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PREFACE 

This bulletin is a further compilation of the rep9rts on completed re
search done for the Iowa State Highway Research Board Proj'ect HR-1. 
The loess and glacial till materials of Iowa; an investigation' of their physi
cal and chemical properties and techniques for processing them to increase 
their all-weather stability for road construction. The research, started in 
1950, was done by the Iowa Engineering Experiment Station at I.owa State 
University under its project 283-S. The project was supported by funds 
from the Iowa State Highway Commission. 

The principal objectives of the project may be summed up as follows: 

1. To determine by means of both field and laboratory studies the areal 
and stratigraphic variation in the physical and chemical properties of the 
loess and glacial till TI?-aterials of Iowa. 

2. To develop new equipment and methods for evaluating physical 
and chemical properties of soil where needed. · 

3. To correlate fundamental soil properties with the performance of 
soils in the highway structu.re. 

4. To develop a scientific approach to the problem of soil stabilization 
based on the relationships between the properties of the soils and those of 
the admixtures. 

5. To determine the.manner in which the loess and glacial till materials 
of Iowa. can be processed for optimum performance a:s highway embank
ments, sub-grades, base courses, and surface courses . 

.Many of the papers in this bµlletin were prepared originally as graduate 
theses required for master or doctoral degrees.· Each was then rewritten 
with the assistance of other project workers and was submitted to the Iowa 
Highway Research. Board as a report on a phase of completed research. 
This explains the several authors for each paper. The research work was all 
done under .Dr. D. T. Davidson as project leader in charge. 

Practically all 'the papers herein have been published previously. The 
title page for each manuscript identifies a:II authors and gives the place and 
date of first publication. No attempt has been made to revise, update, and 
change the data; hence some contradictions are evident. The facts and con
clusions presented are those of the authors at the time the manuscript was 
submitted. Much of the repetition of materia~ has been eliminated, and the 
papers have bee:b. arranged by subject matter.' ·. , 

The list of REFERENCES at the end of each manuscript gives only the 
first, or original prfoting, though the_paper referred to may have appeared 
later in various forms in several publications, and some are included herein. 
Those shown' as theses in the Iowa State University Library ar~ so indi-

, c;ated, because only in the theses are ,all the data shown. 
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DISPERSION OF LOIESS FOR1 MECHANICAL ANALYSIS 

by 

D. T. D~vidson, Professor, Civil Engineering 

T. )'..Chu, Assl.stant Professor, Civil Engineering 

(Highway Research Board Proceedings, 31:500-510.1952.) 

ABSTRACT 

A special study was made in connection with the investigation of the 
. Wisconsin (Peorian) loess of southwestern Iowa, which is being carried 

on jointly by the Engineering Experiment Station of Iowa State University . 
and the Iowa State Highway Commission to. develop a tailored procedure 
for dispersing Wisconsin loess for mechanical analysis. The principle of 
dispersion is reviewed to clarify the function of each step in procedures 
and also to serve as a guide for the development of a dispersion procedure 
for Wisconsin loess. / 

In addition, experiments were performed to: (1) evaluate several de,
flocculating agents, sodium metasphosphate, sodium pyrophosphate, so-

. dium oxalate, and sodium silicate; (2) determine the need for hydrogen
peroxide and hydro-chloric-acid treatments; and (3) evaluate a rubber 
stirring paddle and determine_ stirring time requirements, using the con
ventional high-speed malted milk type mixing apparatus. 

Among the deflocculating agents compared experimentally, sodium 
metaphosphate is the most efficient in dispersing Wisconsin loess. The 
amount of this chemical adopted for dispersing Wisconsin loess samples 
for mechanical analysis determinations is 60 ml. of 0.5 N solution.· 

Wisconsin loess samples having plasticity indices greater than 20 per
cent do not need to be treated with hydrogen peroxide, as specified in 
ASTM and AASHO methods, providing the organic matter content is low. 
If sodium metaphosphate is used as the deflocculating agent, the hydro
chloric acid treatment is not advantageous or desirable for Wisconsin loess 
samples having high carbonate contents. 

To avoid frequent replacement of the standard metal stirring paddle 
due to wear, the rubber paddle used by the soils laboratory of the Iowa 
State Highway Commission can be used without loss of stirring efficiency 
(there may even be a slight increa~e). A stirring period of four minutes 
with the high-speed stirring apparatus is adequate for Wisconsin loess 
samples. 
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INTRODUCTION 

Loess is a fine-grained soil material whose origin, whether aqueous or 
aeolian, has been a subject of debate among geologists for many years. As 
a result of this controversy, no single definition of loess has received gen
eral acceptance. A comparatively broad definition is:" 

Loess, then, is a buff-colored, nonindurated sedimentary deposit consisting 
predominantly of particles of silt size. Commonly it is nonstratified, homo
geneous, calcareous, and porous, and it may possess a weak vertical struc
ture resembling jointing. 

Most geologists have been won over to the aeolian concept, which con
tends that the bulk of the loess was transported and d~posited by wind 
action. Fine sediments exposed without vegetative cover to the winds in 
desert basins, river flood plains, glacial drift and outwash surfaces are 
considered to be the major sources of loess. 

Surface deposits of loess cover extensive areas in the United States6 as 
well as in other parts of the world7

• Thicknesses of the deposits vary from 
a few feet to over 1,000 feet, and the loess is not usually intermixed with 
soil materials of different origin. Approximately two-thirds of the state of 
Iowa has a surface covering of Wisconsin loess of variable thickness. This 
loess, also called Peorian loess, blankets older loesses and pre-Wisconsin 
Pleistocene deposits and is named after the Wisconsin glaciations from 
which the loess presumably originated. It has been estimated that, if all 
the Wisconsin loess in Iowa were evenly distributed over the state, it would 
average about 10 feet in depth. The deepest sections of Wisconsin loess are 
found in counties bounding the western side of the state, along the east , I 

valley wall (:first bluff line) of the Missouri River. Here, where the wide 
flood plain and persistent sand bars of the great river have maintained 
an ever-replenished '·supply of dust and silt, the -loess has accumulated to 
thicknesses of from 60 to over 100 feet. 

A special study, made in connection with the southwestern Iowa loess 
investigation, had as its purpose the development of a procedure for dis
persing Wisconsin loess for mechanical analysis. 

The ASTM (D422-39) and AASHO (T88-49) standard methods of 
mechanical analysis 1

• 
11 recommend definite procedur'es for dispersing soil. 

These procedures were developed for use with a wide variety of soils; how
ever, it seemed probable that they would not give optimum dispersion for 
loess soils, especially those containing large amounts (up to 18 percent 
CaC03 by weight) of carbonates. (Carbonate contents are expressed' as 
percentages of calcium carbonate, CaC03, by weight.) Many investigators 
in the fields of agriculture, ceramics, geology, and engineering have studied 
th~ problems of soil dispersion. 

2 
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.PRINCIPLE OF SOIL DISPERSION 

An accurate and reproducible· mechanical analysis depends on the co.m
plete and stable dispersion of a soil sample. In other words, all soil aggre
gates (secondary particles) must be separated as nearly as possible, into 
primary particles, and these particles must then be kept in a dispersed state 
throughout the mechanical analysis. It is necessary to understand, there
fore, not only the factors causing aggregation: in soils but also those which 
may cause the flocculation of primari particles once they have been sepa
rated. 

Causes of Aggregation· 

Soil aggregates are formed primarily as a result of the presence in soU 
of the colloidal cementing agents, such as clay, organic matter, and oxides 
of iron and alumina. The cementation effect of colloidal clay is believed to 
be the result of dehydration of the clay particles. When the moisture con
tent of a soil is fairly high, the water films surrounding clay particles are 
so thick that the cohesive forces between adjacent particles are not signi
.ficant. As the moisture content decreases, the water films become thinner 
and thinner, and the cohesive forces increase accordingly. In the air-dry 
condition such water films have great bonding strength; rehydration, how
ever, tends to destroy the bond. 

Colloidal organic matter has long been recognized as a cementing agent 
in soils, but there apparently is no exact knowledge. of the mechanism of 
the cementation effect. In the explanations that have been offered by vari
ous investigators, most point to some type of oriented adsorption of. organic 
molecules on the surfaces of clay particles2

• Such adsorption appears· to· be 
stabilized by subsequent dehydrp,tion of the adsorbed colloidal organic 
matt'er. Since rehydration is extremely slow, this process causes a tenacious 
cementing influence which is responsible for aggregate formation . 

. Dehydrated oxides of iron and alumina are responsible for aggregate 
formation in lateritic soils. The cementation effects of these oxides appear 
to be principally due to the irreversibility of the colloids upon dehydration. 

· In addition to the cementing agents in some soils carbonates may also 
contribute a weak cementation effect. Carbonates may be present in soil 
·as a mixture with clay; they may also occur as secondary concretions or ·as 
silt.:size powders14

• It appears that the cementation effect is largely related 
to the carbonates mixed with clay and will probably become insignificant 
when the clay is hydrated. 

Causes of Flocculation 

In the dispersion of a soil sample, the elimination of cementation effects 
is not sufficient to insure a stable soil suspension; since the separated pri-
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mary particles may again coalesce into floccules or aggregates. (In the 
mechanical analysis of soil, the term soil susperision refers to the soil-water 
mixture, which actually is a combination of a colloidal solution and a sus
pension of noncolloidal particles.) The electric charge, or zeta potential of 
clay particles, which is predominantly negative, is considered the determin
ing factor in the stability of a soil suspension. If the zeta potential is suffi
. eiently high, the clay particles will repel each other when they collide during 
their constant haphazard (Brownian) movement in the suspension. If the 
zeta potential is low, there will be little repulsion, and the particles will 
coalesce as a result of a collision and settle out as a floccule. 

· The amount of the negative electric charge depends largely on the com
bination of the mineralogical nature of the clay particle or mineral and the 
kind of adsorbed cations (positive ions). For that reason, with each type of 
clay mineral the kind of adsorbed cations has an important bearing on the 
degree of dispersion obtained. The dispersive power of the following mono
valent cations decreases according to the series: lithium (Li) > sodium 
(Na) > potassium (K), and ammonium (NH4). These cations cause the 
zeta potential of clay particles to be high and thus may be classified as 
deflocculating cations. Common flocculating cations, which cause the' zeta 
potential to be low, are hydrogen (H), calcium (Ca), and magnesium (Mg), 
all found in natural soils. 

General Dispersion Procedure 

The essential requirements for dispersing a soil may be summarized as: 
first, the elimination of cementation effects, and second, the prevention of 
flocculation. The removal of the cementing, influences of the irreversible or 
slowly reversible oxides of iron and alumina is a difficult problem for which 
no generally acceptable solution has been found. But these oxides are· in 
significant amounts only in lateritic soils; therefore their binding effects 
are usually assumed as negligible in most soils of the United States. The 
elimination of the cementation effects of the other soil colloids, organic 
matter and. clay, can be accomplished by oxidation of the organic matter 
followed by rehydration of the clay particles. Flocculation of dispersed _clay 
particles is prevented by replacing flocculating cations with deflocculating 
cations. 

Organic matter in soils can be removed by oxidation with hydrogen 
peroxide; boiling soils with 6 percent hydrogen peroxide is· a generally ac
cepted method. Thjs treatment is highly effective and produces only carbon 
dioxide and water as the byproducts of oxidation. The oxidati6n step in the 
dispersion procedure can be omitted with engineering soils of low organic 
content. 

The rehydration of clay particles is accomplished by soaking the soil 
·sample in distilled water for a specified period of time, followed by mechani-
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cal agitation of the soii-water mixture. (A deflocculating agent is added 
before agitation.) The more important methods of mechanical agitation 
_are: stirring" 3

• '1, shaking'0
, boiling10

, rubbing, and bubbljng air through 
the soil suspension17

• High-speed stirring with apparatus patterned after 
the electric malted-milk mixing machine is perhaps the most extensively 
used method in engineering laboratories; the Wintermyer apparatus is also 
used. 

The prevention of flocculation in a soil suspension is more complicated 
than the removal of cementing influences. Because of the variable nature of 
soils, no specific method has been developed which is entirely satisfactory 
for all kinds. Techniques which are used attempt to control the kind of ca
tions adsorbed on the clay particles so that the zeta potential of the particles 
will be high. As has been pointed out, clay particles with a high negative 
charge will repel· each other upon collision, and the soil suspension 'will be 
in a stable condition. 

To control the type of adsorbed cations two things are necessary. The 
cations which cause flocculation must be replaced with cations that pro
mote deflocculation, and the replaced cations and other free cations' which 
might later interfere with the dispersion must be rendered ineffective. 
Both of these may be done by the one-step method of adding a deflocculat
ing agent, or by a two-step method which involves a preliminary treatment 
of the soil sample before adding the deflocculating agent. 

In the one-step method, adsorbed flocculating cations are replaced by 
cations from the dissociated deflocculating agent; the replaced flocculating 
cations, together with other free cations in the soil suspension, are made 
ineffective either by precipitation as insoluble compounds or by the forma
tion of soluble but undissociated compounds. This method is simpler and 
faster than the two-step method, and it has proved satisfactory for many 
types of soil. 

A more complete dispersion may be obtained for some types of soil with 
certain deflocculating agents by use of the two-step method. In general, 
soils benefited by the two-step method are those containing appreciable 
amounts of carbonates. The predominant basic cations in such soils are the 
strongly adsorbed divalent calcium and magnesium cations. The first step 
or preliminary treatment in this method involves replacing adsorbed basic 
cations with hydrogen cations and removing replaced cations and salts, such 
as carbonates, from the soil. The second step is to replace the hydrogen 
cations with deflocculating cations. The preliminary treatment can be ac
complished either by electrodialysis or by leaching with dilute hydrochloric 
acid. The electrodialysis technique is not used as extensively as the acid, 
treatment because it requires additional expensive equipment". In the acid 
treatment, 0.2N hydrochloric acid is commonly used to leach the soil sample. 
The sample then must be washed free of electrolytes9

• The complete re
moval of chlorides is of special importance. 

5 
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The steps used in dispersing soil for· mechanical analysis will depend 
on the nature of the soil, the kind of deflocculating agent used, and the 
fundamental objective of the mechanical analysis (table I). 

TABLE l. GENERAL PROCEDURE FOR DISPERSING"SOIL FOR MECHANICAL ANALYSIS 

Step. Operation Principal Purpose Remarks 

1 Hydrogen pero.xide To remove organic May be omitted for 
treatment matter soils having low organic 

matter contents 

2 Acid treatment To replace basic cations N'ecessary only for 
(followed by washing). with hydrogen and to some soils with certain 

remove carbonates deflo.cculating agents 

3 Soaking in water To rehydrate.clay Soaking period of 
particles at least 18 hours 

4 Addition of de- To prevent flocculation Deflocculating agent 
flocculating agent by increasing the zeta is added in solution 

potential form 

5 Mechanical agitation To effect thorough High-speed stirring 
dispersion of the is the conventional 
primary soil particles method 

Deflocculating Agents 

Sodium compounds, which dissociate to furnish sodium cations, are th~ 
most extensively used deflocculating agents; the higher cost of lithium 
compounds makes them impractical to use. 

A comparison of the efficiency of several deflocculating agents for the 
dispersion of soil samples from four different states showed that sodium 
silicate is the most satisfactory deflocculating agent12

• In the ASTM and 
AASHO standard methods of mechanical analysis, 20 ml. of 3 degree 
Baume sodium silicate solution (prepared by dissolving sodium mefasilicate 
crystals (Na2Si03 • 9H20) ih distilled water) is used for the purpose of 
deflocculation. 

Sodium oxalate (N a2C20 4 ) is a satisfactory def~occulating agent for 
many types· of soil", and sodium pyrophosphate (Na4P 20 7 • 10H20) is the 
best for dispersing several types of clay'". 

Sodium metaphosphate (Na4P.10d is an excellent deflocculating agent 
for a wide variety of soils13

• The effectiveness of sodium metaphosphate 
was explained as due to a more or less complete replacement of flocculating 
cations, particularly calcium, by sodium cations from the deflocculating 
,agent. Since the exchange of cations results in the formation of a soluble 
but highly undissociated sodium calcium metaphosphate complex, the ac
tivity of calcium in a soil suspension is eliminated, and soil particles will 
remain in a dispersed state. If calcium carbonate colloids are present in· a 
soil suspension, the dispersion of these colloids will also be stabilized due 
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to the influence of sodium metaphosphate. This stabilization is probably 
due to the coating of a gelatinous substance over the cakium carbonate 
colloids. 

DEVELOPMENT OF DISPERSION PROCEDURE FOR LOESS 

The review of the principle of dispersion served as a background and 
guide for the development of a dispersion procedure especially adapted to 
the Wisconsin loess of southwestern Iowa. In addition, experiments were 
;performed to evaluate several deflocculating agents, to determine the need 
for hydrogen-peroxide and hydrochloric-acid treatments, and to evaluate 
a rubber stirring paddle and to determine stirring-time requirements. 

As a part of the southwestern Iowa loess investigation, more than 100 
loess samples have been taken in the deep Wisconsin loess area, which in
cludes the whole or parts of twenty counties4

• 'This wind-blown soil material 
is thought to be associated with the glaciations of the Wisconsin stage. 
Major sources of supply were perhaps the raw surfaces of the newly de:.. 
posited drifts in northwestern Iowa and the flood plains of the Missouri 
River and its tributaries which drained the drift areas. 

The Wisconsin loess thicknesses in the southwestern Iowa area vary 
from over 100 ft. along the west boundary (east valley wall of the Missouri 
River) to about 17 ft. on hilltops near the arbitrary east boundary. In addi
tion to the decrease in thickness with increasing distance from the valley 
wall, the loess becomes finer textured and its carbonate content decreases 
from a high of 18 percent (CaC03 by weight) along the west boundary to 
a low of 1 percent at the east. 

Two loess samples were selected for the dispersion experiments to repre
sent the extreme ranges in physical and chemical property variations; 
Sample A was taken at the west boundary and Sample B at the east. Both 
samples were obtained at a d'epth of 2 to 3 ft. below the top of the C hori
zon ; Sample A was secured in the Hamburg pedological series and Sample 

TABLE II. PROPERTIES OF VVISCONSIN LOESS SAMPLES FROM 

SOUTHWESTERN low A 

Sample Designation 

Location of Sample 

Liquid Limit, % 

Plastic Limit, % 

Plasticity Index, % 

Organic Matter Content, 
% by weight 

Carbonate Content, % 
CaCOs by weight 

A 

'Ridge .at West 
Boundary 

30.9 

25.2 

5.7 

•0.30 

15.0 

7 

B 

Hilltop at East 
Boundary 

48.3 

21.7 

26.6 

0.21 

1.6 



B in the Marshall series. Properties which may influence the dispersion of 
the two samples are given in table II which shows that the organic matter 
content of both samples was low. Pai·ticle-size distribution curves are 
shown in figure 1. Differential thermal analyses on the samples indicate 
that both samples contain the same' general kinds of clay minerals, appar
ently of the illite and montmorillonite types. Eurther mineralogical studies 
are being made to determine more definitely the mineralogy of the Wiscon: 
sin loess. ' 
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Fig. 1. Particle-size accumu}ation curves for ·samples A and B. 

Evaluation of Deflocculating Agents 
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Mechanical analyses were performed for loess samples A and B using 
solutions of sodium silicate (prepared from sodium· metasilicate .crystals), 
sodium oxalate, sodium pyrophosphate and sodium metaphosphate in vary
ing amounts as deflocculating agents. (The sodium metaphosphate solution 
was prepared from the commercial product Calgon, in which the sodium 
metaphosphate is buffered with a small. amount of sodium carbonate to 
make it stable.) All four of these chemicals have been used by other investi
gators and have been found promising as deflocculating agents0

• 
12

' is: 15
• The 
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concentrations used_ in this experiment are shown in table III. The 3 degree 
Baume solution of sodium silicate is specified by ASTM and AASHO. A con
centration of 0.5N was chosen for the other three chemicals for purposes 
of direct comparison and convenience of'preparation. 

