations are derived. 

The ~bove work was reviewed here briefly because.it must be considered a 

great leap forward toward understanding the fUndamental nature of the 

liquid and plastic limit. 

Development of Moisture Tension Apparatus 

In the agricultural and soil physics fields, 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 not within the scope or objective of this thesis to analyze the 

soil water system or energy relationships. However, the equipment used 

in this study is based on these concepts, and it was developed to facili­

tate their study through better research techniques and equipment. 

Richards (39, 4o, 41, 42) was responsible for developing modern 
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moisture tension apparatus. 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 ra~ge of soil ~oisture, water in porous 

cups filled and connected to a ;.znc~ster will cane to a pressure equilib-

rium with a soil. In a si;n:Llar rrzn~er, the ooisture content of a soil 

on a porous plate or membrane will attain a steady value if a constant 

pressure differential is :maintained across it. 

Richards (39) pointed out that pressure difference across a porous 

wall or ue:1ibrane has been variously ten:ieu suction, pressure deficiency, 

capillary tension and soil moisture tension. Also, early literature 

referred to the curves obtained by the relationship, moisture content 

versus soil ~oisture tension, by various narr.es: sorption curves, charac-

teristic cu:::-ves and retention curves. The term "sorption" had sometimes 

been :r..isuscd. in the case of a drying curve, and Richards proposed the 

terr.i 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-

drying relationship, along with hysteresis effect, well and simply: 

"Curves showing the relationship between soil-moisture tension 
and moisture content may be obtained either by wetting a dry 
soil or by drying a wet soil. 'I':O.e 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 bas become 
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cor::..~on k.r.owledge found in alnost every book or text covering soil water 

relationships. Baver (7) presents a very comprehensive treatment with 

6 pages of references. Tne fo::.lC';;i:c.g inforr:l2:tio!'.l in this section, 

except whe::e specifically noted otherwise, is essen"!:.ially after Baver's 

text. 

Capillar'J water is defined as the water which is held by surface 

forces as a conti~~o~s film around the particles and in the capillary 

spaces. Cc?il:ary potential is defined as the work required to pull a 

unit :w.a.ss of water away from a unit mass of soil. Thus, when a pressure 

difference (suc"!:.ion or pressure) is required to extract water from soil, 

the a~ount of water in the soil is a function of the energy with which 

the \?ater i.:; held. Also, the energy re'luired to remove water is a con­

tin~o~s fu~~tion of the moisture content; i.e., a given energy will remove 

a given a~ount of water and come to equilibriu.~. A drier soil then, 

req_uires c.C:.C:.itional energy to remove additional water. When the equilib­

riL:..~ condition of the soil has been reached, the soil has a potential at 

ttat 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 

corresponding decrease in the radius of curvature of the water menisci 

in the pores. Finer-textured soils, therefore, contain more water at 

acy given potenti~l. 

When ~oisture content is plotted against capillary potential, a 

moisture-tension curve is obtained. These curves have a simple form 
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which raises the probability that only a small number of parameters are 

required for their representation. A~so, because of this fundamental 

sir:rplicity, there should be the possibility of expressing the capillary-

potential-moisture relationship in ter:ns of definite soil physicel 

properties. The energy that must be expended to remove water from a soil, 

froo saturation to dryness, is epparently a continuous function of the 

moisture 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 of wat~r somewhere along the curve. 

It should be pointed out that the plot of moisture content versus 

"tension" ~3.Y be expressed in many ways. Moisture content is expressed 

in three ws.ys: percent by volume as generally used in agronomy, percent 

by weight.as generally used in engineering and percent saturation. 

Tension r::.z.y be eA-pressed in centimeters, inches or feet of water, atmo­

spheres, bars (l bar : 106 dynes/cm2 : 0.987 at:i:lospheres) or pounds/in2 • 

To cover a wide range of pressures, the tension is usually plotted on 

a log scale. There is no definite convention regarding whether the ten-

sion is plotted on the abscissa or ordinate, but it is usually the latter. 

The porous plates and pressure membranes themselves were developed 

by Richards (39, 4o, 41, 42) as a better method to obtain the moisture-

tension curves, particularly in the range of 1-15 atmospheres pressure 

equivalent. A do~estic-tY,Pe aluminum pressure cooker serves at pressures 

up to 2 at.~ospheres: higher pressures require pressure-menbrane apparatus. 

This equipment will be described and pictured more fully in a later sec-

ti on. 

Fukuda (20) made a theoretical and experimental analysis of the 
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:r;roccss of extracting soil moisture in pressure-membrane apparatus. The 

r2c.C:.::r wio is interested in a r..athr..atical analysis of the mechanism is 

referred to tne pa?er. O~ ~ore concern here are his conclusions concern-

ing the ef:ect of bL;..YJidi ~y and. te::·pe~o. t'...!re outside of the apparatus 

0:'.1 soil r.:oistu:..~e in eguilibriu...--n with vario'-4s pressures inside the appara-

tus. He concluded that the effects of air humidity and room temperature 

outside tLe apparatus were of little importance. 

Ap~lication of Moisture Tension to the Consistency Limits 

The relationship between soil ~oisture tension and the consistency 

lirr:i"~s of ::. soil 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 weTe plotted and appropriate soil moisture tensions were approxi-

~~tea. Tests were then made at pressures near the approximate pressure 

until one was found that gave results with the least deviation from those 

that had been predetermined by the standard method. Table 2 shows a 

su.ur.iary of their results. 

Based on the above study, it was concluded that if the textural 

classification is known, the consistency limits can be estimated by 

asswning them equal to an appropriate moisture tension. The moisture 

te~sion pressures they recor..n:ended are those presented in the table below. 

Ttcy also compared their deviatio~s, qualitatively, with the tabulated 

res~lts of a comparative test by several different highway departments 

-.: . .'o:: c;::msis~~ency lirai ts of one soil, and concluded that their results were 

·.:::. t:n::.n C.evia tions that could be expected by conventional methods. 
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Table 2. Su.~"T.ary of results of Rollins and Davidson (43) 

Textural T T ten::;; ion I\:o. Average· ?.L. tension No. Average .LJ .J....J. 
group (in. of H20) run deviation (in. of H20) run deviation 

silty loam 603 228 1.50 168 12 3.46 
silty clay loam 6oa 415 12 3.14 
silty clay 15 16 2.56 913 15 2.58 
clay 6 16 1.75 1650 12 2.34 

aCombined in one test run. 

A recent (1964) article in an English periodical (38), reports on the 

use of tte ~elationship between soil moisture and suction as a new method 

of deter.CJ.ining the plastic limit of soils. Both sorption and desorption 

curves are used, and the absence of hysteresis at a pF value at 0.5 is 

taken 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 

s~ction relationship,--- 11 the term, 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 sometimes preferred. 
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DEVELO?ir.8!'.'T CF TrZ MOISTlJRC: IBNSION METHOD 

E~~ip:ment 

The equip::ient C..ev2lo:9c:.:i by ?:'..chards ( 39, 4o, 41, 42) is patented in 

the U.S. and available ccz:ercially. Fer r::zny years agrono:nists removed 

water fro::i soil, by creating a pressure dif:'.~rence, by suction, across a 

pcrc~s cer~::ll~ material which served as the link between the soil water 

ar:d water outside. Pressure n:enibrane and pressure plate extractors are a 

:r:-iod.i:ficat::.o::l of th.is principle. By an applied pressure inside the chamber 

of the cp~aratus, a ~ressure difference is maintained across a porous plate 

er ir.e:.:1orar:e, the bottom of which is at atmospheric pressure. 

The CJ?aratus, as used for this project, is pictured in Figures 2 

and 3. A conpressor was used as the source of air pressure for the 

pressure rr.eobrane apparatus; the university air supply was used as the 

air pressure source for tne pressure plate apparatus. 

~he pressure plate extractor is used in the low ranges of pressure, 

sucn ~s, 0-1 atmosphere. An excellent description is given in the manu-

facturers' catalog (54): 

"---The extraction is acco::ll?lished by means of special ceramic 
;,lc::tes, called 'Pressure Plate Cells', operating in a pressure 
ch~wber. Each Pressure Plate Cell consists of a carefully 
:::Bnufactu:;.1 ed ceramic plate which is sealed on one side by a 
thin neoprene diaphragm. An internal screen keeps the diaphragm 
fl.1 o:·a close contact with the plate and provides a passage for flow 
of water •. An outlet stem run:::i.ing through the ceramic plate 
connects this passage to an outflow tube.-----. After loading 
with sam~les, the Pressure Plate Cell is mounted in the pressure 
c~a~oer and subjected to air pressure. The pores in the ceramic 
plate are so sr:all th~t they are sealed to air by the water films 
~P to air pressures in excess of 1 atmosphere (15 psi). Water, 
hm.;ever, will pass freely through the plate. When air pressure 
is applied to the chaLilier, moisture from the soil sample flows 
tnrm.:.gn t~:e ceramic plate, then between the rubber diaphragm and 
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Fig •. 2. Pressure plate apparatus, with ceramic plate loaded for 
a test run, and mixing materials (Top) 

Fig. 3. Pressure membrane apparatus with one membrane loaded 
for a test run (Bottom) 

(see next page) 
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t~2 p~~te, 8~d ~? ttroucn t~e o'..ltlet ste3 and connecting outflow 
tube: in t::-.e o'..lt.::ide o±: tr~e :pr~ssure cl:":.c.w.ber. At eq_uilibrium, 
t:ri.;:,r.;: is an e:;:z.ct relc.tionsiip between the soil suction in the 
S8.Yr~ples a.r .. d the ~ir p:-ces!;U!"'e in 'the ctamber. ----- 11 

T~e pressure ~s:-io~~~c ap~ar~tus oper~tes in the same manner and uses 

the eY.act sa;~.s: p:-inci?les. It tas o'.Jvious physical differences which 

affect minor changes in its operation. The cross section of the appara-

4 top) clearly shows its structure. A cellulose membrane, used 

i:o.stez.cl o; the ceramic plate, is lai.d over a screen covered drain plate 

a:::d sealed with 11 0 11 rings. Co:n?ressed air is admitted to the extraction 

ch~mber tt~ousn a cylinder fitting. The top fitting and compressing 

C:.ia:p:C.rag:. ·,;:::..r;:; not used in connection with this study. 

s::ie :p::e.;;s·..:.re r.:er::brane apparatus is neected. for using higher ranges 

of ~ressure ttan the ceramc plates can withstand. Soil moisture ~y be 

ex"!:.rc:.cted. up to around 15 atmospheres, or 225 psi. The pressure is the 

upr:-.31~ li:::-.i t for which the equipm~nt is guaranteed. However, the cellulose 

~e=braile hss a~ average pore radius of 24 angstroms, and the theoretical 

up:_;i..:;;:.~ lin::.·;:, is about 1500 psi. (55). 

i?ig. l~ center represents a soil sample on a cellulose membrane. The 

sa~e fig~re co~ld be used for a porous plate by replacing the membrane and 

screen with a porous ceramic plate. As soon as the pressure inside the 

cta~~er is rsiscd above atmospheric pressure, water is forced through the 

:r2icroscopic in the cellulose membrane. Water will flow through a 

::io:..:·.::: in the;: rr:cc"::>rane until the radius of its meniscus decreases to a value 

s:.:.::.ll enough so that the force of the applied pressure is equalled accord-

icg to the relationship: 

p = 2T/R ------------------------------------------------(15) 
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wb'3re: 

p = applied :pressure 

m = surface tensiou of t:r.e liqu::.C. .J.. 

R = radius Of the i::e;::iiscus 

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 apparatus. Fig. 4 bottom shows relative examples of a pore 

at three different pressures. At any given pressure, soil moisture flows 

arou:i~ each soil particle and out t~rough ~he cellulose membrane until 

the effectiv~ curvature of the water films throughout the soil are the 

same as th;; pores in -~::.e :iembrane, which will be in equilibrium with the 

givec pressure. As tbe equilibrium state is reached, flow ceases. A 

pressure ::.~crease will resume the flow until a new equilibrium is reached. 

Materials 

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

first stages of the project, which consisted of establishing fasilies of 

moisture tension curves for several textural groups, stored soil sa~ples 

from the basement of the engineering experiment station laboratory were 

used. ~hese soils had been sampled from almost all sections of Iowa, 

starting in 1950, under IEES project 283-s. The testing and research 

program was conducted as part of HRB project F~>\-1, "The Loess and Glacial 

Till 1-.laterials of Iowa; an Investigation of Their Physical and Chemical 

Properties and Tecbniq~es for Processing Them to Increase Their All-

~,.;;;..ather Stability for Rcz.d. Construction." Several hundred samples were 

ar;.a.lyzed eve~ a period of years and their properties were reco~ded as a 
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pe:rr' ... :rne:c.t record and a sar.!ple of each we.s storec"!.. The consistency limits 

were tuken fro~ the::.r records and used for col'J'!Ilaring the moisture tension 
. 

results. I~ tss been pointed out since t!:ese limits we:::-e detenr.ined 

Tb.e second. phs.s~ of ttis ;iro~e~t cor:sis~~cd of t.::-cing approxi.Dste 

pressures fro~ t!:e curves and wz.king test runs to obtain samples at a 

moisture content tt.e.t correlated best with one of the liI:'.its. Most of the 

soils for t~is second .phase were obtained from the Iowa State Highway 

Co::.'1issior: Soils Laboratory. The sample obtained was a 100-200 gram "left 

over 11 porticn of the same soil that their technicians had sampled, proc-

essed and tested. Their consistency limits were used for correlation. 

The coz:ri ssion' s consistency J..imi ts are determined by a regular crew of 

four reen who do no other work. It should be reasonable to expect that 

results :produced by a steady, 11professional" crew such as this, are going 

to be as free from hu:.lan variance as possible. 

The nost significant parts of the mechanical analyses of the samples 

we:.::·e recorded end are included with the tables presented herein. The 

cc::r2lete 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. 4o 

sieve fraction. The IEES soils had to be ground and sieved prior to 

being used. In the case of the ISEC soils, only the minus No. 4o fraction 

was oot~ined; no further preparation was necessary. 

The sa:r:'.J.?le origin may be noted by the numbers used in this thesis. 

All soils obtained from the co:c::.-nissio:n are preceded by 11AAD 11
• All other 

num.bers indicate soil samples from the engineering experiment station. 
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All mixing was done with distilled water. 

Laboratory Investigation 

'I'he investigation essentially consisted of two "phases". The first 

phase consisted of finding representative curves for several textural 

groups. To obtain such curves, by desorption, it is necessary to bring 

an initially saturated soil to equilibrium at each of several different, 

increasing pressures. Each sample was split into as rr~ny parts as needed 

so that one could be removed from the apparatus after equilibrium was · 

reached at each pressure. The moisture content was determined in the 

usual r.aanner (oven dried at 105°C). The objective 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 approxirr~te 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. Handbook No. 6o (6o), as suggested 

by previous work ( ~-3): 

"A::;:iproximately 30 grams of a representative sar:iple of the 
soil was placed in a one-D.alf pint fruit jar, and sufficient water 
was added 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 
transf~rred to one side of the jar. If the soil slowly flowed 
when the jar was tipped to an angle approximately 6o degrees with 
the horizontal, saturation was assumed. The jars were then capped, 
and the samples were allowed to stand for an hour or more, after 
which they were again checked for saturation. The saturated soil 
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was then placed in the rings* of the saturated porous plates." 

Rollins and Davidson (43) stated that the above saturation process 

must be followed carefully because the soil moistur~ tension at each of 

the linits is affected by the initial r.oisture content. As the present 

work proc;ressi::;d, the above procedure seemed to be unnecessarily time 

consuming 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. 

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

Sarr~ple Wt. g. Moisture at 20 ~n. H20 Comments 
Aa B 

l 15 0 56.41 56.37 air dry 
2 15 5 43.74 41.05 compacted 
.... 15 10 53.07 51.87 "nonnal" (USDA) .) 

4 15 15 56.64 56.38 free flowing 
5 15 20 57.81 56.64 liquid 
6 15 20 56.29 57.24 mechanically 

mixed, 20 min • 

. aSar:iples in coluam 11A11 were mixed, and placed on the plates to stand 
overnight in an excess of wc..ter (usual procedure). Samples in column "B" 
were left in capped jars and put on plate immediately before pressure was 
turned on. 

Sample 2 approximated an optimum moisture condition, which is the 

reason that it had to be compressed (compacted) 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 

-X·Rings used were approximately 3/8 inch in teight 
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wt.en placing t:ie sar::ple in the rings. 

T:ie test was probably not sufficiently co~prehensive to warrant 

r.wki~g definite conclusions on its basis alone. However, since a liquid 

s·;;.ate slightly wetter than obtained by following tne USDA procedure can 

be placed in "tl:e rings with more speed and ease, can be arrived at least 

as easily ar:.d consistently (with experience) and could possibly be in a 

less critical region; the procedure was so modified. The saturation point 

used, therefore, is best described as the point where the soil mass could 

be slowly poure.i 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 

time that the wet soil had been kept in the capped jar made relatively 

little difference. Thus, for convenience as well as greater assurance of 

s~turation, the mixed soils were left longer in the jars. Four hours was 

chosen as a minimum. 

It can also be noted from Table 3 that the air dry soil, placed on 

the plate im:nediately prior to turning on the pressure, reached equilib­

riurn by sorption, i.e., taking up water from the plate. On so~e early 

silty clay runs it appeared that the sareples were taking up water in the 

region of the two lowest pressures; one possible explanation is that they 

were not really saturated to begin with. Points that were rerun using the 

~odified, wette~ initial condition, eliminated this tendency from these 

soils and all future runs. (A curve showing this tendency will be present­

ed in the following section as Fig. 10.) It is not suggested here; 

however, that the initial condition makes no difference. A consistent 

i~it~al condition could be very important, and emphasis was placed on 

b~ing consistent. 
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As a:i step, the cerar:ll.c plates or :r::e~branes were always 

thoroughly satu.::'at.:::d with distilled water. Tbe saturated samples were 

c.lloi;.;c:d to sts::::d. o:i the plate (or me:.::::irane) in a:::l excess of water, for 

16 hcurs while covered with sn:all squares of waxed paper (55, 56). Paper 

and excess water were re::loved prior to the run. F.e:::-e again, the steps 

i;.;·ere abbreviated for convenience and. ease of operation. Again, the 

er2pta;:,is ,.;as placed on being consistent. The procedure arrived at and 

used for all the later calibrations is as follows. 

Tie sa::i:ples were mixed and alloued to stand in capped jars according 

to t~e ~edified procedures above and then placed in the rings on the 

plate (or ~embrane) • .An excess of water, an approximate depth of~ inch, 

was placed on the plate. The appa::atus was closed in readiness for a 

run.' The sa:cples were allowed to stand, without waxed paper covering, 

at least 16 hours. In practice, for convenience, they were generally 

placed during the afternoon and left set until the following morning. 

T~en the pressure was turned on and the run started without attempting 

to remove any excess water fro~ the plates. (Under pressure, the excess 

water co~3s rapi~ly out through the outflow tube.) 

R~ther tcan setting the end point, equilibrium, as a function of 

tine, it was a~termined by the complete cessation of any sign of moisture 

flow frow the outflow tube. This determination was made by wiping the 

t~be dry ac~ then laying it on a dry surface for at least an hour. If 

no water C.rcp was observed, equilibrium was assumed. 

According to tbe instruction ~nuals (55, 56) samples may be removed 

~~yti=e after 1.;.3 hours, or earlier if the outflow indicates that equilib-

:.:h;:;i. tas been attained. It further states that most soils will approach 
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equilfo:ri-c..;i in 18 to 20 hours. 'I'his was found to be the case in all but 

the clays, ar.d some silty clays, which sometilr..es required up to 6o hours. 

of tr;e ou~;fJ.c:;.: -:ubt=s were kept constently under a s~all amount (±_l inch) 

c,s.· 1 .. :':: ·~;:;:c ici e:. oeaker. This procedure insured outflow into a constant 

cnvironnent as far as humidity was concerned. It also served as a cbeck 

agaiLst air leaks. 

Using the above method of end point determination, it was sometimes 

unavoidable that sam.r.:>les were left at equilibrium longer than necessary, 

perhaps over a weekend or even longer. Another test was run to study the 

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

split into 9 parts and taken out in pairs (except the last), after 1, 3, 

5, and 6 days at equilibriumo The results can be seen in Table 4. The 

lowest reading, at one day, is probably due to the sample not being in 

com.r.:>lete equilibrium. 

Table 4. ~esults 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 San:ole l Sanmle 2 Average Change from 
r/v.moisture 'fo moisture previous date 

July 22 32.16 32.14 32.15 
July 23 31.6o 31.57 31.59 o.44 
:c.:.ly 25 31.58 31.62 31.6o 0.01 
J"J.ly 27 3i.63 31 .. 61 31.62 0.01 
July 28 31 .. 62 _a 31.62 o.oo 

aonly one remaining. 
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The effect of splitting a sa~ple can also be apprcximsted by the 

d.a·.:;c. in r.='E."jle 4. This test is also not co:nprehensi ve enough for making 

c:.uantitative conc::.·..:.sio!:..s with a high degree o:f reliability. However, 

the closene3s of the results indicates that splitting the sample should 

not cause any i::.ajor problerlS. This assumption proved to be true through-

out the second phase of the project when all detcrr.linations were made in 

pairs. Al:,,ost without exception, every major deviation between the pairs 

was t::-ac~C!. to a weighing or calculation error, or an obvious mixup of 

sar:ple ntZ.be:rs. 

After sc::;;,z initial trials, it was deterr:.ined that a minimum of 8 

J?~:~ssures (10, 20, 50, 100 inches of water and 15, ~O, 50, and 80 psi) 

were needed to obtain a good curve. Later, a 9th was added at 192 inches 

of i;.rater. Also, on some runs a 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 

::.e:rC;:):rane apparatus. Each run ir.;ade with about nine different soils. One 

pr~ssure ~err:orane extractor was used to run samples at 15 and 30 psi; 

t~e second was used to run san:ples at 50 and 8o psi. All the lower 

?~~ssures, inches of water, were run on the four plates of one pressure 

plate extractor. On occasion it was not re~dily apparent how to draw one 

of the curves, and additional points were made by separate runs to clarify 

All $a~"'}?les were loaded together. Each soil had one sample available 

to be taken out as equilibrium was reached, in turn, at each of the pres-

The sa:rr.ple was removed at each equilibriillil point, weighed and 

p:aced in the drying oven. After the last sample was completed, dried 



• 

59 

and. calculated, a curva ,,;;;;;s dru<;;;:i fo::- each soil. It vas decided that the 

best plot to clearly cover the ran3e of. pressures used, without distorting 

ar:.cl plottir.g t:Ue p:ressures i::i pci..:.r..is :per sc::,uare inch on a 3-cycle log-

ari t:.:mic scale as the ordinate, ~ed. tbe :coistu::..·e content in percent on 

an aritr~etic sc~le cs the absisc~. ~JPical curves, both single and 

~·ha secor:.d. ?hase of this pro~ect consisted of running a group of 

~ifferent soil sarr.ples at a specific pressure that would affect equilib-

ritcr;. at a n:oisture content that corraspocds to o~e of the consistency 

liwits. The curves proved to be too variable to pick a specific point 

with any confidence. The picking of a pressure turned out to be a trial 

ancl erro:::- proced.u:::e. After a few trials, it· becarae evident that the 

curves could be used only as a rough, fi~st approximation. The running 

proc~dure was exactly the sa1e as it had been for the first phase of the 

project. Tt-8 only variation was that each soil sa::n:ple was run as a 

C.t:plicate. Since ever; indication showed that the results of the dupli­

cates shoul~ have been practically identical, or very close, it served 

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

in sa:r::ple nl.mlbers • 
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PEZSE1"'TATION ~ID DISCUSSIO~ OF F.ESULTS 

During the first phase of this project, data was obtained for the 

purpose of plotting noisture tension curves. The theory of soil moisture-

energy relationships is beyond "'.:;l:e. scope ar:d objective of this thesis. 

Eo·;;ever, a brief discussion of so::e of the factors that affect moisture 

~ension curves will give a clearer understanding to those presented here. 

Figures 5 and 6, and their interpretation which follows here, are 

after Baver (7). 

In Fig. 5 the effect on desorption of two layers of different size 

particles is shown. In curve A, fine particles (150 - to 270 - mesh) are 

?laced in a layer over a layer of coarser (4o - to 6o - mesh) particles. 

Curve B has the layers reversed; i.e., coarse over fine. The curves 

dex.onstrate the validity of the generally accepted concept that the 

drainage of a pore is limited by the size of the neck. 

To quote Baver (7): 

"In both curves in this figure (5) the dashad lines indicate the 
tensions at which the individ~al separates would crain. The 
c;.ffv.;:: A indicates that no appreciable amount of water was removed 
frc8 the system until the tension necessary to start the drainage 
of the 150 - to 270 - mesh layer was reached. However, when this 
point was attained., a large percentage of the water was removed 
from the system with very little increase i;:i te:J.sion. It is 
nztural to suppose that there were a few pores larger than the 
rest in the 150 - to 270 - mesh and that they formed continuous 
passageways down through the layer as soon as the tension of 
~ce largest pores of this layer was reached, the meniscus was 
nulled through end an air passege dcwn to the 4o - to 60 - mesh 
layer was established. When this occured, the 4o - to 6o -
:n:esh was drained out il..i:-::ediately leaving the saturated stratu.'Il 
of sand above.-------The curve 3 shows that the 4o - to 6o -
r:esh sand drained out through t:::i.e fine layer at approximately its 
nor.:.al tension. When the coarse layer :bad been drained, it was 
necessary to raise the tensio:'. 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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'I'nese curves show the effects of two carefully controlled sizes, and 

it is reasonaole to expect tr1at t:::e ~')ore sizes are also wi ttin a narrow 

range. In t •1e "'.· ... -.... "-."r-<11 11 soils used o .._, · <> h • - _.,. - _ ::-. ...n:;.s :::-csearc , all rrJ.nus 4o mesh 

with no lower )irnr.:., this woulC. r.ot generally be the case. l·~any factors 

'. ' r.:C:D.1:,J.. one~ ~he soil ~oist~::e literature as affecting noisture tension 

relationships. Nevertheless, it should be reasonable to expect that 

rr~jor factors influencing the tY:Pe (shape) of curve obtained for each 

cro·c.<::_:i are tee pore sizes as determined by the gradation and. the packing. 

Tt.e co:1sistcnt r::ixing proc.:::dure should rnini.'nize differences due to pack-

ing; -c.he grou:;:is should thus have cu::::-ves that differ according to their 

g::::-8.C:.e.tion. Tne above seer.:s to be ve::.~~fied by tne gradations showr: in 

Table 5 a::-"d the curves obtained (Figs. 7 through 22). Table 5 presents 

the ;;;;:-:alysis (percent gravel, sand, silt and clay) of each of the soils 

re9resentcd oy t~e individual curves (Figs. 8, 10, 12, 14, 16, 18, 19, 

20, 21) 22) wnich represent a 11 ty2ical" clay, silty clay, silt, etc. 

Referring again to Figo 5, i'c is seen that a sample which depends 

essentially on one pore size re.::iches a :point where it 11 unloads 11
; i.e., 

tf-,e hold.ing capacity of every r.:zniscus is reacheJ. at about the sar.ie 

te:-:.sion ar:O. -.:;he pores are drained. Ti1is :region may not be horizontal, 

' ,exc~:~ in the hypotnetical case whe::::-e all the pores or pore necks are 

act~~lly oz the sa~e diarr.eter) but it is a definite region where slight 

ir~crc3ses i::i. pressure cause re la ti vely large changes in the moisture 

c or.":,.::::-. t oi' -;;,::e sa~le. Co~1siC.er another bypothetica l case where tne 

sa=~~e nas its po::::-e sizes more rando::U:y ~is~riouted f::::-cm s1":allest to 

lc.r-gest. The curve of ~jis latter 11 sample 11 shot:..:C:. have a tendency to 

st::::-aighten; the sudden unloading effect would tend to be absent. 
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Table 5. Co~position of soils used for individual curves plotted on 
gra:;;>:Cs 

Group 1as~-snz.tion Composition, percent 
n·~:-~;2;r g:..~ave: sand. silt 

clay 503-L~ 12 42 
clay· 404-4 33 23 
silty clay 45-1 l 66 
silty clay 4L~-l 1 59 
silty loa~::. .A.i-'\D4-6 5 6 1 57 26 
silty .LOS.::-.1 AAD4-661 2 62 30 
silty lca::i AA"J4-8o6 13 21 50 
si:ty clay loz.m Afj)4-653 I'" 48 27 0 

silty clay loam 70-1 7 70 
clay loam Af.D4..;664 1 41 38 
loar.: PJ'l.:C4-647 3 43 35 . .,~ 
Sl.t.u AAD3-l2820 83 
si1-c. M.D3-12822 3 90 
si:..t .A.AD3-12832 l 86 
sana. AAD3-l2829 90 8 
sand. APJ)'ilr-828 89 10 
sand AAIJ4-3655 34 39 
silty loa:1.1 I-2 l 81 
gr. loamy sand Afa.Dl:. -8o9 14 71 11 
sa:::i.d.y lee:~ AAD3-125o7 63 24 

clay 

46 
44 
33 
4o 
16 
6 

.16 
19 
23 
20 
19 
17 
7 

13 
2 
l 

27 
18 
4 

13 

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

all of controlled size (4o - to 6o - mesh except the Fe-zeolite which is 

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

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

To ~uote Baver (7): 

"Th2se results inC.icate th~t the po:rosity of an aggregated system 
e: s C..::ter:~ned by the 2.:::!oi.;.nt of water wi thd.rawn frofil the system 
f:co::n saturc::tion U? to the flex point on the log-tension curve, 
rr.ay be considered to be that between the aggregates. The water 
re~0ved at the flex poi~t r:e.y include some water at the contact 
points of the particles. The water drained out of the system 
just above the flex undoubted.ly comes from the larger pores 
within the aggregates." 
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atm. ·prG~5su.re J.5 atrn. l)I'E!SSurc 

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 
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r:i:c:·o1e 6. Cc:::paris~n of tbe co:".:?osition of clays fro~.c. o:;>posite extremities 
of the conposite clay, Fig. 7. 

a. Cla~/S that plotte·i close to th~ ..... C2.ays that plo"cted. close to the "". 
left oound.ary right bound.ary 

Seil Ccmposition) perce~t Soil C;x1posi tion, percent 
r:\;;.·.:::.er gravel sand silt clay( 5,!J) m.u:.bor gravel sand silt clay( 5/)J 

1.:.::...:-2 3.5 23.5 30.0 L~3 .O 508-2 o.8 47.6 51.6 
~13-2 0.2 17 .2 31.6 5::...0 503-2 1.7 50 .3 48.o 
L;.15-2 2.7 29.2 30.9 37.2 504-6 6.5 45.1 48.4 
505-4 22.7 ~.() .9 36.4 509-2 l.7 49.3 49.0 
507-3 31.2 35.4 33.4 511-3 0.7 46.3 53.0 

Baver doe~ not discuss the upper portio~s of the curves. He does 

point out that w~ter 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. lie also discusses the total potential of the 

soil water system, which gets into a ther.o.:lodynamic discussion which is 

neither necessary nor cesirable for the objectives herein. 

It is reasonable to expect (although this is not said or inferred by 

3aver) that these ether forces would mask the effect of capillary tension 

in the region of the U:!_)per flex. In other words, after the unloading 

.region whicn represents water drained. fro::n the larger pores, the effect 

cf ?Or~ size is no longer predominant. It should follow that, above 

t:-.is sccci:.d flex, the sarr:ple bas reached a st.ate of "dryness" where 

f~=c2s, such as the attraction of oriented dipole water molecules on the 

s~rfaces of the particles, has a strong effect. Large pressure increases 

,;~~:i be required to re!rlove small amounts of the water that remains. 
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::· c:ll t~1e above is val:Ld., and if Gri::i's (22) ti:eoretical definitions 

oi' plasticity c..c:i t:ne cor:sis-~er.cy linits a1·e also valid, the~1 tr;e defini-. 

tions can '.:le close:ly relate~ to regions of tne curve wit!:.out excessive 

specu:ation. '.i'~~e :pc::tion of tne moisture terision curve from saturation 

to the flex point, may be consid.ered to be t:iat between the aggregates 

a:id. the water at tl:e flex point may include some water at the contact 

poi:.-1ts of the particles (7). Corr.pare this statement above to Grim's (22) 

liquid limit definition: 

"---The liriuid limit is a mes.sure of the water w.cncn can be held 
with any substantial rigidity, and does not separate tee particles, 
bc;."c approacues t~'1c point where ti':ere is substsntially no bonding 
fc::ce between t::.;:;.::. --- 11 

'.i':1::.s point repr_;;;.;.~~ltS the verge ::;.,_' se:paratio:i; tne flex point, coming 

fro:n the "other direction" could be said to be just past the end of 

separation. It should be reasonable to assume tnat these points are 

analogous. Tims, the lower flex point of the moisture tension curve 

should represent the liquid limit. 