TABLE Ill. EFFECT OF TYPE AND AMOUNT OF DEFLOCCULATING AGENT 

ON THE EFFICIENCY OF DISPERSION 

Deflocculating Agent Sample A Sample B 

Type Cone. of Amount* Percent Finer Than Percent Finer Than 
Solution (ml.) . 005 mm. ·.001 mm . .005 mm . . 001 mm. 

Sodium· 3° Baume 10 12.0 4.8 32.7' 17.2 
Silicate .20 12.2 5.8 , 34.3 18.0 

30 12.2 6.0 33.0 17.6 
40 12.0 6.0 33.3 18.8 
50 12.6 6.0 32.8 18.0. 

Sodium 0.5 N 10 14.0 7.6 35.0 20.0 
Oxalate 20 14.1 8.0 36.6 24.0· 

30 14.2 Flocculated 37.8 26.0 
40 12.2 Flocculated 38.4 27.0 
50 10.2 Flocculated 39.0 27.5 
60 . 39.4 27.4. 
70 39.8 26.4 

Sodium 0.5 N 10 13.6 8.0 34;6 20.2 
Pyrophosphate 20 16.0 10.0 36.5 23.5 

30 17.1 10.8 38.2 25.2 
40 17.4 10.8 39.2 26.1 
50 16.9 10.5 39.6 26.6 
60 16.0 10.1 39.6 26.9 
70, 39.2 27.0 
80 38.3 26.8 

Sodium t 0.5 N 10 14.2 8.6 34.8 20.6 
Metaphosphate 20 16.4 10.0 36.4 23.0 

30 17.2 10.6 37.3 24.8 
40 17.5 11.3, 38.1 26.0 
50 17.4 11.9 38.8 26.8 
60 17.0 12.0 39.2 27.4 
70 18.0 10.6 39.6 27.9 
80 39.8 28.1 
90 39.7 28.0 

100 39.4 27.9 
110 39.2 27.8 
120 39.8 27.8 

No Deflocculating Agent 11.7 1.6 32.6 15.2 

*Refers to the amount ·of deflocculating solution used in dispersing a sample of 65 
grams into a one liter soil suspension. 

tln preparing the 0.5 N solution of sodium metaphosphate, Calgon was considered 
to have the gram-molecular weight of pure sodium metaphosphate. 

The only variable in the mechanical analyses was the type and amount 
of defiocculating solution added to the soil-water mixture prior to high
speed stirring. The hydrometer method was used for determining percent
ages of 0.005 mm. and 0.001 mm. clay. The efficiency of the deflocculating 
agents was rated. on the basis of the magnitude of these clay size percent
ages. 
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The dispersion procedure adopted in this experiment was the following: 
1. - A 65 gram air-dry loess sample was soaked in distilled water for 
eighteen hours. -- ·. · 
2. The deflocculating agent was added in solution form. 
3. The soil-water combination was mixed for 4 min. in a high speed 
stirring apparatus of the malted milk mixer type. 

This procedure is essentially the same as that specified in the ASTM 
standard method (D422-39), with three modifications: (1) the stirring 
.time was increased from 1 to 4 min; (2) a rubber stirring paddle was sub
stituted for the conventional metal one; and (3) the hydrogen peroxide 
treatment was omitted for Sample B, which had, a plasticity index greater 
than20. . · 

The hydrometer test was performed essentially according to the stand
. ard ASTM method, except that a correction'was applied to the hydrometer 
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reading to compensate for the direct influ~nce of the deflocculating agent 
on the reading. 

The effect of type and amount of deflocculating agent on the efficiency 
of dispersion of samples A and B is shown in table III. The table also shows · 
the amounts of 0.005 mm. and 0.001 mm. clay' measured without use of a 
deflocculating agent (other test steps were the same). The 0.005 mm. and 
0.001 mm. clay-size data show a similar trend; this is illustrat.ed graphically 
by figure 2, which shows the relation between amount of sodium metaphos
phate and·: degree of dispersion for loess sample B. For this reason, the 
deflocculatl.ng agents are compared graphically on the basis of only the 
0.001 mm. clay measurements (figures 3, 4). 

In a comparison of the efficiency of the four chemicals as deflocculating 
agents for sample A,· sodium metaphosphate and sodium pyrophosphate 
were superier to sodium oxalate and sodium silicate; the latter chemical 
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· showed the least ·promise. Flocculation occurred, with additives of sodium 
oxalate solution greater than 20 ml. sodium metaphosphate rated highest as 
a deflocculating agent for sample A, with optimum dispersion being ob
tained with about 60 ml. of 0.5 N solution. 

1 

The sodium silicate in sample B was decidedly inferior to the other-three 
chemicals (figure 4). Sodium metaphosphate rated slightly higher than 
sodium pyrophosphate and sodium oxalate, with 80 ml. of 0.5 N sodium 
metaphosphate solution giving optimum dispersion. However, if 60 ml. of 
solution is used instead of 80 ml., only a slight loss in dispersive power is 
experienced~ the decrease in the percent of 0.001 mm. clay measured being 
only ,0.7-percent (figure 4). 

In consideration of the moderate degree of reproducibility of the hydro
meter analysis, and to develop a uniform dispersion procedure, the 60 ml. 
of 0.5 N sodiu~ metaphosphate solution was adopted as the deflocculating 
additive for mechanical analyses of the, Wisconsin loess (figure 1). 

12 



-- - .. \. J,-, •. ; 

Additives of sodium silicate solution in excess of 20 ml. do not signi
ficantly improve the degree of dispersion of the two loess samples (figures 
3, 4). Twenty milliliters is the amount of sodium silicate solution recom
mended in the ASTM and AASHO dispersion procedures. 

Hydrogen Peroxide Treatment 

The main purpose of the hydrogen peroxl.de treatment is, as mentioned· 
previously, to remove the cementing influences of organic matter from soil. 
Since the organic content is .low in all Wisconsin loess samples taken from 
southwestern Iowa, this treatment appeared to be unnecessary. However, 
it was considered desirable to determine experimentally the effect of the 
hydrogen peroxide treatment on sample B (P.I. = 26.'6 percent), because 
the ASTM dispersion procedure specifies that soils having a plasticity index 
greater than 20 percent shall be treated with hydrogen peroxide (6 percent 
H202) for the purpose of aiding dispersion, rather than for t_he remova) of 
organic matter. The deflocculating agents used for this experiment were 
sodium metaphosphate (60 ml. of 0.5 N solution) and sodium silicate (20 
ml. of 3 degree Baume solution). Sodium silicate was used because it is the 
deflocculating agent specified by the ASTM procedure. 

The hydrogen peroxide treatment of sample B was performed in accord
ance with ASTM directions. Hydrometer analyses to determine 'the percent 
of particles finer than 0.005 mm. and 0.001 mni. were made as previously 
in connection with the evaluation of deflocculating agents. The test data. 
indicate that the hydrogen peroxide treatment did not improve the degree 
of dispersion of sample B, as reflected in the magnitude of the 0.005 mm. 
and 0.001 mm. clay determinations (table IV). For that reason this treat
ment is omitted in the dispersion procedure for Wisconsin loess samples 
which have high plasticity indices but low organic matter contents. 

TABLE IV. EFFECT OF HYDROGEN PEROXIDE TREATMENT ON DEGREE OF · 

DISPERSION OF LOESS 

Deflocculating Agent 

60 ml. 0.5 N Sodium 
Metaphosphate Solution 
20 ml. 3 ° Baume 
Sodium Silicate Solution 

SAMPLE B 
Hydrogen Peroxide 

Treatment 

Yes 
No 
Yes 
No 

13 

Percent Finer Than 
.005 mm. .001 mm. 

38.6 27.2 
39.2 27.4 
33.0 16.8 
34.3 18.0 
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Acid Treatment 

The value of the hydrochloric acid treatment as an aid to more efficient 
dispersion was investigated by experiments with highly calcareous (CaC03 · 

=15.0 percent) loess sample A. The purpose of the acid treatment has pre
viously been discussed and is summarized in table L 

One hundred grams of air-dry loess was soaked in 1,650 ml. of 0.2 N 
hydrochloric acid, with occasional stirring and shaking, for 24 hours. 
(Milliliters of 0.2 N HCl = (1.1) ( % CaC03 in soil) (grams of soil). This 
equation provides an excess of HCl over that needed to remove the carbo

. nates.) At the end of the soaking period, the acid and soil mixture was 
poured onto filter paper in a Buchner funnel, and the acid was drawn 
through by means of an aspirator. The soil was then washed with distilled 
water until the chlorides had been completely removed, as indicated by 
testing the leachate with silver nitrate; chlorides are considered eliminated 
if the leachate shows no cloudiness when a few drops of silver nitrate are 
added. After the removaJ of the chlorides, the washed sample was air dried 
prior to preparing 65 grams for the mechanical analysis. 

The validity of using the acid treatment in engineering mechanical 
analyses of calcareous soils is questionable, since the carbonates, an inor
ganic constituent of the soil, are removed and are not represented in the 
particle size distribution determination. With a highly calcareous soil, such 
an omission would misrepresent the soil's texture. This fact, and the added 
time required for the acid treatment, makes it advantageous to use a de-. 
flocculating agent whose dispersive power is not impaired by the presence 
of carbonates. The data indicate no significant evidence of increased dis
persion with the acid treatment when sodium metaphosphate is used as the 
deflocculating agent (table V). It was, therefore, considered inadvisable to 
include the acid treatment in the dispersion procedure for Wisconsin loess. 

TABLE V. EFFECT OF ACID TREATMENT ON DEGREE OF DISPERSION OF LOESS 

SAMPLE A* 

Acid Treatment 

Yes 
No 

Percent of Particles Finer Than 
.005 mm. .001 mm. 

17.2 
17.0 

13.0 
12.0 

*60 ml. of 0.5 N sodium metaphosphate solution was used as ' 
the deflocculating agent. · · 

Type of Stirring Paddle 

The high speed electric stirring apparatus of the ASTM and AASHO 
standard methods of mechanical analysis utilizes a replaceable metal paddle 
which is subject to rapid wear by the abrasive action of hard so'il grains 
in the' soil water mixture. Frequent replacement of the paddle is necessary 
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to insure a standard intensity of s.tirri;ng. Because of the wear factor, the 
soils laboratory of the Iowa State 'Highway Commission has for sev.eral 
years been using a wear resistant rubber paddle with highly satisfactory 
results. The square rubber paddle, cut from an automobile inner. tube, is 
% in. on each side and 1/s in. thick and is mounted on the stirring shaft in 
the same manner as the metal paddle. 

A series of mechanical analyses were performed on samples A and B to . . 

compare the stirring efficiencies of .the rubber and metal paddles. Sodium 
metaphosphate (60 ml. of 0.5 N solution) was the only deflocculating agent 
used. The data indicate that the rubber paddle compares. favorably with the 
metal paddle and possibly may give even slightly better disperson (table· 
VI). As a result of this experiment, the rubber paddle was adopted for use 
with the Wisconsin loess. 

TABLE VI. . EFFECT OF TYPE OF STIRRING p ADDLE AND LENGTH OF STIRRING 

. PERIOD ON DEGREE OF DISPERSION* 

Stirring , Sample A Sample B 
Period Percent Finer Than Percent Finer Than \ Type of Stirring Paddle 
(min.) .005 mm. . 001 mm. .005 mm . .001 mm. 

Standard Metal Paddle 1 14.0 9.3 36.3 24.5 
4 15.5 10.6 37.4 25.7 

Square Rubber Paddle 1 14.8 9.6 38.0 25.5 
4 17.0 12.0 3[).2 27.4 

10 17.2 12.0 39.5 27.9 
16 17.4 12.8 39.6 28.7 

No Stirring 0 0 0 7.0 0 

*60 ml. of 0.5 N sodium metaphosphate solution was used as the deflocculating agent. 

Length of Stirring Period 

The length of the stirring period used with the high speed malted milk 
mixer type apparatus is an important part of the dispersion procedure.' The 
optimum stirring time should give maximum dispersion of the soil water 
mixture on the one hand, and minimum degradation (break-up of the pri
mary soil particles into smaller ones) on the primary soil particles on the 
other. A long stirring period is desirable for a high degree of dispersion, 
but ifis objectionable if degradation occurs. 

The amount of degradation during a given stirring period. depends 
largely upon both the soil texture and the hardness of. the individual par
ticles. The coarse sand fraction (2.0 mm. to 0.42 mm.) is most ·affected by 
degradation during the stirring operation17

• The coarse s.and f~·action in 
Wisconsin loess (figure 1) is negligible; and since quartz i~. belieyed to. b.e 
the predominant mineral in the nonclay sizes, the soil p~rticles most sub
ject to degradation are likely to be extremely hard. Because of this, the 
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action of degradation is probably of minor importance in the loess. 
The effect of length of stirdng period on the degree of dispersion is 

.shown in table VI and. in figure 5. For both samples A and B the increase 
in the percentage of particles finer than 0.005 mm. and 0.001 mm. is very 
slight for increases in stirring time above four minutes. 
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Fig. 5. Relation between length of stirring period and degree of dispersion. 

A one minute stirring period is specified in both the ASTM and AASHO 
dispersion procedures, presumably 'to avoid the degradation which may 
result from a longer stirring time. Since the action of degradation appeared 
to be of minor importance in stirring loess, especially with a rubber paddle, 

· a stirring period of four minutes was adopted for use with the Wisconsin 
loess. The soils laboratory of the Iowa State Highway Commission uses the 
four minute stirring period with all types of Iowa soils. 
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I. 

CONCLUSIONS 

1. The use of deflocculating. agents other th~n· sodium,silicate, which is 
specified in the ASTM and AASHO standard methods of mechanical analy
sis, results in a more complete dispersion of the Wisconsin loess of south
western Iowa. 

2. Among the deflocculating agents which were compared experimentally, 
sodium metaphosphate is the most efficient in dispersing the Wisconsin 
loess. The l:!-mount of sodium 'metaphosphate adopted for dispersing Wiscon
sin loess samples for mechanical analysis determinatibns is 60 ml. of 0.5 N_ 
solution. 

3. Wisconsin loess samples having plasticity indices greater than 20 per-
, cent do not need to be treated with hydrogen peroxide, providing the or
ganic matter content is low. · 

4. If sodium metaphosphate is used as the deflocculating agent, the hydro
chloric acid treatment is not advantageous or desirable for Wisconsin loess 
samples having high carbonate contents. 

5. To avoid frequent replacement of the standard metal stirring paddle 
due to wear, the rubber paddle used by the soils laboratory of the Iowa 
State Highway Commission can be used without loss of stirring efficiency; 
there may even be a slight increase in stirring efficiency. 

6. A stirring period of four minutes with the high speed malted milk mixer 
type stirring apparatus is adequate .for Wisconsin Loess samples._ 
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SIMPLIFIED- AiR-JET DISPERSION APPARATUS 

FOR .MECHANICAL ANALYSIS OF SOILS 

by 

T. Y. Chu, Assistant Professor, Civil Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Highway Research Board Proceedings, 32 :541-547. 1953.) 

ABSTRACT 

The simplified air-jet dispersion apparatus is compared with three other 
dispersion apparatus in current use. Results of rpechanical analyses on a 
wide variety of soils indicate that the new device gives a comparatively high 
degree of dispersion without causing significant degradation'.. This appara
tus is simple in construction and can be built at a relatively low cost. Be
cause of its unique design the procedure for its use is substantially simpler 
than that for other dispersion apparatus. 

Mechanical analysis to determine. particle-size distribution in soils is a 
common test used in civil engineering, ceramic engineering, agricultural, 
and' geological testing laboratories. An essential step in the mechanical 
analysis procedure is to disperse the soil sample in water so there are no 
aggregated or flocculated particles to distort test results. This is usually 
accomplished by soaking the sample in water for a prescribed length of 
time and then subjecting it to mechanical agitation in the presence of a 
deflocculating agent. 

REVIEW OF SOIL DISPERSION METHODS 

Different types of apparatus have been used to disperse soil for mechan
ical analysis, but none of them has been found entirely satisfactory. Be
cause of this, a project (Project 300) was established at the soil research 
laboratory of the Iowa Engineering Experiment Station to investigate the 
possibility of developing a new dispersion appar·atus which would be simple 
in construction, easy to use, and would give the desired dispersion. _ 

Various techniques have been used to agitate a soaked soil sample for 
achieving proper dispersion. Among the ones more commonly used are end
over-end shaking, stirring with a high speed, electric malted milk mixer, 
and vigorous agitation by jets of compressed air. 
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End-over-end shaking of a soaked soil sample in a glass tube or jar is 
one of the oldest methods for soil dispersiort5

• It is still widely used in the 
fields of agriculture, geology, and ceramic engineering. The machine used 
for shaking rotates at a slow speed, usually 40 to 70 revolutions per min
ute. This method gives fairly satisfactory results with many types of soil; 

· its main disadvantage is that the period of disP,.ersion is long, usually 24 . 
hours or more. 

Both the American Society for Testing Materials and the American 
Association of State Highway Officials have adopted the electric malted 
milk mixer for stirring a soaked sample as the apparatus for soil dispersion 
with a stirring time of one minute1

• 
2

• 
4

• High speed stirring by the use of 
such apparatus is fairly effective with common types of soil, but with other 
soils it fails to achieve proper dispersion. Though the effectiveness of dis
persion may be improved by allowing a longer stirring period, such pro
longed stirring is not advisable because of accompanied increase in the 
degradation (the breaking up or wearing down of primary soil particles 
into smaller ones during dispersion) of soil particles7

• The stirring paddle 
is usually made of metal, but rubber paddles have also been used3 

•• 

Compressed air directed through either jets or holes agitates a soaked 
sample in the Wintermyer soil dispersion cup7

• It gives satisfactory dis
persion with a wide variety of soils without causing significant degrading. 
However, the apparatus is intricate and costly to build, and the procedure 
for soil dispersion requires a comparatively long time. This apparatus h~s 
been adopted by AASHO as an alternate for soil dispersion6

• 

DEVELOPMENT. OF SOIL DISPERSION TUBE 

The Wintermyer soil dispersion apparatus appeared to be satisfactory 
for use with a wide variety of soils. Because of this, the air jet principle 
was used in the development of a simplified apparatus, called the soil dis

, persion tube. The soil dispersion tube has two components, the tube and a . 
glass hydrometer jar (figure 1). 

In developing the soil dispersion tube, various designs were tried out in 
the laboratory. The one shown was found most satisfactory. An important 
feature of this design is that the tube fits into standard AASHO and ASTM 
hydrometer jars. This enables the whole hydrometer test, including soaking 
and agitation, to be carried out in the same jar. In other words, repeated 
transfer of the soil water mixture from one container to another as required 
in other dispersion methods is not necessary. 

Before developing a procedure for using the tube, the amount of soil 
water mixture to be used during dispersion, the duration of dispersion, and 
the amount of air pressure needed to achieve optimum results were deter
mined. Mechanical analyses were performed to compare the effects caused 
by variations in the amount of soil water mixture, in the· dispersion period, 
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and in the air pressure. Sandy, silty, and clayey soils collected from different 
parts of the United States were used in these tests. 

Results indicate that the optimum amount of soil water mixture for 
dispersion is 250 ml. Conclusions regarding dispersion periods and air pres
sures. are that a pressure of 25 psi and a dispersion period of 5 minutes 
should be used to disperse silty and clayey soils and a pressure of 10 psi 
and· a dispersion period of five minutes should be used to disperse sandy 
soils. 

A tentative procedure for using the soil dispersion tube in the hydro
meter method for particle size determination is suggested in the appendix. 
The tube can also be adapted to other methods of particle size- measure
ment•. 