The plastic limit is a measure of the water content just slightly 

in excess of the amount that a particle surface can adsorb in a highly 

rigid condition and whicl1 does not separate the particles enougn to 

reduce attractive forces between them (22). In addition to the water 

between particles it is estircated. that there is some P.ore water present 

( 22). Considering tne unloading region above the flex point of tr1e 

moisture tension curve (7)z 

11 ---'.Li:ie ·water drained o~t of the system just above tne flex undoubt­
ed:y cc~e:s from ti:e larger pores within the aggregates.", 

snould be reasonable to as3uEe that the point where the larger pores 

drained suggests that the pore water left is not a simple fUnction 
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of pore size. That is, the upper flex point, just below the region where 

it takes large increases in pressure to remove small amounts of water, 

should represent tne plastic limit. 

It follows that tt.e unloo.ding region between the upper and lower 

flex points of the curve would be the plasticity ir.dex. The plasticity 

ir:.d.ex mzy be defined as the measure of the amount of water that can be 

sdied. between particles, between the end point of rigid water and the 

point o:r.~ particle separation, beyond which there is essentially no attrac­

tive force between them (22). Or, considering it analogous to the region 

above the lower flex of the moisture tension curve; it is the region 

where the water being drained out of the system comes from the larger 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 background, 

the 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 clay-Fig. 9, silty loam-Fig. 11, 

silty clay loaI:J.-Fig. 13, clay loam-Fig. 15, and loam-Fig. 17) are shown 

as composite ci..:rves, showing limits between which most of the curves were 

evenly d·istributed. A trace of those curves that are defini t.ely outside 

t~e general trend are shown as dotted lines. 

Follcwing each group is a graph of one or two curves from the group 

t~at appeared to be most typical bf its group {Figs. 8, 10, 12, 14, 16, 

and 18). The 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 presented in their entirety, because only the few shown 

were run. 

Based on the vali~ity of using textural groups to divide the samples 

(43), each group s~ou:d have resulted in a family of curves within narrow 

lini ts. That this was :r.ot the case can be readily seen by the composite 

clay grcup (Fig. 7). This v.ride band is easily understood in relation to 

the ccr,:~cc t:cia:igular textural chart which divides textural groups by 

ti:'.eir sand, silt, clay co~position. The clay section of these charts is 

generally large a~d includes a wide range of varied com.position. The dif­

ference in composition between curves near the right and left boundaries 

can also be seen from their composition as presented in Table 6. Those 

representing the left side of Fig. 7 are more well graded while those 

representing the right are almost entirely silt and clay. 

If it were necessary to narrow the band, it would be necessary to 

find sor-3 ctr.er criteria besides textural groups. Howev~r, the final 

results seem to indicate that the group width is not of any great impor­

tance. With the ccr;:;.;.--::J.on triangular chart in mind, it is easy to visualize 

that the width of all the bands presented is approximately proportional 

to the size of the group limits on the chart. That is, the larger the 

section on the chart, the greater the composition can vary. 

Although their limits vary considerably, the curve shapes can be 

roughly related to the previous discussion of Baver•s (7) curves if tbe 

following are kept in mind: 

1. his material was limited to size between 4o and 6o mesh; 

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

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

volu.~e which is nore directly converted to porosity. 

As can be seen in Tab~e 5, enQ Fig~~~s 14, 19 and 21, the samples 

that perhe?s cc~e clo~est to taving particle sizes equal or within 

relatively narrow limits, are the ~ost obviously analogous to Figs. 5 

and 6. Ttat is, the three regions - relatively flat slope between two 

flex :;_Joints - are easily discerne.d. It is also apparent from Fig. 14 

which sha·~s two silty clay loams of distinctively different shape, that 

co~9osition (sand, silt, clay) affect the unloading region. It can be 

seen by the data of Table 5 that curve B is predominently silt (71%) 

while curve· A is o'oviously more well graded. 

The distinctive unloading region is also noticable to a lesser 

degree in the loam (Fig. 18), the sandy loa~ (Fig. 22 left) and the 

gravely lc~wy sand (Fig. 22 right), and 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 predominate. Most clays, however, showed at least a slight lower 

flex (curve B, Fig. 8) and, in some cases, curvature in the upper regions 

may have been more noticable at higher pressures. 

In 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 clay loam (F'ig. 15). Although data has not been 

analysed in such a way as to reake quantitative conclusions, the sharpness 

cf curvature could probably be ralated to the proportion of silt, relative 
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to the clay. 

One of the s~nds (curve A, Fig~ 20) appears to be distinctly differ-

e:at than the other two sar.ds, er.a. even fro::n all other curves. However, 

its composition (':able 5) is disc;;.::.r.c-::.ively dif:.?arent than the other two 

sands. It appears to be very we:.::. graded ( sand.-34%, silt-39%, clay-27%) 

and could have a system of pore sizes distributed in such a manner that 
I 

it t:::!:ds to ste:::-t out as a straight line; or the character of the pores 

coul·i be st4.c:1 that a lower flex would. occur at a pressure below the curve 

range (0.35 ~si). In other words, the lowest pressure is already in the 

unloading region. 

One otner 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 be clearly seen in Fig. 12. At first it 

was thought that the points were in error and that the curves should 

follow tt.e dotted lines. Several curves were rerun with points especially 

in this regio~ (curve B, Fig. 12) and in every case this lower curvature 

was verified. 

Tnis effect appears to occur predominently in soils with a relatively 

high :propo:;:·tion of ·sar.d.. Comparing the two curves of Fig. 14 with their 

composition in Table 6, it can be noted that curve A (which has the 

secon~ary lower flex) has 48 percent sand compared to 4 percent for curve 

B. The s~nd TGJ3.~ create a relatively few pores or pockets, some with 

"we..:k" necks, so that a "minor unloading" begins that is not representa-

tive of the :majority of the '.;.)Ores, after which the majority of the pores, 

t:.:;;;;;~ are rr.ore representaJ~i ve, a:::-e sti:!..l saturated. 

It has previously been suggested herein: 
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1. tne. t tl:e 10~·1er f:'-ex point could re:_Jresent the liquid limit; 

2. that the lcwer fle;;: poir..ts should occur at about the same 

results were too varied. to giv.:: c.ny concrete verification to 

t::iesa concepts. Ther~ 1-:ere n:any exceptions. However, there is also a 

prepo~~erance of dsta that sugGests tha~ it should not be ruled out. In 

the silty :oa:-.: grou1; for e:.:,e.r::;_:;le) a le;rg~ r.:'.ljor:.--.:y of the plastic limits 

cccurreC. cl.ose to the point of tange:.--~cy of the two curves (region A-B, 

Figso ll a ,,.,,,, 2' \ ............ -1. A si;::ilar conce~t~ation rr.ay be found on the silty clay 

loam. cor.r2osite (Fig. 13) and the loa::s (Fig. 17). Although single curves 

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

picture. 

The liquid linits appear to be extre~ely variableo In fact, picking 

a pressure fro~ the wide scatter of points appeared to be impossible, 

a~d trial and error ·Has finally resorted to. However, the steepness of 

the curve in this region of very low pressures means that large vertical 

deviations on t~e first cycle of the graph result in only small changes 

in moisture content. 

Consicer also that it is entirely arbitrary to discredit the curves 

and say a point is in 11error11 because it doesn't agree with the standard 

liq_uid limit to which it is compared. If the curve flex point were the 

"standard, 11 a slight variation in the standard (AS™) liquid limit would 

cause it to be far off the flex point and it could be said to be in 

11 erroro 11 

The clays and silty clays show liquid limit points well below the 
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lower flex~ In clays, forces ttan ~e~iscus tension could co~-

triO~tc to this co~~it~on e~d r~sult i~ raising the flexo On tDe other 

hc:r.d, per~c:.?s -~he definition o:' ?lastici ty ·o:::sed. on particle separation 

shoulc not oe strictly applied to clays and 

coarser rfl.2. teria ls a like. 

During the second phase when the curves were used to pick a pressure 

to a:;.:ircxim.3te tl-:e lic~uid limit, pressures were picked off the curves at 

each consistenc~r limit. An average was figured. as a starting point. It 

was found to ~e only a rough approxi~3tion, and m3ny trial and error 

adjustments \;ere necessary. In retrospect, the average was probably not 

the best fic:;ure to use. T~nere were appc.rently enough widely scattered 

values to r,:ske the average value of little practical use. The mode would 

probably have given a closer starting point, or a point picked visually 

from the 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 ranse of pressures than the co~posite curves would indicateo 

However, they are in a cycle of the graph where the differences in pres-

sure are "exaggerated". In other words, the points (dots of the composite 

fig~res)' can vary relatively widely, vertically, with relatively small 

c£:ange 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, 6o 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 

clay 
silty clay 
silty clay loam 
clay loam 
loam 
sandy loam 
gr. sandy loam 
silty loam 
silt 

Final pressure 
(in. of ~O) 

4o 
4o 
6o 
60 
70 
70 
70 
70 
70 

Final pressure 
(p.s .i.) 

l.44 
l.44 
2.17 
2.17 
2.53 
2.53 
2.53 
2.53 
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 showed on most of the composite curves. However, it must be 

kept in mind that th~y are in a region of the graph where small changes 

of pressure correspond to · large changes in moisture content. Also, 

.the plastic limit is less clearly defined by both the standard method and 

·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 1 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 reproduc1bility of liquid 
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Table 8. Summary of suitable pressures for approximating the plastic 
limit 

Group Final pressure (p.s.io) 

clay 
silty clay 
silty clay loam 
clay loam 

162 
70 
35 
70 

limit values by both the standard and moisture tension methods 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 moisture tension methods are shown in Tables 25 and 

26 respectivelyo 

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 Iowa State Highway 

Commissi~n, and this fact is the main reason for the great difference 

in the number of samples that were run from each group; eogo 168 clays, 

but only 6 silts (5 of which were repeated). In other words, the number 

of samples received from the commission contained different textural 

groups roughly in proportion: to their abundance in Iowa soils. 

The number of samples run from the groups with a limited number of 

-I 
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Table 9. Moisture content for 4o in. H20 moisture tension compared with 
the liquid limit of clay soils · 

Samplea* '/o Moistureb Ave.c d ISHC (ASTM)e CSF'os~ tionf 
1 

Dev •. 
number l 2 LL PL PI sa sih c 

AAD4-6522 51.73 52.50 52 3 49 15 34 24 31 42 
II 6523 4o.49 4o.34 4o l 39 13 26 38 26 34 
II 6525 56.53 54.75 55 -4 59 21 38 12 34 54 
II 6530 54.48 54.75 55 -1 56 19 37 7 44 49 
II 6533 39.24 38.83 39 -1 4o 13 27 30 33 35 
ti 6535 47 .05 46.6o 47 -2 49 19 30 23 32 44 
ti 6538 47.58 47 .34 47 -2 49 23 26 23 31 45 
II 6542 39.90 39.13 39 l 38 13 25 30 32 36 
" 6545 53.90 54.16 54 -l 55 . 17 38 17 36 47 
II 6550 62.32 63.36 63 -2 65 16 49 7 39 54 

. II 6553 44.55 43.73 44 -2 46 20 26 16 45 38 
II 6554 4o.30 4o.20 4o l 39 12 27 30 34 35 
II 6556 48.65 47 .93 48 -2 50 22 28 14 43 43 
II 6557 50.30 49.8o 50 -.4 54 19 35 21 30 48 
II 6558 39.36 38.71 39 5 34 15 19 28 30 34 
II 6566 39.90 39.91 4o 3 37 15 22 19 43 36 
II 6567 38.70 38.79 39 2 37 14 23 22 37 39 
II 6571 36.40 36.75 37 3 34 16 18 25 43 30 
II 6572 4o.8o 4o.84 41 2 39 17 22 26 30 41 

*In Tables 9 through 17 and 21 through 24 the following footnote 
symbols will be applicable. 

8 Numbered ·and grouped in order that they were runo 

bBy weight, sample split into 2 sections. 

cAverage, to nearest number. 

dne'viation, moisture tension minus standard. 

eStand.ard limits run by I~a State Highway Commission (ISHC). 

fFrom ISHC records, gravel not shown. 

gSand. 

hsilt. 

.. iclay" 
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Table 9o (continued) 

Sample8 * 'fo Moistureb Ave.c Dev.d ISHC (ASTM)e C?osit~onf 
number l 2 LL PL PI sa si c1 

AAD4-6575 38.66 39.17 39 2 37 16 . 21 24 45 31 
II 6576 44.24 44.lO 44 5 39 16 23 30 29 39 
II 6577 44.4o 44.70 45 3 42 13. 29 32 29 32 
II 6591 52.45 51.59 52 -3 55 21 34 9 44 47 
II 6593 43.92 43.16 44 0 44 16 28 30 29 34 
II 6594 42.73 42.21 42 l 41 18 23 32 33 32 
II 6595 34.79 34.67 35 3 32 13 19 37 29 30 
II 6596 44.99 45.55 44 l 43 17 26 13 31 52 
II 6597 31.46 31.28 31 4 27 15 12 27 36 28 
" 6598 36.04 36.19 36 2 34 14 20 35 29 35 
II 66o3 4o.98 44.63 42 l 41 25 16 23 46 31 

II 66o7 39.90 39.90 4o -3 37 27 10 26 42 32 
II 6612 36.78 37 .05 37 4 33 17 16 6 47 45 
II 6675 37.39 37.6o 37 3 34 15 19 19 41 36 

. II 6686 46.88 47.42 47 -2 49 15 34 21 32 45 
II 6691 45.30 47.67 46 0 46 14 32 20 34 43 
II 6700 36.57 36.28 36 2 34 14 20 34 34 30 
II 6744 69.46 71.00 71 0 71 21 50 0 31 69 
II 6745 50.56 51.32 51 0 51 19 32 2 50 48 
II 6746 68.54 68.60 69 -4 73 22 51 l 29 70 
II 6534 44.12 42.91 43 -2 41 25 . 16 24 44 32 

II 6581 44.59 45.13 45 -l 46 14 32 19 37 . 43 
II 6879 44.75 44.70 45 -4 49 20 29 7 . 25 65 
II 6884 33~24 32.77 33 -2 35 14 21 36 31 30 
II 6895 33.20 32.15 . 32 -1 33 14 19 32 36 32 
II 6900 50.49 49.90 50 .-l 51 20 . 31 8 28 59 
II 6910 36.03 36.01 36 2 34 14 20 29 35 33 
II 6920 35.33 33.79 34 l 33 15 18 35 27 36 
II 6927 34.51 34.43 34 l 33 16 17 29 37 31 
II 694o 33.12 32.68 33 0 33 14 19 32 33 30 
II 6943 43.97 43.66 44 3 41 21 20 18 46 36 

II 6944 46.72 47 .23 47 -l 48 17 31 33 31 34 
II 6963 44.17 44.62 44 4 4o 17 23 33 27 4o 

6964 43.52 43.68 44 5 39 19 20 5 33 62 
6965 44.64 45.18 45 6 39 18 21 5 31 63 
6969 39.30 38.51 39 6 33 15 18 38 29 30 
6970 3g·~9 33.4o 33 2 31 i~ 14 16 ~3 38 
6971 3 • 2 37.43 37 2 35 19 15 35 50 
6972 41.19 4o.74 41 -l 42 16 26 33 35 30 
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Table 9o (continued) 

Sample8 * 'fa Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf · 
number l 2 LL PL PI sag sih c1 .. 