EVALUATION OF SOIL DISPERSION TUBE 

Different types of apparatus may give different degrees of dispersion 
and may cause varying amounts of degradation. In dispersing a soil sample 
for mechanical analysis, a high degree of dispersion and a minimum amount 
of degradation . are desired; therefore, the degree of dispersion and the 
amount of degradation obtained with different dispersion apparatus may 
be used as criteria for comparing these apparatus. 

When a soil sample containing sand, silt, and clay size material is dis
persed for particle size determinations, the results obtained will reflect 
both the degree of dispersion and the extent of degradation. For the com
parison of the degree of dispersion and of the extent of degradation, soil 
samples which are more sensitive to one than to the other should be used. 

Since clayey soils are probably more sensitive to the dispersion factor 
than to the degradation factor, they can best be used to study the degree 
of dispersion. The degree of dispersion obtained with different apparatus 
may then be rated on the basis of particle size measurements, particularly 

· the 0.005 mm. and 0.001 mm. sizes. For example, the higher the content of 
·material finer than 0.005 mm. or 0.001 mm., the higher the degree of dis
persion. 

Sandy soils which have been washed free of silt and clay size material 
may be used for determining the effects of degradation. The use of a 

. washed sand sample eliminates, for the most part, the dispersion factor. 
With such a sample, the degradation of sand size material caused by the 
use of different apparatus may be compared on the basis of sieve analysis 
results. In general, the larger the amount of material passing each sieve, 
the greater the degradation. The comparison of degradation on the basis 
of sand size material is purely a matter of convenience, since the degrada
tion of silt size and clay size materials is comparatively difficult to evaluate. 

In evaluatipg the soil dispersion tube, mechanical analyses were per
formed on soil samples dispersed by the tube as well as the three types of 
dispersion apparatus in current use. The procedure for the use of the malted 
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milk mixer type apparatus, referred to later as the ASTM stirring appara
tus, is given in both the ASTM and AASHO standard methods'· 6

• The end
over-end shaker used in the evaluation study rotates at a rate of 65 revo
lutions per minute. With this apparatus, soaked soil samples were shaken 
for 24 hours. The Wintermyer soil dispersion cup B was used in all com
parisons". 

TABLE 1. SOURCE AND PROPERTIES OF SOIL SAMPLES* 

Sample Texturalt Plasticity 
No. Source Classification Index 

1 Iowa Clay 51.7 
2 Virginia Clay 35.3 
3 California Clay 38. 7 
4 New York Clay 13.1 
5 Texas Clay Loam 3.6 
6 Iowa Silty Loam 6.2 
7 New York Sandy Loam NP 
8 Virginia Sand NP 
9 Iowa Sand NP 

10 Iowa Sand NP 

11 Iowa Sand NP 

*Only material passing No. 10 sieve was used in this study. 

Remarks 

High content of mica 

Silt and clay removed 
by washing 
Silt and clay removed 
by washing 

tTextural classifications are based upon the Bureau of Public Roads system except that 
0.074 min. was used as the lower limit of the sand fraction. 

A large number of soil samples obtained from different parts of the 
United States were used for comparing the various types of dispersion 
apparatus. Reported are results obtained with 11 samples representing soils 
which are difficult to disperse or highly susceptible to degradation (table I). 
Four clayey soils, samples 1 to 4, were selected to rate apparatus on the 
basis of degree of dispersion. Two washed sands, samples 10 and 11, were 
used for comparing the amount of degradation caused by the different 
apparatus. The other five soil samples were used for general comparison 
of the effectiveness of dispersion. 

In dispersing all soil samples for mechanical analyses, 20 ml. of 3 degree 
Baume sodium silicate solution as specified in AASHO and ASTM standard 
methods was used as the deflocculating agent. 

Table II summarizes the results of mechanical analyses on the 11 sam
ples. Particle size measurements on samples 1 to 4, especially the 0.001 mm. 
values, indicate that the soil dispersion tube and the Wintermyer soil dis
persion cup give the highest degree of dispersion; the tube rates slightly 
higher. The difference in the degree of dispersion in sample 3 is illustrated 
graphically (figure 2). Note that the greatest differences in particle size 
measurements are in the amount of material finer than 0.001 mm. 

Results of sieve analyses on samples 10 and 11 (table II) indicate that 
the tube and the Wintermyer cup cause the least amount of degradation. 
Sample 11 is a sand which is extremely susceptible to degradation. Particle 
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TABLE II. MECHANICAL ANALYSIS OF ELEVEN SAMPLES DISPERSED BY 

DIFFERENT APPARATUS 

Weight Type of Percent of Particles Finer Thant 
Sample of test Dispersion 2.0 mm. 0.84 mm. 0.42 mm. 0.25 mm. 0.149 mm. 0.074 mm. 

0.005 0.001 No. Sample Apparatus* (No. 10 (No. 20 (No. 40 (No. 60 (No. 100 (No. 200 
(gm.) Sieve) Sieve) Sieve) Sieve) Sieve) Sieve) mm. mm. 

50 A 100.0 . 97.4 57.0 34.8 
B 100.0 98.6 57.7 33.4 
c 100.0' 98.8 . 63.0 48.5 
D 100.0 98.8 63.1 51.1 

2 50 A 100.0 95.9 91.6 84.1 51.8 25.4 
B 100.0 96.2 91.7 84.8 54.5 .40.0 
c 100.0 96.1 91.7 84.7 56.4 43.9 
D 100.0 96.7 92.7 86.2 58.6 45.9 

50 A 100.0 98.3 95.9 94.1 92.3 89.5 - 43.9 16.8 
B 100.0 98.4 96.2 94.4 92.6 89.8 52.4 29.3 
c 100.0 98.3 - 96.1 94.3 92.5 89.7 52.9 38.9 
D 100.0 98.2 95.9 94.2 92.5 89.8 53.7 40.8 

50 A 100.0 99.0 98.0 97.1 96.2 94.0 55.3 27.3 
B 100.0 99.2 98.2 97.3 96.4 94.1 52.5 26.1 
c 100.0 99.0 98.0 97.1 96.2 94.0 55.1 28.5 
D 100.0 99.3 98.5 97.7 96.9 94.9 56.9 29.8 

50 A 100.0 99.2 97.6 92.7 82.5 65.8 20.1 2.6 
B 100.0 98.9 97.1 92.3 82.5 66.5 24.0 4.5 
c 100.0 98.8 97.1 92.1 82.1 65.7 21.8 4.6 
D 100.0 99.3 98.1 93.9 85.1 70.4 28.8 7.1 

50 A 100.0 99.3 11.3 4.2 
B 100.0 99.3 13.6 7.3 
c 100.0 99.4 12.9 6.2 
D 100.0 99.4 17.8· 10.4 

7 100 A 100.0 97.3 90.5 78.3 59.3 38.6 10.0 2.1 
B 100.0 95.5 89.3 78.7 61.2 40.6 11.3 '5.0 
c 100.0 97.1 90.3 78.2 59.2 38.5 11.2 4.0 
D 100.0 95.1 88.6 78.1 60.8 40.6 10.6 3.8 

8 100 A 100.0 99.l 71.4 50.2 42.0 25.6 3.8 1.8 
B 100.0 97.6 66.9 44.2 37.1 24.5 5.6 4.0 
c 100.0 96.9 64.3 41.1 33.7 21.0 3.8 1.3 
D 100.0 97.6 64.4 41.0 34.l 21.5 4.8 2.7 

9 100 A 100.0 98.9 79.6 38.0 19.9 16.0 3.0 1.2 
B 100.0 98.8 81.8 41.4 19.5 15.6 3.8 1.9 
c 100.0 98.8 79.l 36.9 18.8 15.0 2.8 1.3 
D 100.0 98.9 79.6 38.2 19.3 15.3 3.5 1.3 

10 100 A 100.0 74.6 33.9 15.0 -7.6 1.8 Trace Trace 
B 100.0 74.3 34.6 16.1 8.2 2.8 Trace Trace 
c 100.0 74.4 34.0 14.8 7.3 1.0 Trace Trace 
D 100.0 73.4 32.6 14.2 6.8 1.0 Trace Trace 

11 100 A 100.0 72.7 51.9 37.9 27.3 17.0 Trace Trace 
B 100.0 66.4 42.6 29.8 20.7 10.4 Trace Trace 
c 100.0 65.0 40.8 27.5 17.6 5.9 Trace Trace 
D 100.0 65.1 40.8 27.3 17.5 5.7 ·Trace Trace 

*Type A, ASTM stirring apparatus; Type B, end-over-end shaker; Type C, Wintermyer soil dispersion cup; 
Type D, soil dispersion tube. · 

t All percentages are the average of results from duplicate tests. 

size accumulation curves for the four dispersion apparatus are plotted only 
for material retained on the No. 200 sieve (figure 3). The "undispersed" 
curve represents the gradation of sample 11 unaffected by the degrading 
action of the dispersion apparatus. By comparing the other curves with it, 
the approximate amount of degradation caused by each type o'f apparatus 
c;m be obtained. The amount of degradation caused by the soil dispersion 
tqbe is small. This would be true especially with common·types of soil which 
are usually much less susceptible to degradation than the sample used. 

Among the other five soil samples used for t4e purpose of general com
parison, sample 8 is of special significance. Because of a high mica content, 
it 'is quite susceptible to degradatfon. In the procedure for using the Winter
myer apparatus6

, an exceptionally short dispersion period is specified for 
samples containing large percentages of mica; Data shown in table II indi-
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Fig. 2. Particle size accumulation curves for different apparatus, sample 3. 

cate that the use of the tube and the Wintermyer apparatus results in ap
proximately the same particle size measurements in the sand fraction of. 
sample 8. Because of this, it is believed that the soil dispersion tube with the 
regular dispersion period of five minutes may give satisfactory results even 
for soils with high mica content. 
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APPENDIX 

Tentative Procedure · 
' 

, For Using The Soil Dispersion Tube 
To Disperse Soil Samples For Hydrometer Tests 

For most soils, a representative sample of 50 gm. shall be secured and 
placed in a hydrometer jar. Add about 150 ml. of distilled water and stir the 
soil water mixture thoroughly. After the soil has soaked at least eighteen 
hours, add a·deflocculating agent and a sufficienf amount of distilled water 
to make the resulting mixture approximately 250 ml. · ' 

(An alternate soaking procedure is to add the deflocculating agent and a 
sufficient' amount of distilled water to the soil sample to make a mixture of 250 
ml. before soaking. Agitate the mixture' with the S.D.T. at the end of the pre
scribed period of soaking. 

Both soaking procedures appear to result in the same degree of dispersion. 
The alternate procedure is convenient to use when different amounts of a de-
flocculating agent are being tried out.) , · 

Before using the tube, open the control valve on the compressed air pipe 
until a pressure of about 1 psi is registered on the pressure gauge. (The 
initial air pressure of 1 psi is required to pre~erit the· soil water mixt,ure 
from entering the dispersion head of the tube.) Then, insert the tube into 
hydrometer jar and increase the pressure to 2.5 psi. At this pressure, the 
soil water mixture shall be agitated for five minutes. 

At the end of the five minute dis'persion period, reduce the pressure to 
1 psi, lift the tube out of the soil water mixture, and wash all particles 
clinging to it back into the hydrometer jar. Add more distilled water to the 
dispersed sample until the mixture attains a. volume of 1,000 ml. It is then 
ready for hydrometer measurements. 

-For very sandy soils, use a sample weighfog 100 gm. and a dispersion 
pressure of 10 psi; otherwise the procedure is the same. 
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STUDIES OF DEFLOCCULATING AGENTS 

FOR MECHANICAL ANALYSIS OF SOILS 

by 

T. Y. Chu, Assistant Professor, Civil Engineering 

D. T. Davidson, Profe~sor, Civil Engineering 

(Highway Research Board Bulletin 95. 1954.) 

DEFLOCCULATING AGENTS 

Adequate ·and stable dispersion of a soil sample is important for an ac
curate mechanical or particle size analysis. Since most soils are difficult to 
disperse in water and tend to flocculate after being dispersed, the chemicals 
used as deflocculating· or dispersing agents are added to the soil water mix-
ture to obtain satisfactory dispersion. · 

The addition of a deflocculating agent to. a soil water mixture affects 
the degree of dispersion of the soil sample and may also affect the specific 
gravity of the soil particles and the viscosity and specific gravity of the 
suspendfog medium. The experiments discussed in this paper were conduct
ed for the following purposes : 

To compare the effectiveness of s~veral chemicals as deflocculatin.g 
agents for the dispersion of soils ; 

To determine the effect of. one of the deflocculating agentl'j on the 
. ' specific gravity of the soil dispersed and on the viscosity and 

specific gravity of the suspending medium. _ 
Soil samples from different parts of the United States were used in the 

experimel).tS (table I). 

Effectiveness 

The theory of soil dispersion has been discussed3
• The effectiveness of 

a deflocculating agent can be rated on the degree of dispersion of a soil 
sample with the deflocculating agent. The degree of dispersion can be de
termined especially by particle size measurements of the. fractions finer 
than 0.005 mm. and 0.001 mm. For example, the higher the content of 
material finer than 0.005 mm. and 0.001 ·mm., the higher the degree of 
dispersion. 

Two types of dispersion apparatus were used in the mechanical analysis 
experiments reported herein: The first is the mechanical stirrer; specified 
by both the American Society fm: Testing Materials and the American 
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TABLE I. SOURCE AND SOME'PROPERTIES OF SOIL SAMPLES* 

Textural 
Organic Content 

Sample Plasticity Matter of 
No. Source Classi- Index Content, Carbonates, pH 

fieationt Percent Percent 

1 Iowa Clay 51.7 1.2 2.5 5.3 

2 Virginia Clay 35.3 0.7 2.5 6.7 

3 California Clay 38.7 0.3 6.8 8.5 

4 Ne:w York Clay 13.1 0.6 14.9 8.1 

5 Texas Clay loam 3.6 0.2 81.3 8.2 

6 Iowa Silty loam 6.2 0.3 11.6 8.3 

7 Virginia Sand N.P. 0.3 40.8 7.4 

8 Texas Clay 42.4 0.3 13.6 7.5 

*Only material passing No. 10 sieve was used in this study. 
tTextural classifications are based upon the Bureau of Public Roads system 
except that 0.074 mm. was used as the lower limit of the sand fraction. 

Association of State Highway Officials; the second is the Soil Dispersion 
Tube (S.D.T.): The dispersion procedure with the mechanical stirrer is 

·given in the ASTM and AASHO standard methods of mechanical analy
sis4' 5

• The S.D.T. apparatus and its use have been described1
• 

Hydrometer tests were performed according to the standard methods 
of mechanical analysis except that, to compensate for the change in the 
specific gravity of the suspending medium due to the addition of a defloc
culating agent, corrections were applied to hydrometer readings. The deter
mination of correction constants is discussed later in this paper. Particle 
size measurements reported in this paper are the average of results from 
duplicate tests. 

COMPARISON OF SODIUM SILICATE, SODIUM PYROPHOSPHATE, 
AND SODIUM METAPHOSPHATE AS DEFLOCCULATING AGENTS 

Sodium silicafe is specified as the deflocculati:b.g agent in the ASTM and 
AASHO standard methods of mechanical analysis. Sodium pyrophosphate 
and sodium metaphosphate have been found effective as deflocculating 
agents for many types of soil3

• 
7

' 
8

• These three chemicals were evaluated as 
deflocculating agents for the soil samples listed in table I. 

1 In all experiments reported, deflocculating agents in solution were added 
to the soil water mixture. The concentration of sodium silicate solution pre
pared from sodium metasilicate crystals was 3° Baume. The solution of 
sodium pyrophosphate, also known as tetrasodium pyrophosphate, Na4 P2 
0 7 lOH20, and of sodium metaphosphate was 0.5 N (table II). 

30 



Cl:) ....,, 

TABLE II. COMPARISON OF EFFECTIVENESS OF DEFLOCCULATING AGENTS IN-SOIL DISPERSON 

Dispersion Deflocculating Agent Sample 1 Sample 2 Sample 3 
Apparatus Type Concentration Amount* Percentt of Partic.les Finer Than 

of Solution (ml.) 0.005 mm. 0.001 mm. 0.005 mm. 0.001 mm. 0.005 mm. 0.001 mm. 

No deflocculating agent 58.2 38.6 54.9 34.6 Flocculated 
Sodium 
Silicate 30 Baume 20 .63.1 51.1 58.6 45.9 53.7 40.8 

S. D. T. Sodiuin 
Pyrophosphate 0.5N 40 62.7 51.5 62.4 49.6 53.5 44.1 
Sodium 
Metaphoophate 0.5N 40 63.7 53.3 62.9 50.6 56.0 52.1 

No deflocculating agent 34.0 13.5 35.0 9.8 Flocculated 
Sodium 

Mechanical 
Silicate 3° Baume 20 57.0 34.8 51.8 25.4 43.9 16.8 
Sodium 

Stirrer Pyrophosphate . 0.5N 40 59.6 48.4 59.5 48.2 54.2 42.7 
Sodium 
Metaphosphate 0.5N 40 62.8 51.0 59.9 48.0 54.8 43.0 

Dispersion Deflocculating Agent Sample 5 Sample 6 Sample 7 
Apparatus Type Concentration Amount* 

0.001 mm. 
Percentt of Particles Finer Than 

of Solution (ml.) 0.005 mm. 0.005 mm . . 0.0.01 mm. 0.005 mm. 0.001 mm. 

No deflocculating agent Flocculated 15.7 6.0 Flocculated 
Sodium 
Silicate 30 _Baum€: 20 28.8 7.1 17.8 10.4 4.8 2.7 

S. D. T. Sodium 
Pyrophosphate 0.5N 40 30.1 7.4 20.6 13.6 5.5 3.5 
Sodium 
Metaphosphate 0.5N 40 30.7 8.8 18.8 12.7 6.6 4.0 

No deflocculating agent Flocculated 9.4 4.1 Flocculated 
Sodium 

Mechanical 
Silicate 3° Baume 20,. 20.1 2.6 11:3 4.2 3.8 1.8 
Sodium 

Stirrer Pyrophosphate 0.5N 40 29.6 7.5 17.9 11.0 5.5 3.5 
Sodium 
Metaphosphate 0.5N 40 29.4 9.1 16.2 9.9 6.0 3.8 

*Refers to the amount of deflocculating solution used in dispersing a sample of 50g. or lOOg. into a one liter soil suspension. 
t All percentages are the-average of results from duplicate tests. 

Sample 4 

0.005 mm. 0.001 mm. 

Flocculated 

56.9 29.8 

53.7 28.9 

57.1 30.2 

Flocculated 

55.3 27.3 

53.3 28.4 

56.3 29.6 

Sample 8 

0.005 mm. 0.001 mm. 

·Flocculated . ,./; 

F F 

65.6 50.6 

65.7 52.3 

Flocculated 

Flocculated 

63.6 47.7 

64.6 51.3 
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The de~ee of disper~ion of a soil sample usu~lly v~ries with the amo.u:ht_ 

of deflocculati:hg agent used. 'Fhe trend of varfatio:n. depep.ds on the type of . 
·soil dispersed, the type of def~occulating -agent used, and the apparatus _and· 
procedure of disper8ion: Soils· samples 1, and .6· w:ere used to determine the 

.. 'relation· between,'degree of dispersion and·. amount 'of each deflocculating 
solutiori, Both the mechani_cai stirrer and the-.s;D.T, we~e used in·dispersJ.ng 

: the soils. · . . ·. · _ · . - . 
1 

, - - The degree of dispersion obtained by ·different methods 'of dispersion 
can be compared by particle size measureinents .. This was followed in com-· '· 
paring .the degree· of dispersion. obtain_ed with different amounts of the -

Percen·t of 
particles finer 
tho:n 0.005 mm. 
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Fig.1. Relation between anioµnt of sodium· silicate solution ~nd degree· 
of dispersfon obtained with different dispersion-apparatus .. 
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Fig. 2. Relation between amount of sodium pyrophospha_te solution 
apd degree of dispersion obtained with different dispersion 
apparatus. · 

. ' , . 
, - / ' 

·three deflocculating solutions. The relations :between the amount of each 

.,, ·-. 

,_ 
-, 

defioccl,llating solution and the degree of dispersion of the two ·Samples are 
. represented by the percent ·Of particles finer· than 0.o'05 mm. (figures -1,. 2, 
_ :3). The 'cur~es for percentages finer than 0.001 mm. are similar. For equal · 
amounts of solution, the S.D.T. gave a higher degree of dispersiOn thari the 
:inechani<;al stirrer _and the amount of deflocculating- agent used in the 
S.D.T. procedure was of less importance' than in. the mechanical stirrer 
procedure. For example the degree of dispersion of. sample 1 ·Varied only .-

. slightly with the amount of sodium metaphosphate solution when the soil -
was dispersed with .the S.D.T. (figure 3). As a contrast, when dispersed 
with the mechanical stirrer, th~ degre~ of dispersion chang~ substa~tially-
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Amount of 0.5 N sodium metaphosphate 
solution in ml. 

Fig. 3. Relation between amount of sodium metaphosphate solution 
and degree of dispersion obtained with different dispersion 
apparatus. 

as· the amount of sodium metaphosphate solution was varied from 10 to 
30 ml. The data further indicate that, regardless of the type of dispersion 
apparatus used, the degree of dispersion of each sample remained prac
tically unchanged when the amount of deflocculating solution used was 
about 20 ml. or more (ffgures 1, 2), or about 40 ml. or more (:figures 3). 

The three deflocculating agents were further compared in the· disper
sion of samples 2, 3, 4, 5, 7 and 8 with both types of dispersion apparatus 
specified in ASTM Method D422-51 and AASHO Method T88-49. The 
amounts of deflocculating solutions used for these samples were 20 ml. of 
sodium silicate solution as specified in ASTM Method D422-51 and AASHO 
Method T88-49, 40 ml. of sodium pyrophosphate solution, and 40 ml. of 
sodium metaphosphate solution (table III). With most of the samples, 
sodium silicate was found inferior to the other two deflocculating agents, 
and sodium metaphosphate gave slightly better results than sodium pyro-
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phosphate. Therefore sodium metaphosphate was chosen for more detailed 
studies. ' 

Comparison of Different Varieties of Sodium Metaphosphate 

The- sodium metaphosphate used in the foregoing experiments is one 
variety of the complex chemical also known as sodium hexametaphosphate 
or Graham's salt. The nomenclature of this group of chemicals is discussed 
in the appendix. 

TABLE III. SOURCE AND STRUCTURE OF DIFFERENT VARIETIES 

OF SODIUM METAPHOSPHATE 

Variety of 
Sodium Source· 

Metaphosphate 

A ·Made by Calgon, Inc., Pitts
burgh, Pa., and distributed 
under the trade name "Calgon", 

B Made by Blockson Chemical Co., 
Joliet,' Ill., available at 
Fisher Scientific Co., St. 
Louis, Mo., as sodium meta
phosphate, C.P. 

C Distributed by Fisher Scienti
fic Co., St. Louis, Mo., as 
sodium hexametaphosphate 

D PJ:'.epared at Iowa E!lgr. _Exp. 

E 

F 

Sta~ Labo.ratory fr:om sodium 
dihydrogen ph()sphate accord-
ing to Tyner (5) · 

Made by Rumford Chemical Works, 
Rumford, R. I., and sold.under 
the trade name "Quadrafos" 

:Made by Rumford Chemical Works, 
Rumford, R. I., and sold under 
the trade name "Metafos" 

*Based on examination with, a petrograpJ;iic microscope. 

Structure* 

Partially 
Microcrystalline 

Glassy 

Crystalline 

Glassy· 

Glassy 

Glassy 

Since the different varieties of sodium metaphosphate sold by chemicaJ 
supply companies· may differ in their dispersing actions, experiments were 

, made to compare six varieties (table III). Variety B was used in the previ,. 
6usly discussed experiments to compare sodium metaphosphate' with SO:

dium silicate and sodium pyrophosphate. The source and structure or crys
tallinity of each variety are given. Only .the glassy form of sodium meta'
phosphate has been suggested.for _use for soil dispersion purposes7

• 

Soil samples 1 and 6·were chosen: for the experiments. The S.D.T, was 
the only ·dispersion apparatus used. Since the amount of deflocculatillg solti- . 
tion needed for maximum dispersion may be different for different varf-
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TABLE IV. COMPARISO;, OF EFFECTIVENESS OF DIFFERENT VARIETIES OF 

SODIUM METAPHOSPHATE IN SOIL DISPERSION 

Deflocculating Agent Sample No. 1 Sample No. 6 
(Sodium Metaphosphate) Percent of Part:icles Finer Thant 

Variety_ Amount* (ml.) 0.005 mm. 0.001 mm. 0.005 mm. 0.001 mm. 

A 30 61.9 51.1 18.2 12.3 
'·40 63.1 52.1 19.0 13.3 
'50 62.9 51.5 19.7 14.2 

60 63.6 51.3 18.9 13.5 

.B 30 62.4 51.3 19.1 11.7 
40 63.7 53.3 18.8 12.7 
50 61.7 52.0 18.4 11.9 
60 62.0 51.7 18.9 13.3 

c 30 63.0 51~7 20.3 11.8 
40 62.6 52.2 18.9 12.2 
50 62.8 52.6 19.2 11.3 
60 62.9 52.1 18.2 11.7 

D 30 62.5 50.8 20.3 11.2 
40 . 63.6 52.3 19.6 10.6 
50 62.8 51.4 19.3 10.6 
60 63.5 52.3 20.8 10.0 
-

E 30 63.4 51.8 19.1 12.2 
40 63.0 51.6 18.7 14.3 
50 62.2 50.8 18.4 11.9 
60 64:4 53.2 18.4 12.8 

.F 30 62.6 51.5 18.1 15.0 
40 63.4 52.0 19.0 l;l.O 
50 61.5 51.6 18.5 13.4 
60 6~.4 52.3 18.3 15.2 

*Refers to the amount of 0.5N deflocculating solution used-in 
dispersing a sample of 50 g. into a one liter soil suspension. 

tAll percentages are the average of results from d~plicate 
tests. 

eties of sodium metaphosphate, a number of solutions in the range of 30 
to 60 ml. of 0.5N solution were tested to compare the six varieties (table 
IV). 

The mechanical analysis results indicate that the degree of dispersion 
varies only slightly with the varieties and amounts of sodium metaphos:
phate tested. The type of structure of sodium metaphosphate appears to 
be of little consequence. 

Because the mechanical analysis data for samples 1 and 6 showed no 
sfgnificant difference in the effectiveness of the six varieties of sodium 
metaphosphate, only two types, Band F, were used with the other six soil 
samples. Sodium metaphosphates, B and F, were selected mainly because 
of their comparative purify. The· amounts of these two deflocculating solu
tions to be used with samples 2, 3, 4, 5, 7, and 8 were chosen on the basis 
of the data (figures 3 and 4). The curves representing dispersion with the 
S.D.T. show that when the amount of-either sodium metaphosphate B or F 
solution is within the range 20 to 120 ml., the degree 9f dispersion is nearly 
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independent of the amount of deflocculating solution. For this reason, two·· 
amounts, 40 ml. and 100 ml.,. were used to cover this comparatively wide 
range. In these experiments only the S.D.T. ·dispersion apparatus was used. 

Percent O'f 
particles finer 
than 0.005 mm. 

70 

0 <i 
0 

"' p 
~ 0 

5 Sample I 
60 

50 

' 

40 

I 

30 
-

.--s--' ~-~--.---.:...."--- .... --·--. 20 
A-_, ,:,--

Samp_le 6 

10 

0 
0 

.• 

20 40 60 80 100 

Amount of 0.5 N sodium metaphosphate 
F solution in ml. 

120 

'Fig. 4. Relation between amount of sodium metaphosphate F solu
tion and degree of dispersion obtained with the S.D.T. ap
paratus. 

Mechanical analysis data representing the degree of dispersion obtained 
with the two varieties of sodium metaphosphate indicate th~t sodium meta
phosphate B and sodium metaphosphate F are equally effective (table V). 
An analysis of the data indicates that the use of. 100 ml. Of both kinds of 
sodium metaphosphate gives slightly better results than 40 ml. 

Although all varieties of sodium metaphosphate were equally effective 
in dispersing the soils used in the preceding experiments, this might not be 
true with a greater variety of .soils. Because of this, it seems desirable to 
recommend one kind of sodium metaphosphate in a standard method of 
mechanical analysis. Among sodium metaphosphates of equal effectiveness 
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TABLE v. <;:;oMPARISON OF TWO VARIETIES OF SODrnM METAPHOSPHAT_E IN SOIL 

. DISPERSION 

Deflocculating 
sa:mple 2 Agent (Sodium Sampl~ 1 Sample 3 

Metaphosphate) 
. Sample 4 

Amount,. .. Percent o~ Particles Finer Thant 
Variety 0.005 0.001 0.005 0.001 0.005 0.001 

(ml.) mm. mm. ·mm. mm. mm. mm. 
0.005 0.001 
mm. mm. 

B 40 63.7 53.3 62.9 50.6 56.0 52.1 57.1 30.2 
100 63.0 52.0 62.5 52.9 55.2 48.2 57.0 30.3 

F 40 63.4 52.0 59.0 46.0 56.3 48.1 56.6 32.0 
100 62.2 53.1 60.8 50.3 55.7 51.0 57.8 30.5 

Deflocculatiil.g 
Agent (Sodium Sample 5 Sample 6 Sample 7 Sample 8 
Metaphosphate) 

·Amount* 
Percent of Particles Finer Thant 

Variety 0.005 0.001 0.005 0.001 0.005 0.001 
(ml.) ,mm. mm. mm. mm. mm. mm. 

0.005 0.001 
mm. mm. 

B 40 30.7 8.8' 18.8 12.7 6.6 4.0 65.7 . 52.3 
100 30.2 10.3 19.1 12.5 6.5' 4.3 66.2 54.0 

F 40 .30.8· 8.3 19.0 13.0 7.4 4.0 67.1 52.1 
100 31.5 10.0 19.3 14.5 6.6 ' 4.0 67.6 54.6 

*Refers to the amount of 0.5N deflocculating solution used in dispersing a 
sample of 50 g. or 100 g. into one liter soil suspension. 

tAll percentages are the average of results from duplicate tests. 

as deflocculating agents, preference should be given to a kind, such as so-· 
dium metaphosphate B, which is comparatively pure and readily available. 

In a standard method of mechanical analysis, the recommendation of an 
amount of deflocculating solution that will give adequate dispersion to a 
great variety of soils is desirable. On the basis of the experiments reported 
herein, 100 ml. of 0.5N sodium metaphosphate B solution seems to be a safe 
amount to recommend~ 

Effect of Age of Sodium Metaphosphate B 
Solution on Its Dispersive Action 

Sodium metaphosphate solutions may slowly revert or hydrolyze back 
to the orthophosphate form with a resultant decrease in dispersive action7

• 

Because of this possibility, experiments were made to determine the effect 
of aging on the dispersing action of 0.5N sodium metaphosphate B solution. 
The pH of the solution used was 6.8, and. its temperature during storage 
was about 70 to 80° F. Both pH and temperature may. affect the rate of 
reversion. Two amounts of this solution, 40 and 100 ml., were used in dis
persing soil samples 1 and 6 with the S.D.T. apparatus. Results indicate. 
that aging over a period of eight weeks had no appreCiable effect on the 
dispersing action of the sodium metaphosphate B solution (table VI). Be
cause of the limited extent of tliis experiment, no definite conclusion should· 
be drawn. It appears safe to say, however, that aging of a solution up to 
one month will not decrease the dispersive action of sodium metaphos
phate B. 
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EFFECT OF VARIATION IN AGE OF SODIUM METAPHOSPHATE B 

SOLUTION ON ITS EFFECTIVENESS IN SOIL DISPERSION 

Soil Deflocculating Agent Percent of Particles 
(Sodium Metaphosphate B) Finer Than! 

Amount* (ml.) Aget (weeks) 0.005 mm. 0.001 mm. 

Sample 1 40 0 63.7 53.3 
2 52.1 52.0 
4 63.0 52.0 
6 62.8 51.4 
8 62.6 51.0 

100 0 63.0 52.0 
2 62.2 51.5 
4 62.7 53.1 
6 64.3 52.5 
8 62.3 51.3 

Sample 6 40 0 18.8 12.7 
2 20.2 13.8 
4 18.4 14.2 
6 20.4 13.3 
8 19.5 13.1 

100 0 19.1 12.5 
2 19.7 14.3 
4 18.9 15.0 
6 20.0 13.9 
8 18.9 13.5 

*Refers to the amount of 0.5N deflocculating solution used in 
dispersing a 50 g. sample into a one liter soil suspension. 

t Age refers to the time period after the solution is prepared. 
tAll. percentages are the avera,ge of results from duplicate 
tests. 

SECONDARY EFFECTS OF A DEFLOCCULATING 
AGENT ON MECHANICAL ANALYSIS RESULTS 

In addition to affecting the degree of dispersion of a soil sample, a de
flocculating agent may have other important effects on mechanical analy
sis results. These effects, which will be referred to as secondary effects, 
include the 'changes in the specific gravity of the soil particles and in the 
viscosity and specific gravity of the suspending medium. 

In the standard methods of mechanical analysis, ASTM Method D422-
51, AASHO Method T88-49, the percentage and the diameter of soil par
ticles remaining in suspension after a given sedimentation period are com
puted by the following equ~tions. Equation 1 is for tests using Bouyoucos 
hydrometer. When specific gravity hydrometers are used, the equation for 
computing the percentage of soil in suspension will be slightly different, 
but the same variables are involved. 

p ~~=a~xlOQ (1) 
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Where: 
P = percentage of originally dispersed soil remammg in suspension. 
R =hydrometer reading (temperature correction should be applied if _ 

necessary) . 
W = weight in grams of soil originally dispersed minus the hygroscopic 

moisture. 
a = constant depending on the specific gravity of soil dispersed and the 

. specific gravity of the suspending medium. 

d 30 nL (2) 980 (G-Gi) T 

Where: 

d =maximum particle diameter in ~m: 
n = coefficient of viscosity of the suspending medium in poises. 
L =distance in cm. through which soil particles settle in a given period 

of time. 
T = time in minutes, period of sedimentation. 
G =specific gravity of soil particles. 
G1 ·specific gravity of the suspending medium. 
In computing the percentage and the diameter of soil particles remaining 

in suspension from equations (1) and (2), it is usually assumed that values 
of Rand a in equation (1) and of n, G, and G1 in equation (2) are not sig
nificantly affected by the use of a deflocculating agent. Actually these 
. values may be substantially affected, especially when a relatively large 
quantity of deflocculating solution is used. 

These experiments were conducted to determine the secondary ef_fects 
resulting from the use of sodium metaphosphate 'B. In these experiments 
the S.D.T. dispersion apparatus was used for samples 1 and 6. 

Effect on Specific Gravity of Soil Dispersed 

In experiments with homoionic soils; the specific gravity of a soil was 
found to vary with the kind of adsorbed cation°. Since exchange of cations, 
as well as other chemical changes, may take place when a deflocculating 
agent is ;:i,dded to a soil water mixture, there is a possibility for a change 
to occur in the specific gravity of the soil particles. 

The exchangeable cations in sample 6 are mainly sodium, potassium, and 
calcium, with the latter cation occupying about 80 % of the exchange posi
tions. Those in sample 1 were not determined analytically but are estimated 
to be mainly hydrogen. The cation exchange capacities of samples 6 and 1 
_are 40.0 and 13.4 m.e./lOOg. resp~ctively. 

Experiments to determine the effect of sodium metaphosphate B on the. 
specific gravity of samples 1 and 6 consisted of specific gravity measure
ments before and after dispersion using ASTM Standard Method D854-45T. 
Following dispersion with 100 ml. of 0.5N solution, the soil suspension was 
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left. undisturbed for 24 h.ours, filtered, washed with distilled water, and then 
dried. Results indicate that no significant change in specific gravity oc
curred (table VII). 

TABLE VII. COMPARISON OF SPECIFIC GRAVITIES OF SOILS BEFORE AND AFTER 

DISPERSION WITH 100 ML. 0.5N. SODIUM METAPHOSPHATE B SOLUTION 

Sample 
No. 
1 
6 

. Specific Gravity*, 20C/20C 
Before dispersion After dispersion 

2.714 2.711 
2.729 : 2.724 

':'Specific gravity values are the average of the data 
from triplicate tests. 

Effect on Viscosity of Suspending Medium 

The relation between the viscosity of the suspending medium and the 
diameter of soil particles in suspension is shown by equation (2). In the 
AASHO and ASTM standard methods of mechanical analysis, the viscosity 
of distilled water is taken as the viscosity of the ·suspending medium. Actu
ally, when a deflocculating agent is used, the suspending medium will be a 
combination of water and the deflocculating solution; and the viscosity of 
the resulting suspending medium may be appreciably different from that 
of water. This is illustrated by the viscosity measurements of liquids A, B, 
C, and D representing different kinds of suspending medium (table VIII). 
A Cannon-Fenske-Ostwald type viscometer was used, and the test pro
cedure recommended in ASTM Method D445-46T was followed. The vis
cosity of liquid D is about 3.4 percent higher than that of distilled water 
(see liquid A). Such a difference in viscosity will result in a relative differ
ence of about 1.7 percent in the diameter of soil particles computed by 
equation (2). 

Theoretically, neither the viscosity of water nor that of water mixed 
with a deflocculating agent should be used as n in equation (2). Consider a 
soil suspension containing silt size and clay size particles. Since the silt size 
material settles much faster than the clay size, especially the sizes finer 
than 0.001 mm., the medium through which silt size material settles is a 
soil suspension comprised of clay size material, deflocculating agent, and 
water. The viscosities of soil suspensions prepared from the fraCtion finer 
than 0.001 mm. in samples 1 and 6 may be as much as 27 percent higher 
than that of pure water. In using equation (2), this would result in a differ.:. 
ence of about 13 percent in the diameter of soil particles. 

From the somewhat limited experimental results discussed above, it 
appears that the viscosity value used in computing particle diameters for 
an accurate mechanical analysis should be as nearly as possible that .of the 
actual suspending medium. The most practical approach in routine tests 
might be to apply corrections to the diameters as computed in the conven-
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.tional manner. The correction will vary not only with the temperature of 
the soil suspension but also with the particle size composition of the soil 
sample and the-value of the particle diameter. One way to obtain the correc
tion values for routine testing purposes is to arbitrarily divide the common 
types of soil into several groups and to determine the corrections needed for 
the different particle size ranges.in each group. The temperature correction 
can either be included in these correction values, or it can be applied separ-
ately. · 

. TABLE VIII. COMPARISON OF VISCOSITIES OF DISTILLED WATER, DISTILLED 

WATER WITH DEFLOC:CULATING AGENTS, AND SOIL SUSPENSIONS. 

A 

B 

c 

D 

Liquid 

(Distilled water) 

(20 ml. 3 ° Baume sodium silicate 
solution mixed with 961 ml. distilled 
water) 

( 40 ml. 0.5N sodium metaphosphate B 
solution mixed with 941 ml. distilled 
water) 

. (100 ml. 0.5N sodium metaphosphate B 
solution mixed with 881 ml. distilled 
water) 

Soil suspension''' prepared from fraction 
finer than 0.001 mm. in sample 1 with 
the following suspending medium: 

Liquid A 
'Liquid B 
Liquid C 
Liquid D 

Soil suspension''' prepared from fraction 
finer than 0.001 mm. in Sample 6 with 
the following suspending medium: 

Liquid A 
Liquid B 
Liquid C 
Liquid D 

Viscosity at 68° F. 
( centipoise) 

1.004 

1.018 

1.025 

1.038 

1.026 
1.031 
1.056 
1.097 

1.116 
1.195 
1.251 
1.274 

*The soil suspension prepared from the fracti,on finer than 0.001 · 
mm. in Sample 1 contains about 20 g. in 1000 ml. suspension; that 
prepared from the fraction finer than 0.001 mm. in Sample 6 
contains about 3 g. in 1000 ml. suspension. 