AAD4co7014 4oo4o 41.12 41 5 36 17 19 37 27 33 
II 7016 46.75 44.98 45 4 41 22 19 11 39 49 

" 7018 30.42 30o3l 30 -2 32 16 16 27 41 32 
" 7026 36.36 37.02 37 -1 38 23 15 21 42 37 
II 7030 42.16 42.39 42 -4 46 20 26 25 36 31 
II 7031 48.82 48.47 49 -3 52 18 34 20 38 41 
II 7032 . 49.74 50-30 50 ' -1 51 21 30 8 46 46 
II 7036 4oo69 4o.62 41 -3 44 22 22 32 30 31 
II 7037 4o.91 42.0l 41 -3 44 19 25 14 49 37 
II 7107 30.79 30.90 31 0 31 13 18 35 29 30 
II 7113 31.42 31.08 31 0 31 13 18 28 36 33 
II 7171 58.26 57.92 58 -8 66 27 39 l 17 8o 

II 658Jk 46.53 46.32 46 --0 46 14 32 19 37 43 
" 6879k 45.54 44.79 45 5 4o 20 29 7 25 65 
" 6884k 32.77 32.57 33 -2 35 14 21 36 31 30 
" 6895k 33.44 33.73 34 1 33 14 19 32 36 32 
" 69ook 49.71 49.46 50 -1 51 20 31 8 28 59 
" 6910k 34.52 34.81 35 l 34 14 20 29 35 33 
" 6920k 33°30 33.72 33 0 33 15 18 35 27 36 
II 6927k 33.87 33.78 34 l 33 16 17 29 37 31 
II 694ok 31°95 3lo22 32 -1 33 14 19 .32 33 30 

II 6943k 43.49 42.96 43 2 41 21 20 18 46 36 
6944k 46.4o 47.4o 47 -1 48 17 31 33 31. 34 
6963k 46.07 46.05 46 6 4o 17 23 33 27 4o 
6964k 45.44 45.69 45 6 39 19 20 5 33 62 
6965k 47.14 46.72 47 8 39 18 21 5 31 63 
6969k 38.13 38.41 38 5 33 15 18 38 29 30 
697ok 34.6o 34.54 34 3 31 17 14 16 43 38 

. 6971k 37.86 38.84 38 3 35 16 19 15 35 50 
697-iK 41.31 41.11 41 =l 42 16 26 33 35 30 

7214 54.22 54.22 53 =3 56 29 27 13 49 38 
8162 46.36 45.~3 46 2 44 25 19 ll 49 40 
8177 47.23 50.99 49 4 45 19 26 12 21 63 
8179 57 .01 56.66 57 2 55 21 34 3 23 74 
818o 46.70 46.67 47 7 4o 26 14 19 45 35 
8187 4o.87 41.52 41 3 38 18 20 9 48 43 
8209 6o .54 6o.34 6o 5 55 28 27 12 47 41 
8228 37°75 38.05 38 2 36 16 20 14 50 36 

kRerun of sample~ above at a later dateo 
~ 
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Table 9o (continued) 

Samplea* % Moistureb Ave.c Dev.d ISHC (ASTM)e Composi tionf 
' number l 2 PL PI saS sih ci LL 

AAD4-8239 4lo4o 4o.96 41 2 39 20 19 21 49 30 
II 9348 34.34 34.47 34 l 33 14 19 36 32 30 
II 8265 57.39 57 .19 . 57 -3 6o 19 41 3 49 48 
II 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 
II 8285 35.93 35.8o 36 2 34 15 19 31 37 31 
II 8294 35.27 34.65 35 2 33 15 18 31 . 32 35 
II 8315 42.09 42.48 42 0 42 19 23 24 4o 35 
II 8326 35.12 34.91 35 l 34 15 19 22 48 . 30 
II 8337 44.61 44.06 44 0 44 17 28 20 48 32 
II 8342 37.16 37.34 37 -2 39 14 25 34 34 31 
II 8347 41.0l 4o.93 41 2 39 18 21 21 4o 38 
II 84o2 39.10 39.58 39 -l 4o 21 19 19 50 31 
II 8415 42.01 41.37 42 3 39 22 17 19 50 31 
II 8416 48.28 48.27 48 -3 51 22 29 9 46 45 
II 8423 37.31 37.44 37 -2 39 17 22 38 30 31 
II 8428 35.98 35.47 36 -1 37 16 21 33 30 35 
II 8438 36.79 36.36 37 0 37 14 23 25 44 31 
" 8443 32.53 32.55 33 l 32 15 17 31 37 30 
II 8444 40.75 40.56 41 -l 42 15 27 . 28 35 36 
II 8447 62.24 62.18 62 -3 65 23 42 3 43 54 
II 8458 50.62 50.54 51 -3 54 20 34 4 49 47 
II 8461 50.14 50.04 50 2 48 28 20 16 46 38 
II 8463 4oo90 41.96 41 3 38 18 20 33 33 31 
II 8465 4o.48 4oo22 4o 2 38 20 18 21 44 33 
II 8472 45.93 45.43 46 -2 48 23 25 12 49 38 
II 8478 42.50 42.38 42 -2 44 19 25 21 45 31 
II 8489 49.96 49.87 50 0 50 19 31 13 46 4o 
II 8491 56.67 57.46 57 -l 58 30 28 20 4o 38 
II 8492 55.24 54.63 55 -3 58 23 35 26 33 . 38 
II 8493 61.88 61.68 62 0 62 26 36 2 44 54 
II 9017 35.25 35.06 35 l 34 14 20 35 29 30 
II 9018 56.43 5.5 °90 56 0 56 32 24 30 34 34 
II 9019 48.22 47.77 48 3 45 20 25 28 33 38 
II 9036 32o8l 32.66 33 2 31 16 l5 40 25 32 
II 9041 35.62 36.04 36 3 33 15 18 27 41 30 
II 9055 37.33 36.85 37 l 36 16 20 36 34 30 
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Table 9. (continued) 

• Sample8 * '/o Moistureb Ave.c Dev.d ISHC (AS'l'M)e Compositionf 
number l 2 LL PL PI saS sih ci 

AAD4-9036 42.97 43038 43 2 41 19 22 ll 49 36 
" 9065 41.4o 41.26 41 2 39 18 21 20 50 30 
" 9067 57.81 57 .19 58 -2 6o 21. 39 27 32 41 
ti 9068 37.92 37.41 38 3 35 16 19 28 37 34 
ti 9069 49.92 50.30 50 0 50 21 29 3 49 48 
ti 9076 6o.53 61.22 61 -6 67 20 47 8 4o 52 
" 9084 57.83 57.98 58 -2 6o 27 33 35 9 55 

" 9091 41.6o 41.84 42 -l 43 22 21 15 48 37 
ti 9094 39.09 39.03 39 -l 4o 21 19 19 47 34 
ti 9095 86.25 86.54 86 -6 92 28 64 5 17 78 
ti 9097 82.77 81.66 82 -3 85 35 50 7 5 87 
" 9101 4o.8o 4o.55 41 3 38 22 16 20 49 31 
ti 9102 27.71 27.83 28 -8 36 20 16 20 49 31 
ti 9105 35.61 35.21 35 l 34 20 14 22 45 32 
ti 9116 5i.69 51.30 51 l 50 22 28 6 32 62 
" 912o 68.28 68.83 69 -8. 77 31 46 ll 15 74 
" 9125 52.41 51.96 52 -2 54 34 20 15 45 4o 
II 9142 66.23 65.49 66 -10 76 29 47 9 22 69 
II 9143 70.85 71.55 71 -9 8o 29 51 0 19 81 
ti 9144 73063 72.67 73 -7 8o 27 53 0 25 75 
II 9145 75.64 75.30 75 -7 82 28 54 23 38 35 
ti 9190 47 .33 44.86 46 -l 47 18 29 23 38 35 
II 9196 49.32 49.96 50 -l 51 17 34 19 37 43 
ti 9199 40 ... ~5· 42.82 42 0 42 23 19 28 38 34 
II 9203 51 •. 64 52.58 52 -l 53 19 34 18 38 43 
II 9215 42.88 42.88 43 -l 44 18 26 17 41 42 
ti 9216 38.38 38.31 38 -2 4o 19 21 18 50 32 
II 9220 4o.02 41.25 41 6 35 19 16 9 39 ' 43 
II 9228. 37.59 37.15 37 -l 38 19 19 18 49 32 
ti 9231 64.83 65.56 65 6 59 26 33 4 22 74 
" 9286 54.62 53.76 54 -l 55 25 30 3 64 33 
II 9282 39.30 39.22 39 -l 4o 19 21 30 36 29 
II 9310 45.48 45.43 45 l 44 16 28 19 42 36 
" 9321 35.51 35.51 36 4 32 15 17 31 37 31 
" 9347 47.08 46.86 47 -2 49 19 30 18 44 37 
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Table 10. Moisture content for 4o in. ~O moisture tension compared 
with the liquid limit of silty clay soils. 

Sample8 * 1o Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf 
nwnber l 2 LL PL PI saS sih ci 

AAD4-3913 50.33 49.85 50 5 45 24 21 ll 54 35 
II 3917 39.56 4o.28 4o 3 37 18 19 4 58 38 
II 3939 41.24 41.90 42 0 42 25 17 l 69 30 
II 3946 44.14 43.26 44 3 41 22 19 2 64 34 
II 3952 42.73 43.81 43 -l 44 21 23 12 57 31 
II 6519 52.24 51.74 52 -1 53 27 26 3 51 46 
II 6527 48.10 50.47 49 0 49 26 23 2 59 39 
II 6528 43.50 42.81 43 -2 45 19 26 3 59 38 
II 6529 4o.80 4o.97 41 0 41 16 25 7 54 39 
II 6544 50.27 49.86 50 -3 53 21 32 3 53 44 

1111 6548 43.90 43.91 44 -1 45 24 21 2 6o 38 
II 6549. 47.96 48.44 48 -4 52 20 32 3 51 46 
II 6551 44.91 45.09 45 -l 46 29 17 13 53 34 

6552 45.68 45.83 46 0 46 24 22 7 51 42 
6555 48.13 48.14 48 -1 49 25 24 ll 53 36 
6559 41.14 41.37 41 0 41 22 19 l 64 35 
6569 31.89 31.83 32 l 31 20 11 8 73 19 
·6579 4o.02 4o.30 4o 4 36 18 18 5 6o 35 
6580 38.18 38.00 38 2 36 14 22 16 52 31 
6584 41.88 42.69 42 l 41 16 24 6 58 36 

II 6585 4o.90 4J..l4 41 l 4o 25 15 l 67 32 
II 6586 38.85 39.53 39 l 38 21 17 l 67 32 
II 66o2 44.79 44.95 45 -4 49 22 27 l 69 39 
II 66o5 35.02 34.61 35 2 33 16 17 24 46 28 
II 66o9 38.54 38.79 39 -l 4o 19 21 l 68 31 
II 6611 4o.90 41.49 41 5 36 23 13 l 61 38 
II 6613 37.73 38.03 38 0 38 20 18 l 68 31 
II 6616 4o.18 4o.45 4o 0 4o 25 15 l 65 34 
II 6617 42.64 42.51 43 2 41 31 10 l 67 32 
II 6620 4o.93 4o.25 41 2 39 21 18 2 68 30 

II 6650 4o.28 4o.37 4o l 39 24 15 l 58 41 
II 6651 39.6o 39.54 4o 0 4o 25 15 l 67 32 
II 6652 38.74 39.09 39 0 39 22 17 l 66 33 
II 6653 37.86 37.23 38 -4 42 21 21 0 68 32 
II 6654 43.50 43.62 44 ·2 42 24 18 0 68 32 
II 6655 38.78 38.86 39 -1 4o 24 16 0 66 34 
II 6656 39.66 39.52 4o ~ 42 24 17 l 69 30 
II 6658 32.69 32.69 33 4 29 16 13 3 56 41 
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Table 10. (continued) 

• Sai;nple8 * 'fo Moistureb Ave.c Dev.d ISHC (ASTM)e Compos1tfionf 
number l 2 LL PL PI sa8 si ci 

AAD4-6659 39.74 4o.20 4o -3 43 23 20 0 68 32 II 666o 35.06 35.18 35 l 34 22 12 l 67 32 
II 3492 49.44 49.73 50 2 48 20 28 8 52 4o· 
II 3494 46~04 46.4o 46 l 45 26 19 l 65 34 
I 3495 44.84 45.18 45 -4 49 24 25 l 59 4o 

3497 44.08 44.09 44 -2 46 19 27 l 57 42 
3498 44.lO 44.62 44 -5 49 21 28 8 53 38 
3499 49.34 49.59 49 -6 ' 55 21 34 0 58 42 
3501 45.08 46.01 46 -2 48 22 26 10 51 36 
3502 50.50 50.86 51 -3 54 21 33 0 56 44 
3503 44.'Z{ 43.03 44 0 44 21 23 0 64 36 
3504 47.51 47.44 47 -l 48 22 26 l 58 41 

II 3520 48.04 47.51 48 3 45 28 17 0 62 38 
II 3521 46.36 45.63 46 l 45 22 23 0 58 42 
II 3522 42.22 41.17 42 0 42 23 19 0 56 44 
fl 3523 43.51 43.26 43 3 4o 20 . 20 0 67 33 
II 3524 45.20 _4J.14 45 3 42 21 21 0 64 36 
fl 3526 45.98 46.12 46 -2 48 26 22 0 57 43 
II 3582 37.63 37.65 38 2 36 20 16 14 52 32 
" 3631 39.95 39.88 4o l 39 17 22 2 68 . 30 
II 3636 41.42 41.89 42 l 41 23 18 0 70 30 
II 3639 41.12 4o.54 41 l 4o 21 19 0 68 32 

" 3643 44.96 44.50 45 3 42 26 16 6 62 32 
II 3675 45.98 45.89 46 -5 51 24 27 l 55 44 
fl 3676 46.57 46.57 47 -3 50 22 28 0 6o 4o 
fl 3677 41.38 4o.53 41 -2 43 18 25 l 63 36 
fl 3681 35.41 34.88 35 l 34 21 13 l 67 32 
II 3683 44.87 44.51 45 -3 48 18 30 0 62 38 
" 3688 46.23 46.08 46 -2 48 26 22 0 62 38 
II 3691 48.73 49.18 49 -3 52 24 28 0 56 44 
II 3699 47.98 48.20 48 -4 52 22 30 l 57 42 
" 3700 51.17 51.27 51 0 51 24 27 l 59 4o 

" 3702 53.19 51.92 52 -l 53 25 28 0 54 46 
" 3703 45.15 44.29 45 2 43 19 24 2 6o 38 
" 3704 51.18 50.19 51 -9 6o 25 35 l' 51 48 
II 3705 45.36 45.39 45 3 42 20 22 0 64 36 
II 3709 45.83 46.33 46 3 43 25 18 l 61 38 
" 3711 47.89 47.92 48 6 42 25 17 2 61 37 
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Table 10. (continued) 

Sample8 * 'fo Moistureb Ave.c d ISHC (ASTM)e Composit~onf Dev •. .. number 1 2 LL PL PI sag si ci 

AAD4-3712 47.35 46.32 47 2 45 25 20 l 62 36 
II 3715 52.11 52.43 52 -l 53 25 28 0 56 44 
II 3718 54.20 54.10 54 -l 55 22 33 0 52 48 
" 3735 41.96 4o.4o 41 2 39 20 19 6 58 36 

II 3739 48.26 47.85 48 3 45 26 19 8 58 34 
II 3741 45.98 45.50 46 5 41 23 18 2 61 37 
" 3742 45.21 44~77 45 0 45 18 27 3 57 4o 
II 3743 41.70 41.82 42 l 41 19 22 3 61 36 
II 3746 46.54 46.84 47 2 45 23 22 8 56 36 
II 3749 44.44 43.92 44 4 4o 20 20 3 59 38 
II 3750 36.95 36.69 37 2 35 16 19 ll 51 38 
II 3751 46.66 46.44 47 2 45 21 24 4 56 4o 
II 3752 48.58 48.67 49 3 46 20 26 7 54 39 
II 3755 42.49 42.84 43 3 4o 20 20 0 67 33 

II 3757 38.35 37.61 38 4 34 18 16 2 66 32 
II 376o 38.26 38.65 38 4 34 22 12 1 67 32 
II 3761 44.51 43.81 44 4 4o 23 17 0 64 36 
II 3764 42.02 42.10 42 4 38 21 17 l 65 34 
" 3783 44.04 44.ll 44 -l 45 21 24 0 62 38 
II 3786 44.66 44.48 45 2 43 20 23 2 64 34 
" 3789 39.11 38.22 39 3 36 17 19 ll 58 31 
" . 3803 38.79 38.24 39 5 34 20 14 10 59 31 
II 3847 47 .26 47 .37 47 -2 49 20 29 2 56 38 
II 3850 46.86 47.zr 47 0 47 24 23 2 57 41 

3862 45.17 44.58 45 2 43 20 23 1 63 36 
3865 43.50 43.13 43 2 41 26 15 l 6o 39 
3867 42.55 43.56 43 l 42 25 17 l 57 42 
3868. 48.35 ~a.11 49 -3 52 26 26 0 54 46 
3869 42.13 42.4o 42 0 42 21 21 0 65 35 
3~71 38.94 39.16 39 0 39 26 13 l 61 38 
3872 44.10 44.68 44 -5 49 24 25 0 56 44 
3873 43.93 43.08 44 -2 46 15 31 0 65 . 35 

' 3876 4o.63 4o.94 41 l 4o 24 16 l 62 31 
i$1!' 