Effect on Specific Gravity of Suspending Medium 

The addition of a deflocculating agent to a ·Soil water mixture will· 
change the density ·or specific gravity of the suspending medium, which 
will affect particle size determinati9ns in two ways; The value of a in equa
tion (1) and that of G1 in equation (2) may be significantly affected. The 
hydrometer reading R in equation (1) is influenced in the following manner. 
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Regardless of the type of hydrometer used, .hydrometer readings give the 
difference between the specific gravity of the soil suspension and that of 
water. If the suspending medium is water o:r;ily, the hydrometer reading R 
represents the increase in specific gravity due to the presence of suspended 
soil particles. If water mixed with a deflocculating agent is the suspending 
medium, the hydrometer reading R represents the increase in the specific. 
gravity due to the presence of both suspended soil particles. If water ~ixed 
with a deflocculating agent is the suspending medium, the hydrometer read
ing R represents the increase in the specific gravity due to the presence of 
both the suspended soil particles and the deftocculating agent. 

· The change in the values of a and G1 can be determined by measuring the 
specific gravity of the actual suspending medium, water containing a de
flocculating agent. For example, when 100 ml., of 0.5N sodium metaphos
phate B solution is contained in one liter of soil suspension, the specific 
gravity of the suspending medium at 67° F. will be about 1.003, which is 
approximate'ly 0.5 percent higher than the specific gravity of water at the 
same temperature. A difference of this amount will result only in a change 
of about 0.3 percent in the percentage values and of about 0.2 percent in 
the diameter values obtained from equations (1) and (2) respectively. These 
small changes can probably be overlooked in routine mechanical analyses. 

The idea of correcting the hydrometer reading R for the presence., of a 
deflocculating agent is not new. Many laboratories apply such a correction 
when the quantity of deflocculating solution used is relatively large. 

Hydrometer readings may be corrected by subtracting the hydrometer 
,reading of the suspending medium (water plus a deflocculating agent) from 
the reading taken in the soil suspension. (With specific gravity .hydro
meters, only the decimal portion of the hydrometer reading will be sub
tracted.) The hydrometer reading of the suspending medium can be deter
mined by a hydrometer measurement in water containing the amount of 
deflocculating agent in the soil suspension. The correction constant can be 
determined fro~ the hydrometer reading (with the Bouyoucos hydrometer, 
the reading is the constant). 

When different amounts of a given deflocculating solution are being 
investigated, the following equations may simplify the determination of 
correction constants: 

For Bouyoucos hydrometer 

C - mRd - w 
1000 -----cr-

For specific gravity hydrometer 

c m(Rc1 -1) 

1000- ~ 
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Where: 
C = correction constant. 
m = amount of deflocculating solution in ml. contained in one liter of 

soil suspension. 
Rct = hydrometer reading of deflocculating solution at specified temper-

. ature. 
W =weight in grams of soil originally dispersed minus the hygroscopic 

moisture. 
G = specific gravity of soil dispersed. 
In deriving equations (3) and ( 4), the Bouyoucos and the specific grav

ity hydrometer readings for water at the specified temperature (usually 
67 or 68° F.) are assumed to be zero and one respectively. For practical 
applications of the two equations, the specific gravity G can be assumed 
as 2.65 because it has little effect on the computed correction constant. It 
should also be mentioned that the correction constant computed from either 
equation (3) or ( 4) is always positive in value and should be subtracted 
from hydrometer readings taken in the soil suspension. 

This method of determining correction constants is valid only if it can 
be assumed that chemical changes caused by the addition of a deflocculating 
agent to a soil water mixture do not significantly affect hydrometer read
ings taken in the soil suspension. 

A direct test of the validity of this assumption is to compare the correc
tion constant determined by equations (3) or (4) with the required correc
tion as determined experimentally. The required correction equals the .dif
ference between. the hydrometer reading taken in a soil suspension contain
ing a deflocculating agent and that taken in a similar soil suspension withe 
out the defloccuiating agent. Since the degree of dispersion of a soil sample 
may be greatly affected by the use of a deflocculating agent, the experi
mental determination of the required correction must be accomplished in. 
such a way that any change in the degree of dispersion of the soil sample 
will not significantly affect hydrometer readings taken in the soil suspen
sion. This can be done by using clay size soil samples. A discussion of two 
such determinations follows. 

The clay size material was collected by the layer method2 from soil 
samples 1 and 6. The clay separated from sample 1 was finer than 0.0005 
mm. in size,.-and that from sample 6 was finer than 0.005 mm. Samples of 
each separated clay material were soaked for over 18 hours in either distilled 
water or distilled water containing sodium metaphosphate B (table IX) 
before being dispersed with the S.D.T. for the hydrometer test. The hy
drometer tests were conducted in essentially the same manner specified in 
the AASHO and ASTM standard methods of mechanical analysis. 

As mentioned, the purpose of using such clay size material was to elimi
nate the degree of dispersion variable from the tests. Thus, any variation 
in the degree of dispersion of a sample consisting of particles finer than 
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TABLE IX. COMPARISON OF EXPERIMENTAL AND COMPUTED CORRECTION CONSTANTS FOR HYDROMETER READINGS 

Deflocculating Agent 
Soil 

Type Amount* 
(ml.) 

Sample 1, No deflocculating agent 
fraction Sodium meta- 40 
finer than phosphate B 100 

*"" 0.0005 mm. 
01 Sample 6, No deflocculating agent 

fraction Sodium meta- 40 
finer than phosphate B 100 
0.005 mm. 

Hydrometer Reading of 
Soil Suspension at 
the elapsed time 

indicatedt 

15 min. 60 min. 

14.5 14.5 
17.0 17.0 
21.0 21.0 

6.5 Not taken 
9.0 Not taken 

13.0 Not taken 

Difference in hydro
meter readings of soil 
suspension with and 

without deflocculating 
agent:j: 

15 min. 60 min. 

0 0 
2.5 2.5 
6.5 6.5 

0 ----
2.5 ----
6.5 ----

Correction 
constant 

determined by 
equation (3) 

2.5 
6.4 

----
2.5 
6.4 

*Refers to the amount of 0.5N: deflocculating solution used in preparing one liter of soil suspension. 

tBouyoucos type hydrometer was used in all tests. The temperature of soil suspension was maintained at 67° F. 
during the hydrometer test. 

:j:Example: Hydrometer reading of suspension without deflocculating agent = 14.5, hydrometer reading of sus
pension with 40 ml. deflocculating solution = 17.0, difference in hydrometer readings = 17.0 - 14.5 = 2.5. 
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Carbonates in a soil sample may influence chemical changes taking place 
in a soil suspension in which sodium metaphosphate is the deflocculating 
agent. Th~ minus 0.0005 mm. clay material used in the tests contained a 
negligible amount of carbonates; the 0.005 mm: clay contained about eight 
percent of carbonates, principally calcium carbonate. 

Hydrometer readings of the prepared soil suspensions taken at different 
. sedimentation times are given ·(table IX), ·but those taken before 15 min
utes are not shown, since they were the same as those taken at 15.minutes 
due to the smallness of the particle sizes contained in the suspensions. To 
eliminate the effect of variation in degree of dispersion on hydrometer read
ings, no readings .were taken after 60 minutes of sedimentation in the soil 
suspensions prepared with minus 0.0005 mm. material and none after 15 
~inutes in suspensions prepared with the minus 0.005 mm. material. 

The required correction constant for each suspension containing sodium 
metaphosphate B, obtained by subtracting the hydrometer reading of the 
suspension from the hydrometer reading of. a similar suspension containing 
no deflocculating agent, is given together with the cqrrection constants 
computed by equation (3). Considering that hydrometer readings were 
taken to the nearest half division, the required and the computed correc
tions· are practically in complete agreement. According to this experiment, 
the assumption made in developing equations (3) or (4) seems valid . 

. CONCLUSIONS 

1. Among the three chemicals compared, sodium metaphosphate is the most 
promising deflocculating agent. 
2. Among the different varieties of sodium metaphosphate compared, 
variety B appears to be well suited for adoption as a deflocculating agent 
in standard methods of mechanical analysis. 
3. On the basis of the results with the soils tested, the use of 100 ml. of 
0.5N sodium metaphosphate B solution in making one liter of soil suspen
sion is recommended. 
4. To avoid a possible decrease in its dispersive action, it seems advisable 
to make up fresh sodium metaphosphate B solutions about every 30 days. 
5. The effect of sodium metaphosphate B on the specific gravity of soils 
test.9d was found to be insignificant. 
6. The viscosity of water is used as that of the suspending medium in the 
present standard methods of mechanical analysis in computing particle 
diameters. A correction ·should be applied to the computed diameter for 
accurate mechanical analysis results to compensate for the difference be
·tween the viscosity of water and that of the actual suspending medium. 
7. The suggested method for determining the correction constant to com
pensate for the change in specific gravity of the suspending· medium due 
to the use of a deflocculating agent appears to be valid. 
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APPENDIX 

Nomenclature of Sodium Polyphosphates 

No nomenclature for the sodium polyphosphates has yet been adop~ed. 
The following is one method of classifying the different sodium polyphos
phates. 

The sodium polyphosphates may be classified a9-cording to their struc
ture into two groups, the crystals and the glasses. The crystalline sodium 
polyphosphates indude sodium metapho3phate, sodium pytophosphate, and 
sodium tripolyphosphate. The glassy sodium polyphospates include sodium 
tetraphosphate, sodium hexametaphosphate, and also sodium metaphos
phate. The two names, sodium hexametaphosphate and sodium metaphos
phate, are often used interchangeably. Manufacturers use trade names such 
as "Calgon," "sodium Polyphos," "Quadrafos," and "Metaphos" in referring 
to their glassy sodium polyphosphate products. 

As mentioned, sodium metaphosphate can be either crystalline or glassy. 
Different varieties of this chemical are -available from chemical supply 
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companies. The complicated properties of this group of chemicals have been 
identified as follows 9

' .P· 
740

: · 

Metaphosphoric acid, RPO,, and its salts possess the most complicated 
properties of all the acids of phosphorus; because, on the one hand, they have a 
strong tendency to polymerize, when varied products of high molecular weight 
can be formed; while, on the other hand, ·these products show isomerism through 
different arrangements within the individual molecules, so that varying con
stitutions may appear with the same molecular complexity. The relations of 
the meta phosphates are still so confused,. in spite of numerous investigations, 
that the practice of giving definite formulae for the products must be given 
up for the present. 
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OF A LAYER EXTRACTION METHOD 
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' ' 
ABSTRACT 

A, iayer ex_traction method has been developed for obtaining a represent
ative sample of clay-size material from a soil suspension. This :r;nethod is 
especially advantageous in_ preparing a sample of relatively large size, arid 
the procedure is simpler than that' of the'decantati6n method, a comparable 

- method of extractiOn. · · _ 
In the layer method, the po~iti~n and the: thic~ness -of the layer. to 'b.e. 

extracted- from a soil suspension can be.varied, and one or more extractions· 
can be mad~. The effect of these vari_ables. on the siz~ composition- arid th~ j 

quantity of the extracted material is anaiyzed mathematically. Based upon 
such an analysis, the proper position and thickness of the layer and the 
desl:rable number of extractiorts--can be determined to suit the requirements 
of a particular test~ 

INTRODUCTION 
Properties ·of common soils- depend to a large extent upon the amount 

and characteristics of the clay-size material contained in the soils. For thfa 
reason, it is often desirable to separate.the clay..:size material from a-nat-q.ral 
soil an!f to study the charicteristics of the material separated. 

Whereas_ different types of elutriators1
• 

5 have been used for making the 
required separation, sedimentation methods are in common 'use, especially 
.for separating materials finer than 0.002 mm. The_procedure for making the 
sepa:r;_ation by .sedimentation methods includes dispersion of a soil sam- -
ple2

: a, 10
, sedimentation of the suspended so_il particles by gravity or by cen~ 

· trifugation; extraction of the required clay-size material from the -soil sus
. pension"· 7

' s, 9 and drying, if ~ecessary, of the extracted s~il suspension. This 
paper presents the theory of a layer method of extraCtion. 

While this method was developed. primarily for separating the clay-size 
material from soils, it can be used for. separating any size fraction from any 
material whose component -:parts can be differentiated by sedimentation 
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methods. Various types of apparatus may be used in the layer extraction 
method. Experiments with extraction apparatus are expected to be made 
in the future. 

The method of extraction used has an important bearing on the size 
composition of the clay-size material separated from a soil sample. Usually 
it is desirable that the gradation of the material collected be the same as 
the gradation of the clay-size material in the dispersed. sample. The extrac
tion procedure should also be relatively simple. These two requirements can 
be used as criteria in evaluating different extraction methods. 

Decantation Method 

The method herei:Q referred to as the decantation method is commonly 
used when a comparatively large quantity of clay-size material is needed. 
The procedure is as follows: 

A soil sample is dispersed in distilled water and the resulting suspensiqn 
allowed to settle in a container. After a given period of sedimentation, the 
portion of soil suspension containing soil particles smaller than a specified 
.size is removed from the container by decantation or siphoning. The con
tainer is then. refilled with distilled water to the original level, the diluted 
,soil suspension allowed to settle after shaking, and the extraction process 
' ,,l 

, repeated. This procedure is continued until the portion to be removed con- · 
tains little or no suspended soil parti'cles. The several withdrawals are com
bined to obtain a representative sample of the desired clay fraction. 

The decantation method is. satisfactory when the proper number of de
cantations are made; if not, the gradation of the material collected will not 
be representative. Perhaps the main disadvantage of this method is that it 
is exceedingly time-consuming, both as to the large number of repeated 
decantations required (possibly 20 to 30 with fine-grained soils) and to the 
quantity of water that must be separated from the clay material by drying 
or centrifuging. Another disadvantage is that the repeated decantations 
tend to magnify experimental errors. 

Other Method~ 

A pipette may be used for extraction purposes•. After a given sedimenta
tion period, the pipette is lowered into the soil suspension to a predetermined 
depth and a small quantity, usually 5 to 25 ml., is removed with the pipette. 
Although a representative sample can be obtained in this manner, the use 
of the pipette is limited to experiments requiring only a small amount of· 
clay-size material. . 

The extraction of clay-size material from a soil suspension can be ac
complished with a continuous-type supercentrifuge .. The supercentrifuge 
serves to accelerate sedimentation as well as to .separate the desired clay 
fraction. This method is especially useful for separating clay material into 
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different particle-size r~nge fractions. The use of the supercentrifuge has 
been discussed'. . · . · · 

The principle of the supercentrifuge method is similar in many respects 
to that of the decantation method .. .While long sedimentation periods can 
be eliminated by use of the supercentrifuge, the repeated treatments neces
sary for complete separation and the necessity for collecting the day-size 
material from a large amoupt of suspension make the method time-consum
ing. Except for those'Jaboratories which do frequent testing, the expensive 
and comparatively complex equipment requirements are a· decided disad
vantage in using the supercentrifuge method. 

LA YER EXTRACTION METHOD 

The layer extraction method was developed for the purpose of obtaining 
representative samples of the material finer than a: given size by a simple 
and comparatively· short procedure. This method is suitable for separating · 
relatively large quantities of clay-size material from soils. Although the 
layer method ca:ri be used to fractionate further' the clay-size material 
separated, it probably is advantageous to use a supercentrifuge. 

Surface of soil suspension 

L t:>=>777.,..,..,..77'7'n L 
£ .. 

.c 

A A~~~ 

Layer method Dec_antatlon method 

~ Soil suspension removed 

Fig. 1. Soil suspension removed by layer 
method and decantation method of 
extraction. 

.\ 

Among the different extraction methods, the d.ecantation method' is 
perhaps most comparable with the layer method (figure 1). Level A-'A in 
figure 1 represents the level above which no particles coarser than the 
maximum particle size of the desired clay fraction will remain in suspen
sion after a given sedimentation period. In the decantation method of ex
traction, the soil suspension above level A-A is removed. The portion of soil 
suspension removed in. the layer.method is, a layer bordering or embracing 
level .A-A. When the layer ,method is used,_repe~ted removals are not re
quired to .obtain a representative sample; but if t4e amount of material 
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c.ollected from· the first extradion is inf?ufficient,, additional' extractions 
from the remaining soil suspensjon can be made. After the first extraction, 
the soil suspension remaining in the container is composed of the 'portion 
.below level 'A-A and the portion above leyel L-L .. This remaining suspen
sion can be resha:ken and another layer removed after sedimentation . 

. Oepth of suspension removed 
in decantation- ll)&ihod 

~ • - • • 0 • / Y. . ~~~crk~=~5o~!d 
• • -• Cl • - - in layer method 

.. • .. ·- ~-:-;---y 
0 0 o Q. LeQ~n.d• A-:-.--.-.-,,-A 
• • 0 !' Gil 

• ·• o e • 
••• I e • 

(al 

Size I 

• Sizo ·2 
•. Siz_e 3 
e Slzo 4 

, 9 Size !i 

• • • • 
(b) 

Before s!'ldimentation- After _sedimentation 

Sediments 
at bottom 

Fig. 2. Cross sections of a hypothetical suspension . 
before and after sedimentation. 

The diagrams in figure 2 iUustrate the basic theory of the layer method. 
Only five particle sizes are contained in -the dispersed hypothetical sample. 

' The distribution of the five particle sizes in the suspension is shown sche
matically in the diagrams, which show that all particles are uniformly dis-
persed th:roughout the entire dept~ of the suspension before settling begins. 

If size 3 is the maximum size in the desired fraction, the ratio of the 
three sizes contained in the fraction is 1 :1 :1. The distribution of the sus
pended particles after a given period of sedimentation' and the position of 
the 'layer to _be extract~d' by the layer- methqd .are shown . in figure 2 (b) . 
Note that the. ratio .of--partide sizes 1, 2, and 3 in the layer is also 1: 1: 1. A 
representative sample can thus be obtain~d-from·a single extraction.-

·Mathematical Analysis 

The theory 6f the layer- method ··of extraction _can be verified either by . 
laboratory -experiments or by ~athematical an;;i,lysis. -The latter method. is 
used iri this presentation. To avoid complex'mathematical expressions, the 

·analysis is presented by ':numerical examples. All equations ·used in the nu
merical ex~mples are derived in Appendix I, and. the_it application in com
puting the theoretical gradation of ma:terials obtained is demonstrated in 
'Appendix II. In these computatioµs the·mat~rial collected from an extracted 
layer is assumed to be the same as the materia~ contained in the layer prior 
to exttacti9n. -· ' - . 
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·.'. TABLE I. GRADAT~ON OF HYPOTHETICAL SOIL 

· Particle Size, mm. 

1.00 
0.'074 
0.005 
0:0025· 
0.00225 
0.00200 
0.00l75 
0.00l50 
0.00100 
0.00060 
0.00030 
0:00010 

·Percent Finer 
On the basis ·Of On the basis of the 

the whole sample fraction finer than. _ 

.100.0 
96.0 

'53.0 
'43.l 
42.0 
40;0 
38.2 
36.2 
30;7 
23.9 
14.7 

0 

0.002 mm. 

100.~ 
' 95.5 

90.4 
76.9' 
59;8 
36.7 
o, 

.... 

\ '. 
A hypothetical soil with gradation as shown in table I, and figure 3· was 

used in the numerical examples. In separating the clay-size material fro~ 
- this soil, it is assumed that a 150 g. sample is dispersed in distilled water 
' and the resulting suspension put in. a container, sha'Ken, and allowecl · to 
. settle by 0-avity. It is further assumed that the depth of the suspension in 
the container is 21.00 cm. · - - ' 

If the m~terial finer than 0.00200 intn. is the clay fraction desired, com:7 
putations can be made to determ1ne level A-A (figure 1) abov~ which no 
particles coarser than 0.00200 mm. will remain ill su.spension after a given · 
period of sedim:entation. Accordingto.Stoke!'' law1, · 

Percent finer . 

\ 

. 'particle size, mm. 

Fig. 3. Particle-size accumulation curve of hypothetical soil: , 
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h= 
980 (G-G;) TD2 

30 n 
(1) 

where h =distance in centimeters through which soil particles settle 
G =specific gravity of soil particles 
G; =Specific gravity of the suspending me.di um, in this case 

water 
T = time in minutes, period of sedimentation 
D = particle diam~ter in millimeters . 
n = absofote viscosity of the suspending medium in p9ises 

If· G = 2.730 
G; = 0.998 (wat~r at 67° F.) 
T = .360 min. 
n = 0.0102 poises (water at 67° F.) 

then h ='2.0 X 106 D2 (2) 
In this case D -:- 0.002 mm. 
and from equation (2) h = 8.00 cm. 

Level A-A is therefore 8.00 cm. below the surface of the soil suspension. 
. l 

Among the assumptions above, those relating to the method of sedi
mentation and to the gradation of the hypothetical soil should be further 
clarified. Although gravity sedimentation is· assumed in the numerical 
examples,. the layer method can. be used as well for extracting clay-size 
material from a soil suspension in which the sedimentation is accelerated 
by centrifugation. The gradation of the hypothetical soil contains no mate
rial finer than 0.00010 mm. and the segment of the particle-size accumula
tion curve representing the fraction finer than about 0:0025 mm. is nearly 
a straight line (figure 3). Actually a soil having almost any gradation could 
have been selected as the hypothetical soil for the 'mathematical analysis, 

. TABLE II. SPECIAL CAS!!:S OF THE LAYER METHOD 

Case I 

Case II 

Case III 

Case IV 

Position of 
the layer 

with respect 
to Level A-A• 

Above level 
A-A 

Below level 
A-A 

Partly above 
and partly. 
below level 

A-A 

Same position 
as case III 

*See figure 1. 

Top of the Layer 
h1*,cm. Limiting 

(Distance from Particle 
surface of soil ~ize, 

suspension) mm. 

4.50 0.00150 

. 8.00 . 0.00200 

6.12 0.00175 

. 4.50 0.00150 

54 

Bottom of the Layer Thick-
h2*, cm. Limiting ness of 

(Distance from Particle the 
surface of soil Size, layer, 

suspension) mm. cm. 

8.00 0.00200 3.50 

12.50 0.00250 4.50 

10,12 0.00225 4.00 

12.50 0.00250 8.00 



but the analysis is greatly simplified by using the hypotheti2al soil. In gen-· 
eral, conclusions drawn from the analysis will hold true for all soils . 

. In the layer method of extraction, the position .and the thickness of the 
layer to be extracted from a soil suspension can be varied. In addition, one· 
or more extractions can be made to obtain a sample of the desired clay 
fraction. These variables will be considered in the_ verification of ,the layer 
method theory. 

Four typical cases representing possible variations in the position and 
thickness of the layer are given in table II. The term limiting particle size 
used in the table refers to the maximum particle size occurring at a specific 
level in the soil suspension after a given period of sedimentation. 

Percent 
fl nor 

0.0001 0.0003 0.000~ 0.0020 0.0040 
0.0002 0.0004 0.0010 0.0030 0.0050 

Particle sia~e, mm .. 

Fig. 4. P.article-size accumulation curves showing differ-' 
ences in gradation of clay-size material obta!ned 
from layers positioned as in case I, II, and III ·(table 
II). 

Position of Layer 
. The gradation of the clay~size materials obtained from layers positioned 

as in case·s I, II, and III can be determined from equations presented in 
Appendix I. A computation which illustrates this is given in Appendix II. 
Computed gradations for the three cases are shown as accumulation curves 
in figure 4. The gradation in case III is closest to the desired gradatio~, but 
the material obtained from this layer contains a small amount of particles 
coarser than 0.002 mm., the maximum particle size of the desired clay 
fraction. The term desired gradation refers to the gradation of the desired 
clay fraction, in this case, the minus 0.002 mm. material. Case l material, 
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on the other hand, meets' the maximum particle-~iZe requirement but is not ' 
as satisfactory witq .respect to ov~rall gradation. Because both the thick- · 

' ness of the extracted laY,er and the metho,d of extraction affect the grad~
•tion, it is impossible to select a layer position :wh:lch will give· the b_est re~ 

, sults without consideration of them. 
Thickness of Layer . , 

If the position of the layer is properly chosen, the thinner the layer the 
more closely wUl the gradation of the material obtained approach the de
sired gradation. This is illustrated by comparing cases III and IV: (table II). 

· ~ig'ure 5 shows the desired gradation as well as the computed gradations of 
materials obtained from layers positioneq as in cases III and IV. Note that 
the material from the.thinner layer, case III, has the more desirable grada
tion. 

Percent 
finer 

Fig. 5. 
\ 

"I 
GOr--~.-~~-1-~~~--+~~~-+-~~-1--~~-+-~--1 

Particl.e size., m111. 
, ' 

Upper portion of particle-size. accumulation curves showing 
the difference in gradation of clay-size material obtained from 
lay-ers of various thicknesses. ' 

In practical application of the layer method, the choice of layer thick
riess'would ~Iso be influ~nced by the quantity of clay-size material desired .. 
If thinner layers are chosen, more time and effort will be necessar.y to obtain 
a sample of the.de~ired quantity. , 

Nu~ber of Extractions 

Although repeated.extractions are not required in using the layer meth
od, three or four extractions from a soil ~uspension may be 'necessary to 
obtain a sample of larger size. The differ.ence in gradation of the materials 
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obtained from repeated extractions will be very small and perhaps,can be 
considered within the range of experimental error. This is illustrated by 
the following comparison of the gradations of the clay-size material ob
tained from the first and second extractions of a layer positioned as in 
case I. 

Percent finer 

100 

60 

GO 

40 

20 

/ 0 
0.0001 

I 

~ 
-

v 
/ 

// 
/ 

/ 

0.0010 0.0025 0.0100 0.1000 1.000 

Particl11 size, mm. 

Fig. 6. Particle-size accumulation curve of soil in the suspension after first 
extraction. 

Percent 
finer 

75~~~~~~~~~~~~~~~~~~~-'--~~~~~-' 

0.00100 0.00125 O.OOl50 0.00175 9.00200 0.00225 0.00250 

Particle si.:e. mm. 
Fig. 7. Upper portion of particle-size accumulation curves showing differ

ences iri gradation of clay-size material in first and second extrac
tions from case I layer (table II). 
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Since the original depth of the hypothetical soil suspension was assumed 
to be 21.00 cm., the removal of the first 3.50 cm. layer (see table II) will 
leave 17.50 cm. of suspension in the container. This remaining suspension 
is re-shaken, and -after a given sedimentation period another 3.50 cm. layer 
is withdrawn. By using the theoretical particle-size accumulation curve of 
the soil in the suspension after the first extraction (~igure 6) and the equa- \ 
tions in Appendix I, the gradation of the material from the second extrac
tion can be determined. 

Portions of the computed particle-size accumulation curves representing 
the clay-size material obtained from the two extractions are plotted in 
figure 7. It is apparent that the gradation of the material collected from 
the second extraction more nearly approaches the desired gradation, but 
the difference between the two curves is very small. 

COMPARISON OF LAYER METHOD AND DECANTATION METHOD 

Inasmuch as the layer method is considered more similar to the decanta
tion method than to any other, a comparison of these two methods is made 
for further evaluation of the- former method. As have been discussed, the 
criteria for evaluation are whether the extracted sample is typical, and the 
amount of time and effort ileeded-tc>" ob'tain a desired quantity of the sample. 

The representativeness of the materi_al obtained from a single extrac
tion by each method is illustrated by schematic diagrams (figure 2). In 
discussing the layer method of extraction, it was pointed out that the ratio 
of particle sizes 1, 2, and 3 is 1: 1 : l, both in the desired fraction and in the 
material obtained by the layer method. In the decantation method the size 
ratio is 3:2:1 in the material obtained by a single extraction (figure 2b). 
The material thus obtained is, therefore, not representative of the fraction 
desired. 

A numerical example may be used to compare further the samples ob
tained from a single extraction by the two methods. In this example assump
tions such as the gradation of the hypothetical soil, the height of the soil 
suspension, and the size range of the clay material to be separated are the 
same as in the previous examples. 

Both the position and thickness of the layer of soil suspension extracted 
by the layer method can be varied. For comparison, the layer of case III 
(table· II) will be assumed. The use of the equations in Appendix I for de
termining the size composition of the material in a layer is shown in Appen
dix II. In the decantation method of extraction, the soil suspension above 
Level A-A (figure 1) rs--removed: ~For the assumed conditions, level A-A 
is 8.oo cm. below the surface of the suspension (see section on mathematical 
analysis'). The ~ize co~position of the extracted material can also be deter
mined by use of the equations in Appendix I. 
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TABLE Ill. COMPARISON OF CLAY-SIZE MATERIAL EXTRACTED BY LAYER AND 

DECANTATION METHODS 
' 

Particle Size, mm. Percent by Material Obtained Material Obtained 
Finer Coarser W:eight in by Layer Method* by Decantatic:>n 
Than Than the Desired Method 

Clay Fraction Weight, Percent Weight, Percent 
" g. g. 

0.00225 0.00200 . 0.12 1.0 0 0 
0.00200 0.00175 4.5 0.39 3.4 0.12 0.6 
0.00175 0.00150 5.1 0.58 5.1 0.40 2.1 
0.00150 0.00100 13.5 1.57 13.8 1.90 10.0 
0.00100 0.00060 17.1 1.93 16.9 3.28 17.3 
0.00060 0.00030 23.1 2.63 23.0 5.03 26.4. 
0.00030 0.00010 36.7 4.20 36.8 8.29 43.6 
Totals 100.0 11.42 100.0 19.02 100.0 

~In both the decantation method and the layer method, the data refer to the material 
obtained from a single extraction. 

The size composition of the materials obtained by the two methods of 
·extraction shown in table III and in figure 8 indicate that a nearly repre
sentative sample can be obtained from a sillgle extraction by the ·layer 
method. But, since the gradation of the material obtained :from a single 
extraction by the decantation method differs considerably from the desired 
gradation, .repeated withdrawals are :q.ecessary to obtain a representative 
sample_ by the decantation method. 

Percent 
finer 

JOO 

. 80 

60 

40 

20 

0 

·•· 

-;/' '// \ 
v~/ Layer method· 

Decantation method -;--
i--

, 
v / 

I v 
' / -
. I/ 

. /' 
1V 

Desired gradation 
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Fig. 8. Partitle-size accumulation curves showing difference in 
gradation of clay-size material obtained from single extrac
tions by the layer method and by the decantation method. 
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The large number of repeated withdrawals and the amount of water 
mixed with the clay-size material owing to repeated dilutions make extrac
tion by the decantation method a time-consuming process. The layer method 
simplifies the process by eliminating the necessity for repeated withdrawals 
and continuous dilutions without sacrificing the representativeness of the 
sample obtained. The possible magnification of experimental errors due to 
the large number ·of repeated withdrawals may also be avoided in the layer 
method of extraction. 
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APPENDIX I 

DERIVATION OF EQUATIONS 

The equations presented in this appendix may be used to. determine the 
size composition of materials obtained by th.e fayer and the decantation 
methods of extraction. The equations are derived on the assumption of 
gravity sedimentation, although the sedimentation of suspended soil par
ticles can be either by gravity or by ·centrifugation. 

In the layer and the decantation methods of extraction, the procedure 
involves the removal of a portion of soil suspension from a containe'r. Dif
ferent kinds of apparatus may be used for this purpose, but any method 
used causes some disturbance in the desired portion and the suspension 
adjacent to it. The material obtained by extraction therefore may differ 
from that actually contained in the desired portion prior to extraction. In 
the mathematical analysis presented herein, such differences are assumed 
to be negligible. 
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Fig. 9. (a) Shows position and thickness of a layer to be extracted. 

Assume that a soil sample is properly dispersed and allowed to settle by 
gravity in a container (figure 9a); Before sedimentation, particles .of all 
sizes are uniformly distributed throughout. the suspending medium. After 
a given sedimentation period, particles of different sizes will have settled 
through different distances, which can be determined by Stokes' law. For 
a given sample, a given sedimentatfon period, and a given temperature dur
ing sedimentation, Stokes' law as expressed by equation (1) can be written 
as 

h=KD2 

where h = distance through which soil particles settle. 
D = particle diameter. 
K is a constant. 

(3) 

Assume that particles of different sizes are at the surface (level T-T) 
of the soil suspension before sedimentation. Then the position of each of · 
these particles after a given sedimentation period can be determined by 
computing its settling distance according to equation (3) (figure 9b). 

A layer of soil suspension (between levels B-B and C-.C) will be extracted 
from the container after a given sedimentation period (figure 9a). Note th'at 
no particles with diameter greater than Db remain in suspension above level 
B-B and none with diameter greater than D0 remain in suspension above 
level C-C at the instant of extraction. It has been mentioned that before 
sedimentation all particles are uniformly distributed throughout the sus
pending medium. The amount of soil obtained from the layer'at the end of 
a given sedimentation period therefore will be smaller than the amount of 
soil suspended in the same layer before sedimentation. 
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Fig. 9. (b) Shows a curve representing positions of soil particles after a 
given sedimentation period. These particles were at level T-T 
before sedimentation. 

The particle-size accumulation curve is conventionally plotted on semi
logarithmic paper with the particle diameter on the logarithmic scale. This 
accumulation curve of any soil can be approximated by several straight line 
segments. The general equatibn of these segments is 

P - m log D + Ri ( 4) 
where P = percentage of particles finer than D. 

D = particle diameter. 
m and K1 are constants . 

p 
(Percent finer) 

.. .. 
0 .. ... 
<.> 
c: 

1 

De 
Increase 

LoQ D (Particle diameter) 
Fig. 10. Particle-size accumulation curve of a soil sample. 
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·Assuming' the particle size accumulation curve o-i a· soil t~ be as sho~n .ii;i 
figure 10, the section of' the curve ·representing particles with <;liam¢te~s in 
'the range· Db-De ~pproaches a-· straight line and, ·can b~ represented by· ~qua:.. 
tion {4). · · 
Before Sedim~nt~tion · 

Since. particles· of all· sizes are: uniformly distributed throughout, the· 
suspending medium before sedimentation, the weight of soil particles con- ' 
fained in the layer between level B/B and level C-C can be computed by·th.'e· · 
following equation: . 

(5) 

"'here w = weig~t of soil contained. in the layer (including particles of 
·all sizes). 

w; . total weight of dispersed soil. 
he - hb :_thickness of the l~yer .. · ' 
H · total depth of the·soiI-suspension in the container. 

If particles _with diameter smaller than Db are considered, theirweig4t. 
_can be· determined f~om the equation, , 

(6) 

'wher~ Wtb = w_eight of particles .h~~ing diamete_r smaller th~n Db con-
. tained in the layer before sedimentation. · · 

Pb · percentage of. particles having di~meter smaller tha!}.:Db'.fn 
· . · the dispersed sample (figure 10) .. · · · ' 

. If par.tides in tpe· si$e rapge Db-Dq (figure _10) are considered, their · 
weight can be determined from the equation, · 

,where Wbq = weight of 'particl'es in the size range Db'-Dq contained in the 
layer· before sedimentation. . · · _ 

P q = percentage of particles finer than size bq in the dispersed 
. sample. · . · . 

Suqstituting equation ( 4) in equation (7) and simplifying, 
I , . . ', . ' 

(8) 

Equatfons (7) .and (8) are valid 'wh~n Dq. is within th·e range D~-Dc because 
only the segment. of the particle-siZe accumulation curve representing' th,is 
.size.range·approache$ a straight line. 
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After a Given Sedimentation Period . 

Fig~re 9b shows·. that those particles with diamete_r smaller than Db 
which were at level T-T before sedimentation have settled through certain 
distances after a given sedimentation, period, but their new positions are 
still above level B-B. Particles finer than size Db. are therefore still uniformly. 
distributed throughout the layer at the instant of extraction, and equation 
(6) ca:p.·be used to compute the weight bf particles obtained from; the layer . 

. The weight of particles in the size range Db-Dq (figure 9) suspende~ in 
the layer will be less than that computed by equation (7) because particles 
in this size range· are no longer uniformly distributed throughout the layer 
at the end of the· sedimentation period. ·The settling distance of particles 
or° size D; is l:i.1 (figure 9). Therefore, at the end of the_ sedimentation period 
no particles of size D1 remain in suspensio~ above a level'.which 'is h; below, 
level T-T. Particles of size-D; in the layer between le~els B-B·and C-C remain 
in suspension only in the lower portion. The, thicl\ness. of this lower portion 
is (hc-h1), while the thickness of the layer is (hc-hb}. . 

The weight of soil particles of an infinitesimal size range embracing size 
:b; which rerp.ain in suspension in the layer between levels .B-B and C-C at 
the end of the given sedimentation period will be 

h-h· w A p. c 1 x J 

hc-hb' : 100 

where P 1 is the percentage by,weightof the particles withi.n the irtfinitesi
mal size range in the dispersed sample. By a proces~ of· summation, the fol
lowing expression can be derived: 

' , _ 1 J Pq h_c-h · dP 
or . Wbq - 100 Pb hc-hb w · (9) . 

where Wbq' =weight of particles in the size range Db-D~ contained in.the 
layer-at the end of the sedimentation period. In this analy
sis., wb[ is· also the weight of particles in the size ·range 

. . 
Db-Dq obtained from the layer. 

From equation (4), 

dP= m~gedD 

.. Substituting equations (3) and (10) in equation (9), · 
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Substitut~ng h = K.D 2 log D = log e hi D and simplifying . 

' 
. . - . .w m · ·c· ' D'l . (hq - hb) log e]' 

. wbq' = 100 (hc-hb) _he log ' Db - . _ 2 
FrQm equations (8) and (11). · · 

~c _. (hq ·_ ~b) logl·, 
. . l Dq -' . 2 og ~~ I 

- . . . . .Db ·- . -· 

1-

-·' . 

(il) 

_(12) 

Equation (12'> gives the ~atio of the weight 6f particles i_n'the size range 
--Db~Dq obtained ·from the layer after a given sedimentation period to the· 
weight of particles -in the same range prior to sedim,entation. 

. ' 
' . 

It will be noted that.equatiOns (11)_ and (12) are valid only when Dq is 
within the size range_ Db-De and the segment.of the particle-size accumula
tion curve representing this_ size range approaches a-straight line. If _the 
segment -of the curve differs significantly from a ~'traight line, a similar · 
approach for equation-derivation can·be followed except that the segment 
of the curve shduld be either approximated by a number of straight line 
segments or represente-d by a non-linea:r equation. ' 

. .APPENDIX II 

EXAMPLE OF CALCULATIONS 
\ - ' 

The methods of, calculation of the size composition of clay-size material 
obtained by, the layer and the decantation ,methods of extraction, are p:r:ac
tically the same. In the example which follows only the computation relat-
ing to the layer method is prese:hted. . 

The·grad~tion of a hypothetical soil has been shown in table I and.figure 
.3. The soil is dispersed in distilled wat~r, and after a sedi:mentation period 
of six hours a layer positioned as ill case I (table' II) is removed from the 
soil suspension. The siµe composition of th!') material obtained from the 
removed layer is to be determined. 
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Data relating to the soil suspension have been discussed under the head
ing "Mathematical Analysis." The pertinent values are summarized as 
follows: 

w·= 150 g. 
H = 21.00 cm. 
hb = 4.50 cm. 
he= 8.00 cm. 
Db = 0.0015 mm. 
De = 0.002 mm. 
Pb= p6.2 
Pc= 40.0 

The significance of each symbol is given in Appendix I. 
Before computing the weight of partiCles in any specific size range, 

constants m and Ki must be determined. [See equation ( 4) .] From the 
gradation of the hypothetical soil given in table I, 

P = 0 · for D = 0,00010 mm. 
P = 30.7 for D · 0.00100 mm. 