. . " 3877 46.50 46.78 47 -5 52 23 57 43 ~ ,( 29 0 

" 3878 46.23 47 .08 47 l 46 20 26 0 64 36 
II 3881 45.52 45.09 45 3 42 24 18 l 59 4o 
II 3882 48.43 48.63 49 -3 52 23 29 0 56 44 
II 3883 41.83 45.33 44 l 43 19 24 0 66 34 
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Table 10. (continued) 

Sample8 * r:/o Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

MD4-3886 47.83 47.73 48 5 43 23 20 4 58 38 
" 38e>8 44.le> 44.21 44 2 42 23 19 2 61 37 
" 3889 50.35 49.6o 50 l 49 20 29 0 56 44 
" 3890 42.19 42.27 42 l 41 18 23 0 68 32 
II 3893 48.43 47.82 48 0 48 20 28 5 48 37 II 3894 44.48 43.88 44 0 44 22 22 3 63 34 

" 6661 4o.51 4o.32 4o -2 42 21 21 0 67 33 
II 6668 41.19 41.45 41 0 41 21 20 l 69 30 
ti 6672 39.17 4o.54 4o l 39 21 18 l 69 30 
II 6673 30.29 42.26 42 0 42 19 23 0 66 34 
II 6677 41.51; 41.67 42 3 39 20 · 1Y 0 68 32 
II 668o .39.09 39.69 39 0 39 19 20 0 70 30 
ti 6682 45.36 45.74 46 -1 47 17 30 4 61 34 
II 6683 42.8o 42.71 43 4 39 23 16 0 68 32 
" 6685 41.15 41.30 41 1 4o 17 23 8 58 34 
" 6687 41.04 41.20 41 1 4o 24 16 1 67 32 

" 6690 39.05 39.66 39 0 39 18 . 21 4 64 32 
" 6692 38.01 38.87 38 -2 4o 24 16 0 64 36 
" 6695 41.13 41.12 41 2 39 17 22 2 66 32 
" 6696 38.66 38.92 39 0 39 16 23 6 62 32 
II 6697 4o.6o 39.98 4o 0 4o 24 16 l 69 30 
II 6705 4o.28 4o.50 4o 3 37 16 21 13 50 34 
II 6783 39.95 39.37 4o 3 37 22 15 l 67 32 
II 68ol 4o.87 41.58 41 -3 44 19 25 10 55 35 
" 6853 4o.59 4o.21 4o -1 41 17 24 9 52 39 
II 6856 41.32 4o.21 41 0 41 17 24 9 58 33 
II 6863 33.33 34.05 34 -1 35 20. 15 12 57 31 
II 6869 36.80 36.72 37 -4 41 19 22 3 65 32 
II 6872 31.70 31.36 . 32 l 31 21 10 3 66 31 
" 6876 36-35 36.61 37 -4 41 19 21 2 62 36 
II 6886 33.94 33.26 34 -3 37 22 15 l 67 32 
" 6890 35.23 34.05 35 -2 37 24 13 l 65 34 
II 6893 34.59 34-38 34 -3 37 19 18 7 58 30 
" 6896 38.66 38.82 39 -3 42 20 22 0 67 33 
II 6898 44.30 43.74 44 4 4o 25 15 l 65 34 
II 6899 4o.68 41.78 41 4 37 23 14 l 65 34 
II 6901 37 .30 37 .50 37 -1 38 18 20 0 70 30 
II 6902 39.17 39.92 4o l 39 20 19 0 68 32 
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Table 10. (continued) 

Sample8 * </o Moistureb Ave.c Dev.d ISHC (ASTM)e Composition! 
number l 2 LL PL PI sag sih ci 

AAD4-6904 38.20 38.06 38 2 36 23 13 l 67 32 
" 6905 39.98 40.03 40 2 38 22 16 l 67 32 
II 6906 39.06 39.83 4o l 39 26 13 l 67 32 
II 6907 43.24 42.25 43 3 4o 22 18 3 63 34 
II 6908 43.50 43.83 . 44 3 41 22 19 l 68 31 
II 6909 4o.59 40.22 4o -2 42 20 22 0 64 36 

Table ll. Moisture content for €io in. H20 moisture tension compared with 
the liquid limit of silty clay loam soils 

Sample8 * </o Moisture b Ave.c Dev.d ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

AAD4-3630 35.40 35.43 35' -1 36 22. 14 2 71 26 
" 3634 34.15 33.Bo 34 -1 35 21 14 0 76 24 
II 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 
3744 32.55 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 3i.65 32 0 32 20 12 l 69 30 
3776 33.05 33.10 33 -l 34 20 14 4 66 30 
3777 29.82 29.86 30 0 30 21 9 4 70 26 

II 3778 32.27 32.41 32 0 32 22 10 5 72 23 
II 3779 31.65 31.77 32 -5 37 18 19 2 70 28 
II 378o 30.89 31.70 31 -3 34 21 13 2 76 22 
I 3781 35.39 35.93 36 3 33 25 8 2 74 24 

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 
38o9 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 

Jnata for duplicate not available. 
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Table 11. (continued) 

Sample8 * ~ Moistureb Ave.c Dev.d ISHC (ASTM)e Composit~onf 
number l 2 LL PL PI sag· si ci 

AAD4-3811 28.46 28.71 29 3 26 20 6 9 71 20 
II 3814 34.58 34.79 35 0 35 19 16 6 65 29 
I 3816 34.93 34.85 35 l 34 19 15 1 67 26 

3817 33.98 34.14 34 ·l 35 20 15 8 65 27 
3818. 30.09 30.01 30 -1 31 16 15 9 68 23 
3826 28.57 28.94 29 1 28 18 10 26 51 23 
3855 34.94 35.28 35 0 35 23 12 13 62 24 
3844 30.76 30 .73 . 31 l 30 21 9 8 61 29 
3849 . 36.34 36.17 36 -2 38 21 17 8 64 28 
3937 34.25 34.28 34 0 34 22 12 2 72 26 

II 3938 37.79 38.68 38 -1 39 23 16 l 73 24 
II 394o 36.75 36.12 36 0 36 23 13 2 72 26 
" 394i 37.09 35.97 36 -1 37 21 16 l 70 28 
" 39l+2 38.48 38.Bo 39 3 36 24 12 l 76 23 
" 3943 38.30 38.56 38 0 38 25 13 2 72 25 
" 3944 40.36 41.79 41 2 39 23 16 2 74 23 
II 39 1~5 36.19 36 -l 37 21 

. 
16 2 74 24 35.23 

II 3947 36.28 36.44 36 2 34 20 14 l 76 24 
" 3957 43.43 42.96 43 0 43 25 18 14 56 29 
II 6543 48.59 49.06 49 3 46 25 21 2 69 29 

" 6750 26.88 26.94' 27 -1 28 18 8 2 78 20 
" 6751 28.46 29.05 29 0 29 20 .9 l 77 22 
II 6755 29.89 30.03 30 -1 31 18 13 l 71 28 
II 6756 35-39 34.55 35 0 35 23 12 l 71 28 
" 6759 28.29 28.52 28 l 27 19 8 2 78 20 
" 6762 29.Bo 29.54 30 1 29 19 10 4 73 22 
" 6778 29.05 29.09 29 -2 31 19 12 l 73 26 
II 7784 35.12 34.48 35 -4 39 20 19 0 71 29 
" 6785 29.90 29.57 30 -1 31 17 14 l 69 28 
II 6787 30.42 30.43 30 -4 34 18 16 l 75 24 

" 68o2 33.41 33.01 33 2 31 22 9 7 68 25 
" 6803 33.59 34 .1~6 34 0 34 21 13 19 52 29 
" 6855 39.37 39.57 39 l 38 21 17 18 58 24 
II 6862 25.51 25.35 25 0 25 13 12 39 4o 21 
" 7008 33.99 34.16 34 o· 34 17 17 17 54 29 
" 7015 30.31 30.46 30 l 29 16 13 ' 24 51 25 
II 7039 36.78 37.34 37 2 35 23 12 .l 77 22 
" 7042 31.70 31.54 32 -l 33 21 12 l 77 22 
II 7043 41.0l 4o.76 41 5 36 24 12 l 71 28 
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Table 11. (continued) 

Sample8 * 1o Moistureb Ave.c Dev.d ISHC (AS™)e Compos1t5onf 
number l 2 LL PL PI sag si ci 

AAD4-7044 35.47 35.66 36 l 35 21 14 0 74 26 

II 7045 34.48 34.91 35 -l 36 21 15 0 74 26 
II 7046 31.26 32.09 32 -1 33 22 11 0 78 22 
II 7047 35.09 35.47 35 0 35 21 14 0 70 30 
" 7048 34.02 33.44 34 -1 35 21 14 1 75 24 
" 7049 33.76 33.91 34 -3 37 19 18 l 73 26 
" 7050 33.22 33.54 33 -2 35 23 12 l 72 27 
" 7051 34.92 35.14 35 -2 37 22 15 0 74 26 
II 7052 36.12 36.04 36 2 34 20 14 0 73 27 
II 7053 35.73 35.12 35 l 34 20 14 0 14 26 
It 7054 36.81 36.50 37 0 37 22 15 0 72 28 

It 7055 34.37 34.58 34 0 34 23 11 0 74 24 
II 7056 38.15 39.09 39 4 35 23 12 l 69 39 
II 7057 33.45 34.04 34 -1 35 21 14 0 77 23 
" 7058 36.79 .37 .65 37 0 37 23 14 0 76 74 
" 7059 34.47 34.52 34 l 33 22 ll 0 78 22 
II 706o 37.17 37.25 37 4 33 21 12 . 0 74 26 
" 7061 34.92 35.33 35 0 35 20 15 0 78 22 
II 7062 35.46 35.67 36 0 36 20 16 0 74 26 
II 7063 35.02 34.84 35 -l 36 19 17 0 75 25 
II 7064 34.12 34.67 . 34 -2 36 21 15 0 74 26 

" 656o 37.18 37.72 37 2 35 20 15 0 70 30 
II 6561 37.83 37.4o 38 0 38 20 18 0 72 28 
II 6562 37.37 37.72 38 3 35 19 16 0 10 30 
II 6564 45.57 45.41 46 -2 48 27 21 0 71 29 
" 6565 34.05 34.51 34 0 34 21 13 l 78 21 
II 6568 37.43 37 .61 38 2 36 18 18 7 64 29 
II 6573 58.51 57 .56 58 -l 59 41 18 7 69 23 
II 6574 37.18 41.04 39 4 35 20 15 3 10 27 
II 6578 34.85 35 .97 . 35 0 35 19 16 1 75 24 

" 6582 35.83 36.71 36 0 36 19 17 0 72 28 
II 6583 37.15 37 .37 37 0 37 18 19 l 71 28 
II 6599 4o.95 4o .05 41 4 37 24 13 1 63 30 
II 6610 35~43 35.85 36 2 34 19 15 1 73 26 
II 6614 38.61 31.98 35 -1 36 21 15 l 74 25 
II 6615 31.20 32.06 32 2 30 19 11 2 70 28 
II 6619 29.50 28.92 29 2 27 18 9 6 67 27 
II 6657 41.48 41.62 42 2 4o 24 16 ·o 70 30 
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Table 11. (continued) 

Sample8 * '/o Moistureb Ave.c Dev.d ISHC (ASTM)e Compos1t5ont 
munber l 2 LL PL PI sag si ci 

... 
AAD4-6662 32.04 31.50 32 2 30 20 10 0 78 22 

" 6663 37 .16 36.13 37 0 37 23 14 9 64 Z7 

" 6667 38.71 38.71 39 2 37 24 13 2 74 24 
" 6671 32.21 32.82 32 -3 35 17 18 0 76 24 
" 6676 34.70 34.67 35 1 34 23 11 0 71 29 
II 6678 35.71 36.10 36 -l 37 20 17 0 72 28 
II 6679 38.32 38.61 38 -2 4o 19 21 0 71 29 
II 6681 39.30 38.45 39 0 39 19 20 0 71 29 
II 6684 37.81 37.67 38 -1 39 19 20 l 70 29 
II 6688 37.77 37 .17 37 -l 38 22 16 .,() 76 24 
II 6689 37.29 36.38 37 l 36 20 16 0 74 26 
" 6693 37.26 36.44 37 2 35 20 15 0 72 28 

II 6694 36.85 37 .13 37 0 37 18 19 0 73 27 
II 6698 36.99 37.34 37 -3 4o 20 20 l 73 26 
II 6699 37 .57 37.05 37 ·1 36 17 19 6 64 30 
II 6703 35.12 38.64 37 l 36 20 16 l 73 26 
" 6704 38.93 38.49 39 l 38 19 19 l 71 28 
II 6713 34.8o 34.74 35 2 33 23 10 16 62 21 
" 6716 39.39 39.30 39 0 39 25 14 11 65 24 
" 6725 4o.4o 4o.56 41 0 41 25 16 2 69 29 
ti 674o 33.75 33.58 34 3 31 19 12 4 68 28 

" 7065 32.41 32.08 32 . -l 33 21 12 0 78 22 
" 7066 34.01 34.oo 34 -l 35 22 13 0 77 23 
ti 7067 35.70 35.88 36 -l 37 20 17 0 74 26 
ti 7068 35.10 34.99 35 -2 37 21 16 0 72 28 
II 7069 38.20 37.41 38 0 38 23 15 0 70 30 
II 7070 31.50 31.57 32 0 32 17 15 22 53 25 
II '{100 39.38 38.92 39 3 36 24 12 5 63 29 
II 7103 31.71 31.39 32 l 31 20 ll l 77 22 
" 7105 32.92 32.62 . 33 -l 34 19 15 0 75 25 
II 7106 30.05 33.13 32 0 32 18 14 17 51 23 

tlll 7110 33.48 33.27 33 -1 34 19 15 0 73 27 
II 7114 33.1·r 32.00 33 0 33 2J. 12 l 73 26 
II 7116 31.08 31.56 31 l 30 22 8 l 78 . 21 
II 7117 28.13 28.24 28 l zr 19 8 l 78 21 
ti 7118 29.95 29.82 30 2 28 19 9 l '{4 25 
II 7122 29.49 29.67 30 l 29 19 .LO l 76 23 
ti 7162 37.64 37.16 37 -1 38 23 15 l 70 29 
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Table 11. (continued) 

Sample8 * </a Moistureb Ave.c Dev.d ISHC ( ASTM) e C°Fosit~onf 
number l 2 LL PL PI sa si ci 

AAD4-7165 41.58 42.18 42 3 39 23 16 l '(l . 28 
" 7166 36.51 37.65 37 -l 38 22 16 0 70 30 
II 7167 31.08 30.50 31 0 31. 20 11 0 78 22 

II 7176 28.00 'Zl .Bo. 28 -1 29 20 9 l 77 22 
II 7184 34.02 34.14 34 -3 37 23 l4 l3 57 30 
II 7189 34.17 33.05 34 0 34 23 ll 7 71 22 
II 7210 30.6o 30.47 3l -2 33 l8 l5 24 52 23 

Table 12. Moisture content for 6o in. ~O moisture tension compared with 
the liquid limit of clay loam 

Sample8 * <f, Moistureb Ave.c Dev.d .ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

AAD4-360l 36.04 35.82 36 0 36 23 13 38 4o 22 
" 36o2 32.61 32.29 32 -l 33 15 18 45 27 25 
II 36o4 35.71 35.81 36 -l 31 22 15 30 42 28 
II 36o6 33.33 33.36 33 -3 36 16 20 4o 29 26 
II 36o7 25.37 25.82 26 -2 24 13 ll 43 28 20 
II 3608 24.93 -j 25 l 24 13 ll 39 34 20 
II 36o9 41.35 4-0.73 41 -l 42 23 19 29 42 29 
II 3610 33.06 32.90 33 -2 35 14 21 38 33 25 
II 3611 26.12 26.26 26 2 24 14 10 41 34 20 
II 3613 36.21 35.58 - 36 -1 37 18 19 37 34 27 

II 3623 29.34 28.93 29 l 28 18 10 31 39 21 
II 3626 25.62 25.04 25 0 25 12 13 38 33 19 
II 3628 31.99 31.94 32 -l 33 19 14 29 44 'Zl 
II 3644 37.55 37.72 38 l 37 21 16 20 49 29 
II 3646 28.19 'Z"(.88 28 0 28 14 14 46 28 24 
II 3650 36.01 35.94 36 l 35 20 15 29 41 30 

Jnata for duplicate not avail.able. 
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Table 12. (continued) 

• Samplea* '/o Moistureb Ave.c Dev.d ISHC (ASTM)e Composition1' 
number 1 2 LL PL PI sag sih ci 