Substituting in equation (4) and solving simultaneously for the two un
krn:~wns m and Ki, we obtain 

m = 30.7 
K 1 =122.8 

We then have for equation (4) 
P = 30.7 log D + 122.8 (13) 

In determining the size composition of clay-size material obtained from 
the layer, several control sizes should be selected. By computing the weight 
of material finer than each control size, the particle-size accumulation curve 
of the extracted .material can be plotted. The control sizes used in this ex
ample are 0.002 mm., 0.00175 mm., 0.0015 mm., 0.001 mm., 0.0006 mm., 
0.0003 mm., and 0.0001 mm. 

The data and figure 9b show that the material finer than 0.00150 mm. is 
still uniformly distributed throughout the layer at the instant of extraction. 
The material in this size range obtained from the layer can therefore be 
computed by combini,ng equations (5) and (6) to obtain· 

Substituting h 0 = 8.00 cm. 
· hb·= 4.50 cm. 
H = 21.00 cm. 

"W=150g. 
Pb= 36.2 

we get Wtb = 9.05 g. 

66 



' . .. . ' : ::· ' ': ~ ~· ' .. 

The gradation of this material is the same as that of the fraction finer than 
0.0015 mm. 'in the hypothetical soil. The weight of material finer than 
0.001 mm. obtained from the layer can then be computed as follows: 

Weight of minus O;OOl mm. material= 9.05 X ~~:~. = 7.68 g. 

Where 30.7 and 36.2 are the percentages of material finer than 0.00100 mm. 
and 0.00150 mm. respectively in the hypothetical soil (table I). 

Similarly, the weights of minus 0.00060 mm. and minus 0.00030 mm. 
materials ob_tained from the layer can be computed and results are given 
in table IV. The weight of minus 0.00010 mm. material obtaiI).ed from the 

. layer will be zero because the hypothetical soil contains no particles finer 
than 0.00010 mm. 

· Since De = 0.002 mm., figure 9b shows that all the material obtained 
from the layer will be finer than 0.002 mm. The weight of material in the 
size range 0.002 - 0.0015 mm. obtained from the layer can be computed 
by combining equations (5) and (11) to obtain . . . 

, _ mW [- h 1- Dq · ·· (hq - hb) log e J 
wbq - 100 H c og D - 2 · 

. b . 

Substituting m = 30.7 as given in-equation (13). 

w = 150 g. 
H = 21.00 cm. 
hq = he _:__ 8.00 cm. 
Dq = De = 0.002 mm. 
hb = 4.50 cm. 
Db = 0.00150 mm. 

we get Wbq' = 0.53 g. 
Hence 

Weight of mini:is 0.002 mm. material 
= Wfb + Wbq1 = 9.05. + 0.53 = 9.58 g. 

(14) 

In a similar manner, the weight of material in the size range' 0.00175 -
0.00150 mm. obtained from the layer can be. computed by using equation 
(14). In this example, 

Dq = 0.00175 mm. 
From equation (2), 

= 2.00 X 10° Dq2 

= 2.00 X 106 (0.00175) 2 = 6.12 cm. 

The values of m, W, H, he, De, hb, and Db are the same as before. Substituting 
to equation (14)' the weight of material in the size range 0.00175 - 0:0015 
mm. is found to be 0.40 g. . 

Weight of minus 0.00175 mm. material = 9.05 + 0.40 = 9.45 g. From 
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·Appendix I it will be noted that the weight of the material in tpe size ranges 
0.002 - 0.0015 mm. and 0.00175 - 0.0015 mm. can also be computed by com-
bining equations (7) and (12). 

1 
· . 

. TABLE IV. SIZE COMPOSITION OF CLAY-SIZHMATERIAL OBTAINED FROM 

CASE I LAYER 

Particle Size, mm. 

0.00200 
0.00175 
0.00150 
0.00100 
0.00060 
0.00030 
0.00010 

Weight of material finer 
than size shown, g. 

9.58 
9.45. 
9.05 
7.68 . 
5.98 
3.68 
0 

r,. 

Percent of material 
finer than size shown 

100 
98.7 
94.5 
80.2 
62.5 
38.4 

0 

The weights of material finer than each control size are summarized in 
table IV. To plot the particle-size accumulation curve for the material ob
tained from the layer; the size composition of,the material is expressed on 
a percentage basis in the same table (figure 4). 

·•, 
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PIPETTE MEiHOD 

TO SUPPLEMENT HYDROMETER TESTS 

FOR PARTICLE-SIZE DETERMINATION IN SOILS 

by 

R. L. Handy, Associate Professor, Civil Engineering 
I 

D. T. Davidson, Professor, Civil Engineering 

(Highway Research Board Proceedings, 32 :548-555. 1953.) 

PIPETTE METHOD 

In investigations carried on with loess soils, a comparatively simple test, 
a· pipette method with gravity &ettling, was developed to supplement the 
standard hydrometer test for determining particle size distribution in the 
clay range below 0.005 mm. and for extending measurements below O.OOL 

The behavior characteristics of soils are governed to a large extent by 
the clay minerals present. Since particle size distribution below 0;005 mm. 
is somewhat diagnostic of the kinds of clay minerals found in soils, measure
ments in this size range are important in the study of the clay fractions of 
soils. 

To measure particle sizes in the snt and clay ranges down to 0.001 mm., 
the hydrometer test is used in civil engineering soil laboratories because of 
its simplicity and rapidity. For such measurements in agricultural soil lab
oratories, the more complex and time consuming pipette method14 has been 
adopted. Bouyoucos2

• "· •. " 
6 has reported close agreement between the re

sults of the hydrometer and the pipette tests. 
Particle size determinations in the clay range finer than 0.001 mm. have 

been somewhat neglected due to the difficulty of measurement. The standard 
hydrometer test and the usual pipette methods employing gravity settling 
are unsatisfactory b.ecause of the long settling time necessary. A centrifuge 
is generally used to speed up settling16

, and a centrifuge hydrometer method 
has been developed"· 13

• In these methods the effects o:J; swirling and currents 
in the centrifuge tube are questioned by some authorities. A special centri
fuge with a sector shaped tube was developed to achieve radial settling with
out interference from the straight-walls of the ordinary centrifuge tube10

• 

A two layer method involving two liquids in a centrifuge tube has also been 
developed which,.while shown to be accurate, is rather time consuming1

" 
12

• 

A comparatively simple test was desired to supplement the standard 
hydrometer test for determining the particle size distribution in the clay 
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range below 0.005 mm. and for extending measurements below 0.001 mm. 
A pipette method with gravity settling was developed for this purpose. 

Basic Principles of Settlement Analysis 
The settling velocity of spheres of equal size, falling through a medium, 

may be calculated from Stok~s' law; and from the velocity, the distance and 
time of settling may be determined . .Jn a soil suspension, the time is meas
ured from when the suspension was last stirred, arid the depth or distance 
of settling is measured from the surface of the suspension. The calculated 
diameter of particles falling through this distance is then the maximum 
diameter of particles remaining at that depth. Since smaller particles are 
still in suspension at that depth, their concentration 'is a measure of the 
percent of particles smaller than the specified diameter. The hydrometer 
and pipette are used to measure this concentration of particles. 

MAXIMUM PARTICLE SIZE, mm· 
AFTER 24 HOURS SETTLING 

O 0,.__~0~·0=-;0F-'l __ O~·"°'OOF-2~_0~·~00r-3~-----; ,__ ___ __, 1------1 
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BOYOUCOUS 
. HYDROMETER 

TYPE "A" 

CP.LCULATED SAMPLING DEPTH 

' " -T- -I ' ---+--+ -\--- <;,_ --

-I \ / 
- 5-mI PIPETTE 

/ 

25-ml· PIPETTE 
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Scale: 

SAMPLE 

O I 2 3 4 5 cm· 

Fig. 1. Graph shows particle size at left in depth ranges covered by hypo
thetical hydrometer and pipette measurements after 24 hr. of 
settling. 

Hydrometer 

Particle concentrations are determined with the hydrometer by measur
ing the specific gravity of the suspension (figure 1). The hydrometer does 
not measure the specific gravity at any particular depth but through a 
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range_ of depths in the suspension. Concentrations of larger and smaller 
particles lower and higher in the suspension will thus affect the reading, 
and the particle concentrations measured will be over a range- of particle 
sizes instead of being. just one size'. However since particle size accumula
tion curves in natural soils are usually smooth, this is not too serious an 
error. Hydrometers of the type illustrated (figure 1) have been calibrated 
_on the basis of pipette tests, and there is fairly close_ agreement in results 
obtained with both' 8

• 

Pipette 

In the pipette test instead of measuring the specific. gravity of the sus
pension, a sample of known volume is withdrawn at the specified depth; 
then it is dried and weighed. Although much criticism has been direct~d at _ 

_ the hydrometer test because it measures particle size ranges, not particle 
sizes, it is usually overlooked that the pipette does this also. A sphere ·of -
material is withdrawn from the suspension, but the smaller the pipette the 
smaller the range of depths samples. 

Measurement of Colloidal Sizes 

A number of authors l).ave pointed out that gravity settling of a sus
pension is not practical for particle size determinations below 0.001 or 
possibly 0.0005 mm. due to the effect of Brownian movement and convec
tion currents arising from slight changes in temperature: However, gravity 
sedimentation has been used for determinations down to 0.0005 mm. ex
tended the lower limit to 0.0001 mm. in a study of colloidal suspensions of 
gold16· '7. 

Colloidal particles in.a suspension will reach equilibrium when the force 
of gravity on the particles is counterbalanced by the kinetic forces resulting 
from greater particle concentrations lower in the suspension. After equili
brium is reached there will be far fewer particles in suspension near the 
-surface than deeper in the suspension. Therefore a shallow sampling depth 
will tend to minimize the effects of colloidal interference in the settling. 
_In addition to the colloidal effect, other errors are present in unknown 
amounts. These errors include the assumption of a spherical particle shape 
in the appiication of Stokes' law, and the uncertain effective specific gravity -
of, the clay particles, which_ may vary with the amount of adsorbed water 
and the kind of clay mineral. 

- SUPPLEMENTAL PIPETTE METHOD 

Apparatu~ 

With the pipette apparatus, the lo_wer limit of the clay size range was 
extended to 0.0002 mm. A 5 ml. automatic pipette fastened in a Shaw pipette 
rack was used. The rack was- swivelled to a ring stand in such a way that 
sedimentation cylinders could be set in a circle around the stand. This 
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arrangem~nt permits the.settling of'up to-12 ·suspensions at one time. The 
so.ils to be~ tested were dispersed according to the ASTM standard ru'ethod · 
(ASTM Designation: D422-39) as· modified8

, using sodiuni metaphosphate 
as the dispersing agent'. ·standard 1000 ml. glass graduates are used, and 
the air jet dispersion apparatµs is well adapted_ to the method7

• 

Settling Time and Sampling Depth 

T;h.e time of settling for spherical particles of any diameter ·may be cal,.. · 
culated from Stokes' law, .expressed as · 

30 L 
T 

- _ _,_.,, ____ _ 
- 980 d~.(G~G~) 

wh~re T is the time in minutes, 71 the viscosity: of the settiing mediu.m in 
pqises, L the depth in centimeters, d the particle diameter in millimeters, 
and· G and G1 the specific gravities of the particles and the settling medium 
respectively. · . 

The specific gravity of the soil. particles, G, should represent material 
in the size range being studied. Since only the specific gravity of the minus 
10 siev~. portion of the soil is usually determined in engineering fabm;·atories, 
.this value is used in the .ASTM standard hydrqmeter test. It may be used 
in the supplemental pipette test, and the error will probably be fo. keeping 
with the limitations of_ Stokes' law. In working with the day fraction; the . 

. error will vary :with the types of clay minerals present. · 
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Since T/• the viscosity of water, varies with temperature (figure ·2), ade- . 
quate temperature control of the sedimentation cylinders is necessary. The 
control is either by immersing in a water bath or by keeping the cylinders 
in a room with a fairly constant temperature. Variations in temperat'Ure 
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TEMPE·RATURE, 0 c 
Settling times with a constant depth or sampling 
depth with a constant time as influenced by varia
tions in temperature: d equals 0.002 mm., G equals 
2.70. 

during the settling period may be compensated for by adjustments of the 
settling time or of the sampling depth (figure 3). If the variation is not 
great, the average temperature over the settling period may be used in cal-· 
culations. Ordinarily samples are taken at predetermined depths, and the 
time is varied to_ compensate for changes in temperature. With adequate 
temperature control this is not necessary. Following is an example of time 
and depth calculations from Stokes' law: If 

30T/L 
T = 980 d2 (G-G1) ' , 

the average temperature throughout settling is 67° F. (19.4° C), T/=0.0102 
poise. If d=0.002 mm., L=5 cm., G= 2.60, 

30 (0.0102) (5) . 
T = 980 (0.002) 2 ( 2.60 _ l.OO) 244 min.= 4 hr. 4 min. 

Sampling 
Sampling with the pipette may be done at shallow depths to lessen the 

settling time. However, since a sphere of material is withdrawn from the 
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suspension, the sampling depths must be at least equal to the radius of the 
sphere. A small volume pipette will thus allow shallower sampling depths. 
Since weighing errors will increase with decreasing sample size, a 5 ml. 
pipette is probably the minimum practical size (table I). 

TABLE l. A SAMPLING SCHEDULE FOR PIPETTE ANALYSIS 

Equivalent 
spherical 
particle 

diameter 

mm. 

0.002 
0.001 
0.0005 
0.0002 

The Automatic Pipette 

Avei;age 
tempera-

tu re 

c. 
20 
20 
20 
20' 

Sampling Settling time 
depth 

cm. 

5.0 3 hr. 46 min. 
3.0 9 hr. 5 min. 
2.0 24 hr. 10 min. 
1.9 6 days 

Before using· the pipett~ it is calibrated with mercury to determine its 
exact capacity. The pipette is filled to the level of the stOpcock. Turning the 
stopcock 180 degrees allows the material to flow out. 

In the pipette method, as previously discussed, samples are taken at pre
determined depths. To obtain a uniform soil water mixture at the start of 
the settling period the suspension is shaken by hand in 1000 ml. glass, grad
uates, according to the ASTM standard method'·. 

The Shaw pipette rack provides an accurate method of lowering the 
pipette a set distance into the suspension. When the pipette is at the desired 
sampling depth, suction is applied by means of an aspirator bottle adjusted 
so that the filling time is about 8 seconds. Because successively shallower 
sampling depths are used, reshaking the suspension between samplings 
was unnecessary. Considerable time is saved by .this procedure15

• 
16

• 

After the pipette is filled and withdrawn from the soil suspension, it is 
emptied into a 12 or 15 ml. weighing bottle. Particles clinging to the inside 
of the pipette al'.e washed into the bottle with distilled water. The pipette 
is rinsed with acetone to speed drying and is connected to an aspirator or 
vacuum line to dry it. Weighing bottles must be washed, oven dried and 
weighed again before reu-sing. 

The filled weighing bottle, after being dried in a constant temperature 
(105° to 110° C.) oven, is weighed on an analytical balance. The oven dry 

. weight of the sample must be corrected for the amount of dispersing agent 
present. Since sodium· metaphosphate remains hydrated at oven dryness, 
the correction may be obtained by oven drying a pipetteful of sodium meta
phosphate solution of the same. concentration used in the soil suspension. 
The corrected weight of the sample can then be obtained and used to cal
culate the percentage by weight of particles finer than the maximum par-

. ticle size measured. The calculation procedure is illustrated by the following 
example: 
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Total wt. of air-dry soil used in test.. .... -------------------.-------------------------'------- 50.0 gm. 
Hygroscopic moisture content ...... ------------·--------------------·---------------------------- 5.00% 
Wt. of soil in an oven-dry condition .............. ,------------------------------------------- 47.6 gm. 
The pipette sample was taken to measure , 
material finer than 0.002 mm.: · 
Wt. of oven-dried pipette sample and bottle ____________________________________________ 19.1644 gm. 
Oven-dry wt. of bottle ___________ ._ ______ : _______________________________________________________________ 19.0722 gm. 

Wt. of oven-dry pipette sample·----------------------------------------------------------------- 0.0922 gm. 
Calibrated volume of the pipette·--------------------------------------------------------------- 5.025 ml. 
Oven-dry wt. of dispersing agent in 5.025 ml. of solution______________________ 0.0159 gm. 
Wt. of oven-dry soil in pipette sample. ___________________________ 

0 
_______________ 0.0922-0.0159=0.0763 gm. 

Oven-dry wt. of soil particles finer than 0.002 mm. 

in the whole suspension __________________________________________________________ (0.0763) i.~~~ = 15.19 gm. 

: 15.19 
Percent by weight of the soil particles finer than 0.002 mm ......... (100) 47_6- = 31.8% 

Results of Combined Pipette Hydrometer Analysis 

Particle size accumulation curves for two loess soils with high and low 
clay contents show the smooth transition between hydrometer and pipette 
test data (figure 4). The data in the range where th_e test methods overlap 
show close agreement of hydrometer and pipette test values for a number 
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Fig. 4. Particle size accumulation curves for- soils tested which had the 
lowest (No. 55-1) and highest (No. 46-1) clay contents. 
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TABLE II. CLAY CONTENTS BY HYDROMETER AND PIPETTE TESTS* 

Sample Clay Contents 
No. from Hydrom- Clay Contents from 

eter Test, % Pipette Test, % oven-dry wt. 
oven-dry wt. t 

0.002 0.001 0.002 0.001 0.0005 0.0002 
mm. mm. mm. mm. mm. mm. 

55-1 12.0 11.4 . 10.5 8.6 6.5' 3.8 
20-2 16.0 14.5 15.4 12.7 9.3 4.0' 
61-2 19.6 18.0 18.8 15.7 11.2 6.9 
26-1 22.4 20.0 21.5 18.1 14.2 8.3 
26-2 23.1 19.8 23.4 19.8 15.1 7.8 
29-1 25.0 22.2 24.0 20.7 16.6 11.4 
36-1 28.9 25.0 28.4 24.6 20.5 14.3 

43112-1 33.0 29.8 31.4 27.6 23.2 17.3 
46-1 36.2 32.0 35.3 31.2 25.4 19.8 
49-3 31.4 28.4 28.2 25.6 20.5 12.8 
49-4 24.6 22.4 22.8 19.7 15.8 10.5 

*All clay contents are in terms of percent finer than particle diameter· 
indicated. 

tAll hydrometer test values are interpolated from particle size 
accumulation curves. 

of loess soils (table II). Corresponding values taken from. the hydrometer 
tests and from the pipette tests for the 0.002 mm. clay vary up to 3.2 per
cent, the average difference in values being 1.2 percent. In the 0.001 mm. 
clay size, the average difference is 1.7 percent. For both the 0.001 mm. and 
0.002 mm. sizes the hydrometer test values tend to be higher. (All pipette 
tests were run in duplicate, and the results checked within 1 percent. In 
normal testing procedure duplicate tests would not be necessary.) 

As previously mentioned, the shapes of particle size accumulatiOn curves 
in the clay range should be an indication of the types of clay minerals pres
ent. The particle size GUrves in figure 5 illustrate the .effect the kind of clay 
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Fig. 5. Particle size accumulation curves for the clay range 
of synthetic montmorillonite and kaolinite soils. 
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mineral has on the particle size distribution of two synthetic soils so 1made 
as to have approximately equal amounts of 0.005 ·mm. clay. The clay 
minerals in the two soils are kaolinite in one and montmorillonite in the 
other, and the nonclay portions of both are cleaned quartz. Much more work 
is needed with relatively pure clay minerals and known mixtures of 
clay minerals before the significance of the shape of the particle size curve 
in the clay range of soils can be fully interpreted. This approach to clay 
mineral identification should prove to be a useful supplement to other iden
tification methods. 