AAD4-3651 36.73 36.30 36 l 35 22 13 ~~ 42 28 
II 3652 30.46 30.52 30 0 30 17 13 32 . 22 
II 3653 36.97 37 .56 36 -4 4o 20 20 39 31 26 
II 3656 32~17 32.36 32 0 32 19 13 34 39 27 
I 3657 24.67 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 44 29 24 
3665 33.74 33.84 34 0 34 22 12 35 35 27 
3668 27.96 27.32 28 l 27 13 14 4o 32 31 
3669 34.12 33.70 34 -3 37 19 18 38 37 -25 

I 3738 28.41 28.51 28 0 28 14 14 45 33 22 
II 3748 28.41 28.82 29 0 29 14 15 39 35 26 
II 3759 29.59 29.zr 29 0 29 14 15 36 36 26 
II 3765 27.53 27.50 28 0 28 18 10 46 33 21 

3767 28.94 28.91 29 -1 30 18 12 44 32 22 
3768 30.89 30.6o 31 l 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 l 30 15 15 31 45 24 
3828 26.14 25.82 26 l 25 13 12 43 37 20 
3832 33.71 33.52 34 0 34 16 18 28 44 28 
3834 26.15 25.90 26 l 25 15 10 45 32 22 

II 3836 30.70 30.62 31 3 28 14 14 37 30 25 
. II 3838 29.95 29.67 30 2 28 15 13 31 37 23 

II 3842 31.92 31.26 31 0 31 17 14 30 4o 28 

II 3507 29.28 28.87 28 ~ 32 18 14 36 37 25 
II 3511 24.54 23.77 24 -1 25 12 13 43 35 20 
II 3512 23.54 24.16 24 l 23 13 10 41 33 21 
II 3561 22.71 23.61 23 -l 24 13 ll 4o 33 21 
II 3562 28.73 28.69 29 -2 31 19 12 48 28 24 
II 3568 26.32 26.57 26 -3 29 17 12 50. 26 24 

II 3570 24.39 24.66 24 l 23 16 1 25 43 28 
" 3571 28.05 28.05 28 -1 29 16 13 45 29 20 
II 3578 31.Bo 31.66 32 l 31 16 15 38 34 28 
II 3584 31.94 33.07 32 l 31 17 14 34 41 23 
II 3586 31.30 30.82 31 -2 33 15 18 42 31 24 
" 3587 27.70 27.96 28 4 24 14 10 41 33 21 
" 3589 29.34 29.4o 29 -2 31 15 16 43 28 22 
II 3592 26.82 26.30 26 l 25 13 12 41 31 23 
Ii 3593 26.Bo 28.05 Z7 2 25 13 12 50 29 21 
II 3595 33.36 32.63 33 -1 34 21 13 39 36 24 
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Table 12. (continued) 

.. Sample8 * '/o Moistureb Ave.c Dev.d ISHC (ASTM)e Composi tionf 
number l 2 LL PL PI sag si h ci 

AADl+-3507 k 31.30 32.11 32 0 32 18 14 36 37 25 ,, 3511k 2l+.77 24.75 25 0 25 12 13 43 35 20 
" 6720k 27.77 27.69 28 0 28 14 14 4o 4o 20 
" 3561k 21~ .37 24-31 24 0 24 13 11 4o 33 21 
" 3562k 29.18 29.07 29 -2 31 19 12 48 28 24 
" 3568k 28.33 28.21 28 -1 29 17 12 50 26 24 
" 357ok 24.72 24.61 25 2 23 16 7 25 43 28 
" 3'57lk 27.58 27.49 28 -l 29 16 13 45 29 20 
" 3~i78 k 30.84 30.73 31 0 31 16 15 38 34 28 
" 35E31t k .30.69 30.76 31 0 31 17 14 34 41 23 

. " 3586k 30.75 30.43 31 -2 33 15 18 42 31 24 
II 351J7 k 26.16 25.73 26 2 24 14 10 41 33 21 
II 3589 k 29.55 29.36 29 -2 31 15 16 43 28 22 
" 3592k 25.16 25.26 25 0 25 13 12 41 31 23 
" 3593 k 25.65 25.73 26 l 25 13 12 50 29 21 
" 3595 k 35.21 34.88 35 l 34 21 13 39 36 24 
II 3596 31.53 31.84 32 -1. 33 17 16 38 33 27 
" 3598 28.41 28.59 29 0 29 16 13 46 28 23 
" 3599 25.00 25.29 25 l 24 13 11 4o 32 19 
" 36oo 24.96 25-39 25 0 25 12 13 41 33 21 

" 3846 29.77 28.89 29 -l 30 15 15 44 30 24 
" 3858 36.66 36.20 36 -l 37 21 16 22 49 29 
" 3859 34.07 34.12 34 -3 37 17 20 27 43 29 
" 3864 32.66 31.83 32 -1 33 17 16 37 36 24 
" 3895 32.71 31.70 32 -8 4o 18 22 27 37 36 
" 3898 32.92 32.67 33 l 32 21 ll 34 39 27 
" 3911 38.44 39.07 39 -2 41 24 17 32 38 29 
" 3914 23.SO 24.21 24 0 24 12 12 44 30 20 
" 3919 34.03 33.82 34 -3 37 20 17 36 37 27 
" 3949 33.30 33.85 34 0 34 21 13 42 37 21 

" 3953 28.70 29.44 29 l 28 18 10 43 34 23 
" 3956 34.42 34.74 35 -2 31 14 23 43 31 24 
" 3959 35.60 34.99 35 -2 37 21 16 33 41 25 
" 6587 32.92 34.91 33 -1 34 14 20 43 27 29 
" 6588 29.17 29.27 29 0 29 13 16 37 36 27 
" 6592 38.33 38.27 38 -2 4o 16 24 28 4o 29 
" 66oo 27.06 27.07 27 -l 28 14 14 46 27 26 
11 66o4 34.06 34.57 34 -l 35 14 21 33 35 27. 
" 66o6 31.24 31.15 31 -l 32 16 16 25 46 26 
11 6670 26.78 26.15 27 0 27 12 15 42 34 22 

kRerun of samples above at a later date. 
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Table 13. Moisture content for 70 in. H20 moisture tension compared with 
the liquid limit of loam 

Sample8 * <f, Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

AAD4-6866 23.26 22.97 23 0 23 16 7 34 46 20 
II 6966 29.48 29.61 30 0 30 19 ll 4o 4o 18 
II 7012 23.27 23.50 23 -1 24 13 ll 46 37 17 
" 7206 26.56 26.36 26 l 25 17 8 37 48 14 
II 7218 24.98 25.11 25 0 25 15 10 43 38 19 

" 3567 23.59 23.33 23 0 23 15 8 38 41 19 
" 3573 24.51 23.82 24 0 24 12 12 42 36 19 
II 3576 24.33 24.39 24 2 22 14 8 4o 37 17 
" 3577 19.65 20.17 20 :2 18 15 3 46 38 ll 
" 3612 24.31 24.09 24 l 23 13 10 39 37 19 
" 3621 ·24.49 25.01 25 3 22 13 9 42 35 15 
II 3629 26.14 26.14 26 l 25 14 . ll 44 35 18 
II 3667 27.19 27.09 27 l 26 12 14 41 43 13 
" 3769 26.26 25.56 26 0 26 18 8 47 34 19 

" 3788 21.73 22.32 22 l 21 16 5 41 46 13 
II 38o1 23.65 23.38 23 l 22 15 7 44 38 18 
II 38o7 26.48 26.55 27 -1 28 14 14 32 49 19 
II 38o8 22.90 23.78 23 l 22 14 8 47 39 14 
" 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 14 ll 43 39 18 
" 3863 29.00 28.37 29 l 28 18 10 36 44 19 
" 3954 -j 27.34 27 -1 28 15 13 38 38 19 
II 6570 27.08 27.28 27 l 26 18 8 2 78 20 

" 6666 24.75 24.55 25 -1 24 14 12 41 37 19 
" 6715 24.75 24.86 25 -1 26 13 13 45 37 17 
II 6719 24.62 24.52 25 -1 26 15 ll 35 49 16 
II 6723 24.02 24.0l 24 0 24 15 9 36 49 15 
" 6729 25.71 25.57. 26 0 26 15 ll 37 45 17 
" 6736 24.05 24.02 24 0 24 14 10 44 39 17 

.. " 6966 30.31 30.05 30 0 39 19 ll 4o 40 18 
" 3230 22.90 22.97 23 -l 24 16 8 43 38 19 

~Data for duplicate not available. 
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Table 14. Moisture content for 70 in. ~O moisture tension compared with 
the liquid limit of silty loam 

Sample8 * </o Moistureb Ave.c Dev.d ISHC (ASTM)e Compositioni' 
number l 2 LL PL PI sag sih ci 

AAD4-36o3 25.6o 25.28 26 l 25 19 6 26 58 16 
II 3753 25.45 25.46 25 -l 26 19 7 21 65 14 
II 3785 24.55 24.63 24 0 24 19 5 30 53 l7 
II 38o2 28.Eio 28.74 28 3 25 20 5 19 62 19 
II 38o4 26.88 26.95 27 l 26 19 1 5 78 17 

II 36Q3k 25.50 25.32 25 0 25 19 6 26 58 16 
II 3753k 25.31 25.90 26 0 26 19 1 21 65 14 
II 3785k 24.81 24.94 25 l 24 19 5 30 53 17 
II 38o2k 26.95 27.30 27 2 25 20 5 19 62 19 
II 38o4k 27.53 27 .78 28 2 26 19 7 5 78 17 

II 3815 24.77 25.09 25 0 25 17 8 33 51 16 
II 3819 25.74 25.91 26 l 25 16 9 19 63 17 
II 3854 29.65 29.65 30 l 29 25 4 15 72 13 
II 3916 25.02 24.84 25 -2 27 15 12 31 53 16 
" 6590 26.20 26.38 26 0 26 18 8 7 74 19 

II 6877 22. 70. 22.56 23 2 21 17 4 32 55 1.3 
" 6891 28.25 28.12 28 l 27 18 9 9 71 19 
II 8235 25.92 25.97 26 0 26 21 5 8 77 15 
II 8241 28.03 28.13 28 -l 29 21 8 9 75 16 
II 8292 29.18 29.04 29 0 29 20 9 l 79 20 

II 6669 28.51 27.78 28 l 27 19 8 0 81 19 
" 6709 24.78 24.4o 25 -l 26 16 l 26 58 16 

II 6712 25.99 25.89 26 0 26 17 9 12 68 20 
II 6733 24.07 24.19 24 l 23 17 6 24 Eio 16 
" 6741 28.07 28.00 28 -2 30 18 12 lO 71 19 
II 6877k 21.01 21.27 21 0 21 17 4 32 55 13 
II 6891k 26.89 26.78 . 27 0 27 18 9 .9 71. 19 

II 8235k 24.21 24.29 24 -2 26 21 5 8 77 15 
" 8241k Z(,62 27.29 28 -l 29 21 8 9 75 16 
II 8292k 28.24 28.61 29 0 29 20 9 l 19 20 
II 8293 27.04 28.4o 28 0 28 20 8 l 79 20 
" 8299 26.03 26.42 26 -l 27 18 9 10 72 18 

kRerun of samples above at a later date. 
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Table 15. Moisture content for 70 in. ~O moisture tension compared with 
the liquid limit of sandy loam 

Samplea* <fo Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf' 
nwnber l 2 LL PL PI sag sih ci 

AAD4-3590 32.17 32.45 32 -2 34 21 13 47 29 19 
" 3624 22.19 22.26 22 l 21 13 8 53 29 12 
" 3627 25.58 25.98 26 0 26 17 9 52 29 16 
" 3645 26.13 25.77 26 -l 27 15 12 51 26 16 
" 3654 18.56 18.67 19 l 18 14 4 54 33 8 

" 3770 19.47 19.62 20 l 19 13 6 66 17 10 
II 3787 18.42 18.73 19 l 18 12 6 69 19 12 
" 3790 19.01 18.90 19 2 17 13 4 62 27 ll 
" 3791 

.~ 
18.27 18.32 18 2 16 12 4 61 30 9 

II 3797 15.59 15.44 16 l 15 13 2 74 18 8 
" 3798 17 .53 17.17 17 -1 18 13 5 67 24 9 
" 3799 22.58 22.46 23 0 23 13 10 55 29 16 
II 3800 17.09 16.95 17 l 16 14 2 50 41 9 
II 3805 17 .88 17°97 18 0 18 13 5 70 20 - 10 

" 3806 14.56 14.88 15 l 14 13 1 69 22 9 
If 3812 19.85. 19.89 20 2 18 13 5 58 29 13 
If 3813 16.98 17 .14 17 1 16 14 2 78 14 8 
" 3835 21.87 22.10 22 2 20 14 6 54 35 11 

II 3509 24.47 24.53 24 0 24 14 10 50 30 18 
II 3564 18.47 18.39 18 l 17 16 l 70 18 12 

. 11 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 l 23 17 6 59 27 14 
II 359 31.65 31.94 32 -2 34 21 13 47 29 19 
11 3624k 21.16 21.29 21 0 21 13 8 53 29 12 

kRerun of samples above at a later date. 
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Table 16. Moisture content for 70 in. ~O moisture tension compared with 
the liquid limit of silt · 

• 
Dev.d Sample8 * '{o Moietureb Ave.c ISHC (ASTM)e Composit~oof i 

number l 2 LL . PL PI sa8 si c 

AAD4-6730 37.51 37.6o 38 0 38 24 14 7 88 5 
II 6960 30.39 30.07 30 l 29 24 5 l 85 14 
II 7040 30.92 31.01 31 0 31 23 8 l 83 16 
II 7041 31.25 31.50 31 l 29 23 6 l 81 18 
II 7121 29.4o 29.55 29 0 29 20 9 0 8o 20 

II 673ok 39.12 39.71 39 l 38 24 14 7 88 5 
II 696Qk 28.77 28.67 29 0 29 24 5 l 85 14 
II 704ok 32.32 31.81 32 l 31 23 8 l 83 16 
II 7041k 30.84 31.14 31 2 29 23 6 l 81 18 
II 7121k 31.28 30.69 31 2 29 20 9 0 8o 20 

II 71631 29.03 29.02 29 -1 30 20 10 0 82 18 

kRerun of group above at a later date. 

1Run with group above, separated for convenience. 
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Table 17. Moisture content for 70 in. H20 moisture tension compared with 
the liquid limit of gravelly sandy loam 

Sample8 * '/o Moisture b Ave.c Dev.d ISHC (ASTM)e Composi tionf' 
number l 2 LL PL PI saS si h ci 

AAD4-3556 23.54 23.52 24 2 22 16 6 44 29 15 

3771 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 34 21 13 42 27 15 
8237 23.27 23.52 23 -2 25 13 12 55 18 13 
8261 i7.8o 17 .78 18 2 16 15 l 52 14 3 

II 3771k 26.18 25.70 26 0 26 17 9 48 23 14 
II 7083k 18.96 18.99 19 l 18 13 5 68 9 9 
" 7086k 27 .16 27.44 27 -l 28 14 14 56 13 13 
II 7209k 35.79 35-35 36 2 34 21 13 42 27 15 
" 8237~ 23.12 23.26 23 -2 25 13 12 55 18 13 
II 8261 17 .30 17 .57 17 l 16 15 l 52 14 3 

kRerun of group above at a later date • 



' 

Table 18*. Moisture content for 6o in. H20 moisture tension compared with the liquid limit of 
soils from various groups run together 

f. 

Sample Group % Moisture Ave. Dev. ISHC (ASTM) Composition 
number 1 2 LL PL PI sa Si c 

MD4-9300 gr. sa8 28.01 28.61 28 l 'Zf 18 9 64 6 3 
" 9302 sa. lob 28.04 28.6o 2.8 ··O 28 16 12 54 25 16 
" 9303 " 20.35 20.62 20 2 18 17 ·1 71 22 1 
II 9304 II 25.4o 26.03 26 3 23 16 1 69 17 13 
n 9308 gr. sa. l. c 26.70 'Z[ .. 04 'Zf 4 23 15 8 64 14 10 
" 9311 d 63.Bo 65.Bo 65 -2 67 41 26 3 69 28 s 0 c. l. 
" 9312 II 43.70 44.06 44 -2 46 26 20 2 69 29 
II 9316 s. c .e 47.22 46.51 47 -2 49 21 28 0 68 32 
" 9317 " 42.17 43.49 43 0 43 19 24 0 63 37 
" 9319 " 43.12 39.53 41 0 41 21 20 5 59 36 

*See Table 9 for explanation of column headings. 

8 Gravelly sand. 

bsandy loa~. 

cGravelly sandy loam. 

dsilty clay loam. 

e . 
Silty clay. 

I-' 
t-' 
N 
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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 LL by ASTM Deviations 
number run during project from records 

504-6 54 56 -2 
507-4 44 45 -l 

508-3 54 58 -4 
505-4 32 33 -l 
500-2 5.2 54 -2 
509-4 37 35 2 

413-2 53 53 0 
511-4 46 46 0 

416-2 44 44 0 

AAD4-3897 32 31 l 
6534 43 41 2 
6581 47 46 l 
6793 35 31 4 
7214 56 56 0 
7009 34 34 0 

7010 4o 39 l 
7011 41 39 2 

7190 38 36 2 
7192 43 41 2 

II 7197 e~ ~f 3 
II 6777 3 
II 6779 69 66 3 
II 6782 58 56 2 
II 6794 ·33 30 3 
" 6796 38 33 5 
II 3913 49 45 4 
II 6545 56 52 4 
II 6579 41 36 5 
II 66o2 51 49 2 

6611 41 36 5 
6653 41 42 -1 
6658 30 29 l 
6659 43 43 0 
6683 44 39 5 
6705 43 37 6 

I 6783 4o 37 3 
II 3734 46 46 0 
II 3796 31 31 0 
II 6644 52 53 -1 

avalues run during project minus record values. 



Table 20. 

Sample 
number 

MD4-8266 
II 8281 
II 8285 
II 8294 
" 8315 
II 8326 
II 8337 
II 8342 
II 8347 
II 84o2 

8415 
8416 
8423 
842ti 
8438 
8443 

' 8444 
II 8447 
II 8458 
II 8461 

II 8463 
" 8465 
II 8472 
II 8478 
II 8489 
II 8491 
" 8492 
II 8493 
II 9017 
" 9018 

II 9019 
II 9036 
II· 9041 
II 9055 
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Comparison of liquid limit values of two separate moisture 
tension runs of 60 clays at 4o in. ~O 

U.. by moisture8 LL by moi.sture Deviationh 
tension, 12-23-64 tension,· 1-23~65 

52 52 0 
37 37 0 
36 37 -l 
35 35 0 
42 41 l 
35 37 -2 
44 44 0 
37 38 -l 
41 41 0 
39 39 0 

42 41 l 
48 50 -2 
37 37 0 
36 37 -l 

37 37 0 
33 34 -l 
41 42 -l 
62 63 -l 
51 52 -l 
50 50 0 

41 42 -l 
4o 42 -2 
46 47 -l 
42 47 -5 
50 50 0 
57 56 l 
55 55 0 
62 62 0 
35 36 -l 
56 57 -l 

48 50 -2 
33 34 -l 

36 38 -2 
37 36 l 

8 Values also used in Table 9· 

bvalues from 12-23-64 minus values from l-23-65. 
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Table 200 (continued) 

.. Sample LL by moisture8 LL by moisture Deviationb 
number tension, 12-23-64 tensio~, l-23•65 

AAD4=9064 43 45 -2 
ii 9065 41 42 -1 
DI 9067 58 59 -1 
eu 9068 38 39 -1 
ti 9069 50 50 0 
uu 9076 61 62 -1 

" 9084 58 59 -1 
Ii 9091 42 41 -1 
II 9094 39 39 0 
II 9095 86 85 l 
Ii 9097 82 83 -1 
n 9101 41 4o l 
II 9102 28 28 0 
II 9105 35 36 -1 
II 9116 51 50 l 
II 9120 69 '69 0 
II 9125 52 52 0 .. 
II 9142 66 68 -2 
I 9143 71 75 -4 

9144 73 75 -2 
9145 75 75 0 
9190 46 48 -2 
9196 .50 52 -2 
9199 42 43 -1 
9203 52 53 -1 
9215 43 l}6 -3 
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Table 21. Moisture content for 162 psi moisture tension compared with 
the plastic limit of clay soils 

.,,; 

Sample8 * 'lo Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

AAD4-3493 18.59 18.96 19 0 44 19 25 18 43 37 
II 3496 18.61 18.49 19 l 45 18 zr 23 35 41 
II 3505 22~05 22.01 22 0 53 22 31 9 41 50 
II 3513 17.23 17 .61 17 -2 41 19 22 18 42 36 
II 3515 18.90 18.42 19 0 47 19 28 26 31 42 
" 3516 17.61 17.36 17 0 42 17 25 22 36 4o 
II 3518 16.73 16.76 17 2 44 15 29 36 28 35 
II 3525 24.17 24.47 24 5 59 19 4o 2 42 56 
II 35zr 18.42 17 .84 18 l 45 17 28 25 31 40 
" 3528 16.84 l6.8o 17 2 44 15 29 30 31 37 

II 3541 15.66 15.67 16 -6 38 22 16 15 48 37 
II 3632 19.96 20.19 20 3 50 17 33 20 39 39 
II 3633 17.03 16.56 17 2 41 15 26 26 42 31 
II 3637 18.74 18.15 18 0 42 18 24 18 48 33 

3638 l8.6o 18.65 19 l 45 18 zr 28 34 37 
3658 24.22 22.97 23 0 47 23 24 14 43 43 
3659 25.00 21.29 23 3 49 20 29 15 43 96 
3662 23.04 22.90 23 -3 47 26 21 21 39 39 
3663 21.11 21.19 21 l 49 20 29 21 38 4o 
3670 19.21 16.97 18 -2 39 20 19 29 38 33 

II 3674 17.98 17 .75 18 3 46 15 31 26 34 39 
II 3678 22.79 . 22.33 23 7 56 16 4o 13 4o 47 
II 3679 19.29 19.62 20 3 51 17 34 25 32 43 
II 368o 21.75 21.6o 22 5 56 17 39 9 41 50 
II 3684 28.62 28.49 29 6 67 23 44 3 zr 70 
II 3730 19.25 21.57 20 3 47 17 30 ll 47 4o 
" . 3731 21.47 23.54 22 2 51 20 31 2 50 48 
II 3736 15.83 15.49 16 l 38 15 23 33 31 35 
II 3737 18.28 18.16 18 l 45 17 28 12 44 43 
" 374o 17.19 16.71 17 2 42 15 zr 33 28 39 

II 3745 15.73 15.94 16 -4 38 20 18 16 50 34 
II 3747 15.63 15.57 16 l 36 15 21 25 38 34 
II 38zr 15.44 14.04 J.5 -3 34 18 16 24 43 33 
110 3831 16.05 15.71 16 0 36 16 20 21 43 36 
II 384o 12.84 12.76 13 -2 32 15 17 zr 39 30 

' " 3843 16.83 16.65 17 0 38 17 21 34 29 34 
II 3848 14.43 14.68 15 -4 38 19 19 15 47 33 
II 3853 29.19 28.57 29 2 78 'Zl 51 0 24 76 
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Table 21. (continued) 

Sample8 * <{o Moistureb Ave.c Dev.d ISHC (ASTM)e Composit~onf . 
• number l 2 LL PL PI sag si c1 

AAD4-3861 19.53 20.04 20 0 46 20 26 25 37 37 
II 3870 20.86 20.57 21 l 48 20 28 21 36 43 

" 3874 21.34 21.25 21 3 51 18 33 14 39 47 
" 3875 18.61 18.25 . 18 2 44 16 28 27 36 37 
II 3879 20.98 19.75 20 3 46 17 29 15 42 43 
" 388o 19.32 19.94 20 3 48 17 31 22 37 41 
II 3884 19.30 18.99 19 l 43 18 25 17 42 41 
" 3885 19.38 19.66 20 l 47 19 28 23 34 43 
" 3891 14.98 15.14 15 l 35 14 21 30 38 32 
II 3892 19.16 19.00 19 3 43 16 27 13 44 43 
II 3896 l8.6o 18.6o 19 l 4o 18 22 27 37 36 
" 3912 21.70 22.17 22 0 46 22 24 25 39 36 

II 3915 21.32 20.63 21 2 47 19 28 11 44 46 
" 3950 27.41 26.09 27 0 57 27 30 21 36 42 
II 3951 19.39 20.02 20 l 46 19 27 21 41 36 
" 6518 22.01 21.63 22 l 57 21 36 12 38 50 
II 6520 27.95 26.84 27 3 67 24 43 2 47 51 
" 6524 22.66 22.20 22 -6 52 28 24 12 50 38 
II 6526 16.12 15.83 16 l 37 15 22 30 27 4o 
" 6531 19.66 19.97 20 4 47 16 31 10 48 42 
II 6532 18.69 18.24 18 4 48 14 34 19 39 41 
" 6534 22.43 20.76 21 -4 41 25 16 24 44 32 

" 6536 15.Bo 15.54 16 l 37 15 22 29 32 35 
" 6537 20.48 20.26 20 -2 41 22 19 22 4o 38 
II 6539 15-70 15.86 16 3 39 13 26 31 30 38 
II 654o 22.32 20.56 21 0 44 21 23 21 4o 39 
II 6541 18.16 18.05 18 2 45 16 29 28 27 42 
II 6546 17.86 17 .59 18 2 48 16 32 27 30 42 
II 6547 16.96 19.79 17 2 41 15 26 30 32 37 
II 6581 18.07 17.66 18 4 46 14 32 19 31 43 
II 6589 16.20 16.21 16 2 39 14 25 28 39 33 
II 6758 15.71 15.82 16 0 28 16 12 16 45 39 

II 6766 21.51 21.25 21 3 48 18 30 13 25 58 
II 6792 21.29 21.47 21 -l 42 22 20 l 39 6o 
" 6795 14.58 l4.4o 14 -4 33 18 15 26 43 30 
II 6798 15.65 15.67 16 2 33 14 19 31 4o 24 
II 68oo 18.23 18.22 18 2 39 16 23 34 29 36 
II 68o4 15.51 15.71 16 

.. ' 14 2i 42 24 ..:2 3~ 32 
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Table 22. Moisture content for 70 psi moisture tension compared with 
the plastic limit of silty clay soils 

.. Sample8 * 'fo Moistureb Ave.c Dev.d ISHC (ASTM)e Compositionf i 
number l 2 LL PL PI sag si h c 

AAD4-3917 20.56 20.72 21 3 37 18 19 4 58 38 
II 3939 18.79 18.78 19 -6 42 25 17 l 69 30 
II 3964 21.66 21.25 21 -1 41 22 19 2 64 34 
II 3952 22.06 21.95 22 l 44 21 23 12 57 31 
II 6519 30.18 29.83 30 3 53 27 26 3 51 46 
II 6527 25.21 24.53 25 -1 49 26 23 2 59 39 
II 6528 23.85 23.81 24 5 45 19 26 3 59 38 
II 6529 22.35 22.34 22 6 41 16 25 1 54 39 
II 6548 24.48 23.41 24 0 45 24 21 2 6o 38 
II 6551 22.44 22.76 23 -6 46 29 17 13 53 34 

II 6552 26.51 26.43 26 2 46 24 22 1 51 42 
6555 24.20 24.94 25 0 49 25 24 ll 53 36 
6559 21.94 22.02 22 0 41 22 19 l 64 35 
6569 12.93 12.64 13 -1 31 20 ll 8 73 19 
658o 20.12 20.06 20 6 36 14 22 16 52 31 
6584 22.71 23.02 23 1 41 16 25 6 58 36 
6585 18.71 18.75 19 -6 4o 25 15 l 67 32 
6586 19.49 19.66 20 -l 38 21 17 l 67 32 
66o5. 17 .34 17.39 17 l 33 16 17 24 46 28 
66o9 18.12 18.18 18 -1 4o 19 21 l 68 31 

II 6613 20.00 19.86 . 20 0 38 20 18 l 68 Sl 
II 6616 18.74 18.53 19 -6 4o 25 15 l 65 34 
II 6617 l7.4o 17 .13 17 -14 41 31 lO l 67 32 
" 6620 16.89 17.34 17 -4 39 21 18 2 68 30 
II 6650 17.99 18.17 18 -6 39 24 15 l 58 41 
II 6651 19.13 19.76 19 -6 4o 25 15 l 67 32 
II 6652 19.07 19.03 19 -3 39 22 17 l 66 33 
II 6653 20.62 20.63 21 0 42 21 21 0 68 32 
II 6654 20.4o 18.46 19 -5 42 24 18 0 68 32 
" 6655 17.So 17.77 18 -6 4o 24 16 0 66 34 

" 6656 17.38 17 .35 17 -1 41 24 17 l 69 30 
II 666o 16.09 16.21 16 -6 34 22 12 l 67 32 

" 6661 21.38 21.34 21 0 42 21 21 0 67 33 
" 6668 20.18 19.09 20 -l 41 21 20 l 69 30 
II 6672 17.17 17.47 17 -4 39 21 18 l 69 30 

" 6673 19.89 19.72 20 l 42 . 19 23 0 66 34 
II 6677 21.27 20.22 21 l 39 20 19 0 68 32 
II 668o i9.30 19.22 19 0 39 19 20 0 10 30 
1111 6682 23.89 24.28 24 7 47 17 30 4 61 34 
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Table 22. (continued) 

Samplea* % Moistureb AveoC Dev.d ISHC (ASTM)e Compositionf 
number l 2 LL PL PI sag sih ci 

AAD4-6685 21.33 21.52 . 21 4 4o 17 23 8 58 34 
II 6687 20.69 23.05 22 -2 4o 24 16 l 67 32 
I 6690 21.32 22.32 22 4 39 18 21 4 64 32 

6692 19°27 19.66 19 -5 40 24 16 0 64 36 
6695 20.07 23.05 22 5 39 17 22 2 66 32 
6696 20.25 20.16 20 4 39 16 23 6 62 32 
6697 17.94 17.28 18 -6 4o 24 16 l 69 30 
6853 22.69 22.44 23 6 41 17 24 9 52 39 
6856 20.76 21.08 21 4 41 17 24 9 58 33 

II 6863 19°59 19.46 20 0 35 20 15 12 57 31 
6872 12.02 14.08 13 -8 31 21 10 3 66 31 
6890 20.45 18027 19 -5 37 24 13 l 65 34 
6901 19.42 18.70 18 0 38 18 20 0 70 30 
6902 18050 19.38 19 -1 39 20 19 0 68 32 
6904 17 .')7 19.44 19 -4 36 23 13 l 67 32 
6905 18.52 18.28 18 -4 38 22 16 l 67 32 
6906 23.33 27.85 23 -3 39 26 13 l 67 32 

II 6909 19.43 19.18 19 -l 42 20 22 0 64 36 I 

II 6911 19.19 19.37 19 l 38 18 20 0 68 32 

II 6913 16.61 16.94 17 -5 4o 22 18 l 64 35 
II 6916 17 .71 i7.75 18 -9 41 27 14 l 67 22 
II 6917 20.68 22.54 21 l 4o 20 20 0 68 32 
II 6922 18.32 17 .97 18 -6 4o 24· 16 14 53 33 
II 6923 ll.13 11.02 11 -9 28 20 8 0 56 44 
II 6924 20.39 20.07 20 0 43 20 23 l 66 33 
ti 6925 18.44 18.55 18 -5 42 23 19 1 65 34 
II 6926 17 .28 17.81 17 -5 36 23 15 l 64 35 
II 6930 17 .91 i7 .44 18 -5 39 23 16 l 67 32 
II• 6937 20.81 21.10 21 2 44 19 25 2 64 34 

II 6942 19.70 20.07 20 3 42 17 25 l 65 34 
II 6967 24.94 23.68 24 5 44 19 25 6 57 37 
II 7038 18.10 17.86 18 -5 39 23 16 1 66 33 
II 7072 i5.39 15.12 15 -1 37 22 15 3 66 31 
II 7073 18.42 17°79 18 -1 . 38 19 19 3 63 34 
II 7074 26.13 25.87 26 4 52 22 30 0 6o 4o 
II 7075 23.24 22.74 23 4 . 43 19 24 2 65 33 
II 7077 20.69 20.90 21 -1 42 22 20 3 57 4o 
II 7078 24.88 24.98 25 6 49 18 31 l 6o 39 
II 7084 20.4o 20.62 21 -1 42 22 20 l 63 36 
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Table 23. Moisture content for 35 psi moisture tension compared with 
the plastic limit of silty clay loam 

Samplea* 'fo Moistureb Ave.c Dev.d ISHC (ASTM)e C~osit~onf . 
number l 2 LL PL PI sag si c1 

AAD4-38ll 20.01 19.89 20 0 26 20 6 9 71 20 
II 3814 10.05 18.94 19 0 35 19 16 6 65 29 
II 3816 19.24 19.22 19 0 34 19 15 7 67 26 
II 3817 20.53 20.55 21 l . 35 20 15 8 65 Z7 
II 3818 17.73 17.93 18 2 31 16 15 9 68 23 
II 3826 16.37 16.24 16 -2 28 18 10 26 51 23 
II 3844 17.90 17.69 18 -3 30 21 9 8 61 29 
II 3849 21.6o 21.42 22 l 38 21 17 8 64 28 
II 3855 16.96 l6.6o 17 -6 35 23 12 13 62 24 
II 3937 18.75 18.65 19 -3 34 22 12 2 72 26 

II 3938 29.18 20.45 20 -3 39 23 16 l 73 24 
II 394o 23.55 23.73 24 l 36 23 13 2 72 26 
II 3941 23.76 23.52 24 3 37 21 16 l 70 28 
II 3942 20.12 20.18 21 -3 36 24 12 l 76 23 
II 3943 22.97 22.62 23 -2 38 25 13 2 72 25 
II 3944 21.09 20.87 21 -2 39 23 16 2 74 23 
II 3945 22.55 22.48 22 l 37 21 16 2 74 24 
II 3947 19.96 19.88 20 0 34 20 14 l 76 24 
II 3957 23.28 23.06 23 -2 43 25 18 14 56 29 
II 6543 31.56 30.63 30 5 46 25 21 2 69 29 

656o 24.50 24.48 24 4 35 20 15 0 70 30 
6561 24.82 25.19 25 5 38 20 18 0 72 28 
6562 24.05 23.63 24 5 35 19 16 0 70 30 
6564 29.65 28.19 29 2 48 27 21 0 71 29 
6565 19.26 19.47 19 -2 34 21 13 l 78 21 
6568 23.75 23.6o 24 6 36 18 18 7 64 29 
6573 35.18 37.49 36 -5 59 41 18 7 69 23 
6574 23.77 23.70 24 4 35 20 15 3 70 27 

ti 6578 20;25 20.18 20 l 35 19 16 l 75 24 

II 6582 23.08 24.07 23 4 36 19 17 0 72 28 
II 6583 24.85 24.73 25 7 37 18 19 l 71 28 
II 6599 20.86 21.31 21 -3 37 24 13 7 63 30 
II 6610 20.16 21.44 21 2 34 19 15 l 73 26 
II 6614 23.83 23.72 24 3 36 21 15 l 74 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 
II 6657 22.01 20.93 21 -3 4o 24 16 0 70 30 
II 6662 17.35 17.32 17 -3 30 20 10 0 78 22 
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Table 23 • (continued) 

... 
Sample8 * '{o Moistureb Ave.c Dev.d ISHC (ASTM)e C~osit~onf . 
number l 2 LL PL PI sa si c1 

AAD4-6663 20.53 22.91 22 -1 31 23 14 9 64 27 
I 6667 19.65 19.89 20 -4 37 24 13 2 74 24 

6671 20.4o 20.22 20 3 35 17 18 0 76 24 
6676 23.05 21.68 22 -1 34 23 11 0 71 29 
6678 24.32 24.82 24 4 31 20 17 0 72 28 
6679 25.50 25.19 25 6 4o 19 21 0 71 29 
6681 21.67 23.13 22 3 39 19 20 0 71 29 
6684 25.09 25.07 25 6 39 19 20 1 70 29 

I 6688 22.74 21.92 22 0 38 22 16 0 76 24 
II 6689 21.86 21.49 22 2 36 20 16 0 74 26 
II 6693 22.74 22.96 23 3 35 20 15 0 72 28 

II 6694 24.98 24.56 25 7 37 18 19 0 · 73 27 
II 6698 21.12 20.91 21 l 4o 20 20 11 73 26 
II 6699 23.56 23.76 24 7 36 17 19 6 64 30 
II 6703 23.56 24.72 24 4 36 20 16 l 73 26 
II 6704 25.4o 25.04 25 6 38 19 19 l 71 28 
II 6713 20.52 20.93 21 -2 33 23 10 16 62 21 
II 6716 19°97 17.71 18 -7 39 25 14 ll 65 24 
II 6725 24.33 24.91 25 0 41 25 16 2 69 29 
II 674o l9.6o 19.91 20 l 31 19 12 4 68 28 
II 6749 21.56 20.53 21 2 34 19 15 0 74 26 
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Table 24. Moisture content for 70 psi moisture tension compared with 
the plastic limit of clay loam 

• 

Sample6 * <fo Moistureb Ave.c Dev.d ISHC (ASTM)e CO!llpOsithonf . 
number 1 2 LL PL PI sag si c1 

MD4-8245 14.43 14.32 14 -8 33 22 11 26 49 25 
II 914o 17 .25- 16.90 17 -5 37 22 15 22 50 28 
II 8247 19.53 19.22 19 3 35 16 19 36 39 25 
II 8248 16.99 16.65 17 4 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 14 -3 31 17 14 35 4o 20 
8253 15.51 15.67 16 1 32 15 17 28 42 25 
8254 18.63 18.51 19 1 37 18 19 28 44 27 
8256 14.26 13-91 14 -4 31 18 13 41 37 21 

II 8258 ·18.52 18.04 18 -4 39 22 17 35 41 24 
II 828o 15.ll 15.20 15 -7 37 22 15 28 48 23 
II 8300 17.84 18.04 18 3 32 15 17 31 39 30 
II 8308 17 .74 17 .43 18 4 34 14 20 39 31 28 
II 9186 18.77 18.30 19 -2 34 21 13 34 42 24 
II 8316 17.73 17.89 18 4 35 14 21 41 32 26 
II 8321 16.50 16.17 16 2 32 14 18 35 37 27 
II 8329 12.14 12.31 12 0 23 12 11 37 36 22 
II 8332 16.85 16.58 17 2 30 15 15 30 41 25 
II 8338 17 .61 17 .36 17 2 32 15 17 33 39 26 

II 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 
II 8363 16.98 17 .14 17 2 31 15 16 34 34 28 
II 8391 14.29 14.29 14 0 28 14 14 35 36 24 
II 8392 15.92 15.94 16 2 30 14 16 32 4o 27 
ti 8394 16.37 16.30 16 -1 36 17 19 35 35 27 
II 8435 17.70 17.30 17 l 33 16 17 36 32 29 
II 8446 13.20 13.38 13 1 26 12 14 47 31 20 
II 9020 20.69 20.56 21 -5 44 26 18 36 34 27 
II 9026 13-93 14.42 14 0 28 14 14 38 33 23 

II 9027 14.53 14.24 14 -1 28 15 13 41 30 22 
II 9028 19°35 19.87 20 -2 34 22 12 44 28 25 
II 9034 18.09 17 .79 18 -3 36 21 15 37 34 27 
II 9035 16.27 16.73 17 -3 35 20 15 37 34 27 
II 9037 14.39 14.17 14 0 27 14 13 38 37 22 
ti 9038 26.53 27.26 27 -1 37 28 9 38 35 25 
ti 9045 16.87 17 .16 17 -1 33 18 15 35 35 26 
ti 9046 17 .35 17,24 17 2 31 15 16 25 47 25 
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Table 24. (continued) 

_, . b 
Sample6 * '/, Moisture Ave.c Dev.d ISHC (ASTM)e Compositionf 
number l 2 0 

LL PL PI sag sih ci 

AAD4-9048 i8.oo 17.92 18 ··. l 33 17 16 37 36 25 
II 9049 18.07 17 .61 18 ,, 2 33 16 17 38 33 26 

9052 15.08 14.83 15 -2 29 17 12 41 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.E)o 20 4 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 46 29 
9071 17 .13 17 .22 17 3 34 14 20 33 35 29 
9074 ll.73 ll.91 12 -4 27 16 11 45 34 21 
9075 14.47 14.44 14 -6 32 20 12 28 46 26 
9079 17.77 17.28 17 l 34 16 18 24 47 29 

II 908o 14.70 15.13 15 -5 34 20 14 29 45 26 
II 9082 14.69 15.36 15 2 28 13 15 38 39 23 
I 9086 13.83 13.76 14 -5 31 19 12 34 42 24 

. 9096 17 .74 18.18 18 0 38 18 20 30 34 26 
9107 14.78 15.22 15 l 27 14 ·13 44 30 22 
9108 14.55 14.89 15 -8 36 23 13 28 48 24 
9109 15-39 15.20 15 -4 31 19 12 33 41 26 
9111 14.72 14.82 15 l 28 14 14 45 31 21 
9113 15.20 15.51 15 -4 33 19 14 4o 36 24 
9139 14.E)o 15.06 15 2 26 13 13 44 31 22 
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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 

AAD4 8353 21 23 -2 
II 8336 15 16 -l 
II 8496 21 24 -3 
II 8421 20 21 -1 
II 84oo 17 18 -l 
II 8367 18 21 -3 

0 

Table 26. Comparison of plastic limit values of two separate moisture 
tension runs of 20 clays at 70 psi 

Sample PL by moisture PL by moisture Deviation 
number tension, 12-17-64 tension, l-7-65 

AAD4-8245 14 15 -l 
II 914o 17 17 0 
II 8247 19 19 0 

8248 17 17 0 
8249 17 17 0 
8250 19 19 0 
8252 14 14 0 
8253 16 16 0 
8254 19 20 -1 
8256 14 14 0 

II 8258 18 19 ··-1 
II 828o 15 15 0 
II 8300 18 18 0 
II 8308 18 18 0 
II 9186 19 19 0 
II 8316 18 18 0 
II 8321 16 17 -1 
II 8329 12 12 0 
II 8332 17 17 0 
II 8338 17 18 -1 



Table Z7. 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 l 2 3 4 5 6 7 8 9 10 

clay 9 l68a 38.6 62.4 79.1 84.5 88.6 94.6 96.4 98.8 99.4 100 2.4 
silty clay 10 158 41.8 62.7 81.7 92.5 98.2 99.4 99.4 99.4 100 2.1 
silty clay loam ll 14~ 63.4 83.1 93.0 97.9 99.3 99.3 99-3 100 l.3 
clay loam 12 96 71.9 90.7 98.0 100 l.2 
loam 13 32 90.6 96.9 100 0.7 
silty loam 14 32c 78.1 96.8 100. 0.9 
sandy loam 15 25d 72.0 100 l.O 
silt 16 lle 81.8 100 o.8 
gravelly 

l3f 
t-' 

sandy loam 17 53.8 100 l.5 N 
\J1 

combined run 18 10 4o.o ao.o 90.0 100 l.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 l.7 

comparison of ASTM 
method rerun 19 39 43.6 66.7 79.5 89.8 97 .5 100 2.0 
(various) 

comparison of· 
moisture tension 20 94.9 96.6 98.3 100 l.O 
rerun (clays) 

8 Includes 18 samples that were run twice. brncludes 15 samples that were run twice. 

crncludes 10 samples that were run twice. drncludes 2 samples that were run twice. 

erncludes 5 samples that were run twice. f Includes 6 samples that were run twice. 



Table 28. Swnmary of all plastic limit data presented in Tables 21 through 26 

Group Summary Number Percentage of samples that are equal to or less than Average 
of of a deviation of: deviation 
tables samples 1 2 3 4 5 6 1 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 47.4 67.7 77.9 84.6 93.1 99.3 100 2.9 
clay loam 24 f>o 30.0 53.3 65.0 83.2 93.2 94.9 96.6 100 2.8 
total all groups 21-24 273 33.3 50.9 64.8 77.3 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) 

1--' 
N 

comparison of 
(j'\ 

moisture tension 26 20 100 0.3 
rerun (clay loams) 
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samples available, would appear to be insufficient for making positive 

conclusions. However, it can be noted by visual 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 assume then, that the variance of these groups would 

have remained essentially the same if a great many more samples had been 

runo 

There is no clear cut criteria to judge a consistency limit value. 

There is no general agreement as to the magnitude of variance that 

should be allowable, just as there is no general agreement as to the 

acceptability of the ASTM standard methods in their present form (5, 6, 

17, 18, 26, 'Z(, 29, 30, 32, 34, 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 4o, instead of 39, or 41, is in a sense 

"arbitrary". In other words, there is doubt that a "variance" of one is 

really a variance at all. In his recent (1963) text, Scott (44) expresses 

this idea as follows: 

"The liquid limit _gf a soil detennined on the basis of such a 
test should not be expressed in decimals of a percentage; an 
indication that the liquid limit in a given case is, say 44i or 
45~, 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 (Table 19) in 

I 

I 
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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 standard method) 

will arbitrarily be used herein as a guide. 

There is every reason to assume that the results obtained in each 

case were as accurate and reliable as is hwnanly possible. They do, in 

fact, show less variance than some reported reproducibility tests (17, 

43). Also, see Table l of this thesis. Thus the criteria of "acceptab.1..e" 

deviation assumed herein using Table Z7 as a guide, would require that: 

l. 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 

4. 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 the 

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 per cent are within a deviation of 2, and the average deviation is 

1.7. 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 deviation 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 silty 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 methodo For example, 

it can be seen by visual observation of Tables 9 (clay) and 15 (sandy 

loam) that the range of clay liquid limits is from 'Z7 to 77; the range of 

sandy loam liquid limits is from 21 to 30. Their compositions vary approx­

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 as checks. 

Reruns appear in Tables 9, 12, 14, 15, 16, and 17; the high degree of 

reproducibility can be easily noted. Also, two groups of 6o 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 'Z7 and 28 respectivelyo 

The 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 'Zl)· The second group that was rerun at 70 psi 

in the pressure membrane apparatus had all of its results within a devia­

tion of one, with an average deviation of Oo3 (Table 28)0 The 6o samples 
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run at 4o 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 

little 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, 8o duplicate or l6o 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 64o single liquid limit values may 

be obtained 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 group et 
~ 

a "best" pressure as indicated by Table 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 6o inches of water. One run of lO samples 

was made combining gravelly sand, sandy loam, gravelly sandy loam, silty 

clay and silty clay loam. The first three should be run at 70 inches 

of water, the silty clay loam at 6o inches of water and the silty clay 

at 4o inches of water. A variation was made in this particular run in 

that it was timed. It was anticipated that cutting the run off at 24 

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 70 inches of water (gravelly sand, sandy loam, and gra.vel- ·· 

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 Bo 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 1.7. One run of 10 samples should not be used to 

make definite conclusions. However, it does indicate the possibiiity 

that a 24 hour combined run at 6o 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. 



• 

132 

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 variation 

between operators was 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 8o 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 and 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 values widely 

distributed and showing no central tendency. The clay loams and the 

silty clay loams also show wide distribution with 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 characteristics, indicating that divisions within 

the textural group would have to be made to improve the results. The 

composition would seem to be suspect; however, visual observations of 

tabulated values in Table 22 shows definitely that there is practically 

no difference of composition in the values that deviate 0 or land those 

that deviate 5 or 6. It would 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 Iowa soils. There is no assurance that the pressures 

presented herein would achieve the same results in a different geological 

environment. It is possible that it would make 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 a 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 a 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 moisture tension and plasticity, provided a basis to evaluate the 

soundness of the moisture tension method and 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, 96o consistency 

determinations were made (687 liquid limits and Z73 plastic limits) and 

the results were tabulated and analysed. A criteria was suggested and 

the deviations were tabulated. 

Conclusions arrived at are as follows: 

l. 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 mainly controls the parameters that affect curve shape. 

2. The desorption curve can be divided into three distinct regions. 

By assuming popularly accepted moisture tension and plasticity theory as 

being correct, the three regions, "lower flex", "upper flex" and the 

"unloading region" between the flexes, are analogous to the liquid limit, 

0 
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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 the resulting value; 

therefore, differences in operator technique should not affect the results, 

the equipment itself offers no scurce for variation, and that caused by 

sampling, or splitting a sample into portions, is minimal. 

4. The moisture tension method can be used to approximate liquid 

limits of Iowa soils with less variance than that of the ASTM standard 

method at the following pressures: 

Clay 
Silty clay 
Silty clay loam 
Clay loam 
Loam 
Sandy loam 
Gravelly sandy loam 
Silt 

4o 
4o 
6o 
60 
10 
10 
10 
10 

inches of water pressure 
inches of water pressure 
inches of water pressure 
inches of water pressure 
inches of water pressure 
inches of water pressure 
inches of water pressure 
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 pressure cannot be ruled out, although a time factor may be required. 

6. The plastic limit value of clay can be approximated 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 valuable 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 FURI'HER STUDY 

On the basis of the present investigation, the following areas of 

further study are suggested: 

l. A more extensive program of running limits at one pressure, such 

as 6o 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. 

4. 11
Undisturbed 11 samples should be investigated as they are obtained; 

e.g. take a 2 in. core and slice of 1/4 - 1/2 inch "discs" and run in the 

usu.al 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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