With two exceptions (samples 49-3 and 26-2) the shapes of the particle 
size accumulation curves for the clay range of some of the loess soils tested 
by the combined pipette hydrometer method are markedly similar, though 
they represent soils having 0.005 mm. clay contents varying from 13 to 45 
percent (figure 6). From differential thermal analyses", the clay minerals 
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Fig. 6. Particle size accumulation curves for the clay range of some 
of the loess tested. 

in these soils are the same, being pro.bably illite or a mixture. of illite and 
niontmorillonite. The shapes of the particle size curves appear to confirm 
this. Sample 26-2 differs in that it is gray-colored and unoxidized and the 
other sample's are buff colored and oxidized. Sample 49-3 is an older, highly 

· weathered soil. Other data may affect size analysis of these soils (table III). 
' 
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TABLE III., PROPERTIES OF SOILS TESTED WHICH MAY AFFECT MECHANICAL ANALYSIS 

Engineering 
Location (All Cation Organic CaCOa Sample Sampling Classifi-

Material Age in SW Iowa) P .I. Excha'.'ge Mattex Content No. 
·(County) 

Depth 
Capacity 

cation 
(AASHO) 

ft. % me./100 gm. % % 
55-1. Loe<is Upper Wis- Harrison 2-3 2.3 11.2 0.24 11.0 A-4 (8) 

consin ( ?), 
20-2 Loess Wisconsin Harrison 39-40 6-2 13.4 0.17 10.2 A-4 (8) 
61-2 Loess Wisconsin Ida 17-18 10.8 14.2 0.15 11.5 A-6 (8) 
26-1 Loess Wisconsin· Shelby 4-5 12.5 18.2 0.18 1.4 A-6 (9) 
26-2 Loess Wisconsin Shelby 10-11 17.8 17.9 0.17 3.6 A-6 (9) 
29-1 LOe<ls Wisconsin Audubon 5-6 18.0 19.5 0.25 2.9 A-6 (11) 
36-1 Loess Wisconsin Montgomery 51h-61h 20.8 21.0 0.21 1.8 A-7-6 (13) 
43'-h-1 Loess Wisconsin Fremont 4'/2-5'/2 33.4 24.4 0.37. 0.5 A-7-6 (18) 
46-1 Loess Wisconsin Page 5-6 32.7 22.6 0.30 1.5 A-7-6 (19) 
49-3 Weathered Loveland Pottawattamie 55-56 

Loess Soil 
24.6 22.7 0.19 1.2 A-7-6 (15) 

49-4 Loess :Loveland Pottawattamie 65-66 15.3 16.6 0.11 7.0 A-6 (10) 
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CALCULATION OF STANDARD PROCTOR DENSITY 

AND OPTIMUM MOISTURE CONTENT FROM MECHANICAL 

ANALYSIS, SHRINKAGE FACTORS, AND PLASTICITY INDEX 

by 

D. T. Davidson, Professor, Civil Engineering 

W. P. Gardiner, 1st Lt., Corps of Engineers, U.S. Army 

(Highway Rei:;earch Board Proceedings, 29:477-481. 1949.). 

INTRODUCTION 

A new approach to the soil density problem was presented in 1948. * The 
approach was a mathematical one for determining the standard Proctor 
density (maxi1num dry density in pounds per cubic foot obtained by the standard 
Proctor laboratory test) and optimum moisture content. It is based on the 
premise that the Proctor test gives a density close to the density achieved 

. I 

when a wet soil is allowed to shrink under natural forces to the shrinkage 
limit. They calculated this density in pounds per ~ubic foot from the mechan
ical analysis and shrinkage test data of the soil. The density formula used is 

D 
---

Calculated Density= 
1 
+ D-C 

62.5G 

Where: 
C = 62.5 R 
R = Shrinkage ratio 

B 
D =. C +. --p;: 
A = Percenfof soil passing U.S. No. 4 sieve 
B =Percent of soil passing U.S. No. 40 sieve 

(1) 

G =Approximate specific gravity as calculated from the shrinkage 
limit and the shrinkage ratio 

Formula (1) may be written in more convenient form as 

6250 
Calculated Density = --------

S ( ~ -1) + l~O 
S =Shrinkage limit 

(2) 

*Rowan, W. H. and Graham, W. W. Proper Compaction Eliminates Curing Period in 
Constructing Fills. Civil Engineering. 18:450'-451. 1948. 
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The optimum moisture content in percent by dry weight of soil. was calcu
lated from the mechanical analysis and shrinkage limit data by means of 
the formula 

Calculated Optimum Moisture = S ( ! . ) (3) 

The results of experiments on ten soils indicated that the cal_culated 
values agreed fairly closely with those, secured by .means of the Proctor 
laboratory tests. The greatest deviation in density _between calculated and 
laboratory results was approximately 5 percent. This was considered within 
the limits of accuracy, and no correction was deemed necessary. However, 
the calculated percentage of moisture was usually 1 to 5 per cent higher 
than the Proctor optimum moisture figure; so an arbitrary correction factor 
of 3 percent was subtracted from all calculated percentages. 

The calculation procedure of Rowan and Graham offered the possibility 
of eliminating the time and labor involved in the laboratory method, espe
cially for investigations of a routine nature. However, the amount of sup
porting data did not warrant unqualified acceptance of their procedure. 
Since only ten soils were tested, all· of which were probably indigenous to 
the Southeastern part of the United States, a more comprehensive verifica
tion was considered necessary before full confidence could be placed in such 
a new development. 

Test Data 

The verification of the density and optimum moisture formulas was 
accomplished by comparing the calculated and laboratory values. of 210 
soils from widespread geographical locali,ties in the United States. The test 
data from these soils were obtained from three. major sources: personal 
laboratory tests, the files of the Iowa State Highway Commission and the 
files of the U.S. Bureau.of Public Roads. The personal tests were performed 
on seven Iowa soils an~ one Virginia soil. Test data on 92 soils representing 
28 Iowa counties were furnished by the Iowa State Highway Commission, 
and the Bureau of Public Roads provided test data on 110 soils sampled in 
ten different states. It is believed that all data used were obtained by means 

' . 
of the test procedures of the American Association of State Highway Of-
ficials. 

DEVELOPMENT OF MODIFIED CALCULATION PROCEDURE 

Application of the density and optimum moisture formulas to the three 
different groups-of soil test data did not result in the same degree of corre~a
tion between calculated and laboratory values as previously found by Rowan 
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and Graham. As a whole the results were so inconsistent and often so much 
in error that the validity of the formulas was questioned. When the soil 
test data were segregated into the groups used. in- the Public Roads soil 
classification system, only the calculated densities and optimum moisture 
contents of the soils in the A-2 and A-4 .groups compared favorably _with 
the results of the standard Proctor control tests. 

It was further noted that the greatest errors in calculated density were 
obtained when the formula was applied to the highly plastic soils. To investi
gate this relationship the percentage error between the calculated and lab
oratory densities of each soil was determined as follows: 

Percentage Error Calculated Dens~ty - Laboratory Density ~OO 
Calculated Density X . 

These figures were plotted graphically against those for the plasticity index 
(figure 1). 

Percentage 

error = y 
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Plasticity· index = x 

Fig. 1. Correlation between calculated and standard Proctor densities. 

The. data of the scatter diagram appeared to have a straight line trend. 
This suggested that a curve might be fitted to the plotted points, and that 
such a curve could be used to apply a correction factor to the density for
mula of Rowan and Graham. By such a procedure the calculated density 
would be brought into closer agreement with the standard Proctor test 
density. 
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The curve (solid line in figure 1) was fitted by the least squares method. 
Its formula is 

y = .64x - 3.9 (4) 

where y is the percentage error, and xis the plasticity index. The standard 
error of estimate was computed to be 6 percent. It is suggested that for
mula ( 4) be arbitrarily simplified to read 

y =_23:.ir_ - 4 (5) 

This simplified form is easier to use and is believed· to be in keeping with 
the accuracy of the data of the scatter diagram from which it was derived. 
The curve representing formula (5), shown by the dashed line in figure 1, 
very nearly coincides with the curve of formula ( 4) through the plasticity 
index range 0 to 16. 

The percentage error can be used to determ_ine the density correction 
factor K1 by means of the formula · 

K _ 100-y 
. 

1 100 
(6) 

which, when expressed in terms of the plasticity index, becomes 

·K _ 312-2x 
1 

- 300 (7) 

The value of K1 may also be taken directly from the dashed line curve in 
figure l. 

The modified density formula is obtained by multiplying formula (2) 
by the correction factor K 1 • It may be written 

C l d D 
. 6250 K1 

a culate ens1ty = 
100 s <{--1) +~ 

(8) 

An approach similar to that described above was employed to achieve 
closer agreement between the calculated and laboratory values of optimum 
moisture content: As in the case of the density computations, the greatest 
deviations from the Proctor test values occurred with the highly plastic 
soils. To establish a trend for this error, the deviation between the calcu
lated and laboratory optimum moisture contents of each soil was deter
mined as follows: 

Deviation (Optimum Moisture) =Calculated - Laboratory 

The figures were plotted as .a scatter diagram graph against those for plas
ticity index (figure 2). 

The data of this scatter diagram showed a linear relationship also, and 
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a curve (solid line; figure 2) was again fitted by the least squares method. 
The formula for this curve is 

z = -.33x + 3.9 (9) 

where z is the deviation in optimum moisture content, and xis the plasticity 
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(optimum moisture) 
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Fig. 2. Correlation between calculated and standard Proctor optimum moisture 
contents. 

index. The standard error of estimate was comp'uted to be 2.5 percent. For
mula (9) may be arbitrarily simplified to read 

Z=-{-+4 (10) 

The curve representing this formula practically coincides with the curve of 
formula (9). 

The deviation in optimum moisture content can be used to determine 
the optimum moisture correction factor K2 by means of the formula 

(11) 

which, when expressed in terms of the plasticity index, becomes 

(12) 

If desired the value of K2 may be taken directly from the curve in figure 2. 
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The modified optimum moisture formula is obtained by adding the cor- · 
rection factor K 2 to formula (3). It may be written 

Calculated Optimum Moisture = S ( I ) + K2 (13) 

LIMITATIONS 

On the basis of the limited experimehtal work done so far, the modified 
calculation procedure developed in this study is sufficiently accurate to 
justify its use for calculating standard Proctor density and optimum mois
ture content in situations .where a high degree of accuracy is not necessary. 
Where ,highly accurate results are required, the standard Proctor labora
tory method shou_ld be used. The data obtained from experiments on eight 
soils in the Soils Laboratory at Iowa State University illustrate the results 
obtainable with the modified formulas (table I). 

TABLE I. RESULTS OF PERSONAL LABORATORY EXPERIMENTS 

Sample 1 2 3 4 5 6 7 8 
Location Iowa Iowa Iowa Iowa Iowa Iowa Iowa Virginia 
P.R. Classification A-4 A-6 A-7-6 A-6 A-7-6 A-7-6 A-6 A-2-6 
Mechanical Analysis, % Passing: 

No. 4 Sieve 99.8 99.2 100.0 82.8 47.0 
10 99.0 98.0 99.9 73.6 100.0 42.0 
20 100.0 96.6 95.1 99.8 66.1 99.6 37.1 
40 99.9 93.0 89.2 98.9 59.0 97.0 32.3 
60 99.9 87.3 79.6 97.3 52.9 94.9 24.5 
80 99.8 83.4 73.5 96.1 49.1 93.6 

100 99.8 80.9 69.2 95.4 45.7 92.7 21.7 
200 100.0 99.6 74.9 61.6 94.4 42.6 90.3 18.l 

Soil Consta.nts: 
Liquid Limit, % 29.5 34.S 51.0 30.7 66.0 41.0 38.1 31.5 
Plastic Limit, % 20.0 19.7 20.7 12.8 27.0 19.1 23.9 19.8 
Plasticity Index, % 9.5 15.1 30.3 17.9 39.0 21.9 14.2 11.7 
Shrinkage Limit, % 18.9 15.9 9.8 11.0 10.8 8.9 11.4 14.9 
Shrinkage Ratio 1.76 1.82 2.02 2.02 2.11 2.18 2.00 1.80 
Standard Proctor 

Density, p.c.f. 107.6 110.0 106.6 120.0 98.2 124.1 117.2' 119.8 
Opt. Moisture, % 16.5 16.5 16.8 11.7 22.0 10.5 14.0 12.0 

Calculated : 
Density, p.c.f. 107.5 107.2 108.6 119.l 103.2 127.1 118.9 118.5 
Opt. Moisture, % 18.1 16.9 15.1 11.9 19.7 9.6 11.9 10.2 

One of the greatest limitations of the modified calculation procedure,is 
that it cannot be used with accuracy for organic soils and for mineral soils 
having a high organic matter content. Organic matter is highly absprptive, 
and its presence in the soil makes it extremely difficult to obtain accurate 
determinations of the Atterburg shrinkage and plasticity limits. 

Another limitation is that the calculation procedure is sensitive to small 
changes in the shrinkage limit and the shrinkage ratio. Because of this, the 
shrinkage test should be performed with particular care. To obtain the best 
results with the formulas, the shrinkage factors used should be the average 
values of several shrinkage tests and should be determined to the nearest 
one-hundredth. 

While much more research is necessary before the true value of the 
modified formulas can be. established, the great savings in time and labor 

· obtainable by the use of them justify their further study and development. 
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ADDENDA 

D. T. Davidson 

The extremely variable and complex na
ture of soils and the difficulties of moisture 
control make precise measurement of the. 
maximum density impossible. Even with 
the widely used standard Proctor control 
test, it is generally impossible to obtain 
repeat values from a series of tests on the 
same soil. The Proctor density does, how
ever, approximate the compaction obtain
able by field equipment and experience has 
proved the test to be an invaluable aid in 
the construction of highways, airfields, and 
rolled earth dams. Extreme accuracy is not 
warranted for this determination because 
research has shown that there is no appre
ciable difference in watertightness or 
strength if the soil is compacted within 
two pounds of the Proctor density. For 
many engineering purposes not even thi_s 
accuracy is needed since the majority of 
cqnstruction specifications require only 
that compaction be not less than 95 per
cent of the Proctor density. 

During the summer and fall of 1949, two 
senior Civil Engineering students at Iowa 
State University made a statistical study 
under the supervision of Professor M: G. 
Spangler to compare the accuracy of the 
laboratory and calculation procedures for 
determining standard Proctor density. Only 
one soil, a sample of Mankato glacial till 
from Hamilton County, Iowa, was used in 
their study. It classified as A-6(8) by the 
revised BPR soil classification system. 

To determine the degree of accuracy that 
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could be obtained by the conventional 
standard Proctor laboratory test, the two 
students performed a series of 20 density 
tests on the single soil. Their results showed 
a maximum value of 116.l p.c.f., a minimum 
value of 113.2 p.c.f., and an average value 
of 114.5 p.c.f. The small sample theory of 
the method of least squares was used to 
compute the plus or minus variance of the 
data with respect to the true mean. The 
analysis indicated that the laboratory test 
can be performed with an accuracy of 
-+- 4 p.c.f. at least 99.7 percent of the time. 

They next determined the number of 
shrinkage and plasticity index tests neces
sary to enable the standard Proctor density 
to be calculated by means of formula (8) 
with an accuracy of ± 4 p.c.f. This was ac
complished by performing the shrinkage 
limit, shrinkage ratio, and plasticity index 
tests 20 times and then using the small 
sample theory method to calculate the 
number of each of these tests necessary to 
give the variance of -+- 4 p.c.f. 99.7 percent 
of the time. 

On the basis of their study, they con
cluded that the calculation procedure can 
be as-accurate as the laboratory method if 
two plasticity index tests and .five shrink
age tests are performed and the average 
values used in formula (8). Whether or not 
this conclusion is applicable to all soils will 
not be known until more studies of this na
ture are made on the various types of soil. 



A VERSA'!rUE RUBBER BALLOON APPARATUS 

FOR MIEASURiNG IN.·PLACE DENSiilES OF SOILS 

by 

R. L. Handy, Associate Professor, Civil Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Highway Research Board Bulletin, 122, 1955.) 

ABSTRACT 

In-place densities of soils are usually determined by augering or digging 
a hole, weighing and determining the moisture content of soil from the hole, 
and measuring the volume of the hole. The volume may be measured by the 
oil method, by the sand-cone method, or by using a rubber balloon appara
tus. The rubber balloon method is quite accurate. · 

·Various kinds of commercially available soil density apparatus utilizing 
a rubber balloon have been designed especially for measurements of den
sities of sub-grades, bases, and compacted earth fills. These are limited to 
use on fairly level surfaces. Work in Iowa on natural soils showed a need 
for an apparatus which could be used either on level, sloping, or vertical 
faces.' With .such an apparatus, measurements could be made in roadcuts, 
in quarry faces, in borrow pits" in rbasement excavations, and in other like 
places deep in the soil section. Additional iequirements for the design of the 
apparatus were that it be rugged enough to withstand rouge field usage, and 
light and compact enough for use by a man suspended from a rope over a 
roadcut or quarry wall. A new rubber balloon apparatus was developed to 
meet these requirements. As a re'sult of two years of use of the new ap
paratus in Iowa and Alaska, various modifications and improvements have 
been made. 

INTRODUCTION 

During the past several years, soils investigations by the fowa Engi 
neering Experiment Station have included in-place density measurements 
at a large number of locations in and out of the state. It was often desired 
to extepd these measurements to depths of tens of feet in the soil materials, 
and quarries and roadcuts became almost a necessary convenience. How
ever, the common disturbed methods of density measurement-the oil, the 
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sand-cone, and the rubber balloon methods 1. "· 
3

• •-are all adapted to meas
urements on a level surface. On a vertical face or a steeply sloping face, th is 
required an undesirable amount of hand excavation; therefore a new ap
paratus was designed. The desirable features in the new apparatus were 
that it be equally adapted for use on level, sloping, or vertical faces , and 
that it be light and handy enough to be operated by one person hanging on 
a rope swing. 

A modified rubber balloon apparatus was designed and constructed to 
meet these requirements . During the trial and developm ent period of two 
years, many modifications have been made, and some rather unique features 
have been incorporated. The apparatus has been used and tried in va1.·ious 
soils in Iowa and Alaska. It is now used by the Exper iment Station for all 
field density tests, including those on level surfaces. 

Fig. 1. The balloon holder clipped into the steel cylinder support for carry
ing. In the left photograph may be seen the concave, rounded bottom 
of the balloon holder designed to minimize balloon breakage. The 
balloon is drawn inside of the holder as for a rapid zero reading. 

Tests · are now being conducted with disposable polyethylene plastic 
sample bags. Since the plastic is waterproof, the soil can be placed in bags 

87 



which then are sealed and returned to the laboratory for weighing and 
moisture content determinations . This eliminates the need for transporting 
a delicate weighing mechanism into the field. The plastic bags cost about ten 
cents apiece, and are reusable. 

The Iowa balloon apparatus is essentially a fold ing template and a small 
balloon holder, the holder being connected by a % inch plastic hose to a 
3 foot cylinder graduated in 0.001 cubic foot increments (figure 1) . The 
testing operation is as follows : 

A smooth face is cut on the soil. The sample bag is put in place on the 
template and the template is pushed against the smoothed face, where it is held 
by pins projecting from the back of the template into the soil. With the hole 
in the template as a guide, a hole 4 inches in diameter and 4 to 6 inches deep is 
cut in the soil. On steep faces, all soil falls into the sample bag, and the bag can 
be removed and weighed immediately. On level or near level surfaces, the ex
cavated soil is pushed away from the hole in the template; the balloon holder is 
fitted into this hole, and the volume of the excavation is measured. One of the 
flow valves is turned off, the balloon is removed from the hole, and the sample 
bag is then removed and weighed. A moisture determination sample is taken 
from soil in the sample bag. Zero measurements are required for volume, the 
weight of the moisture can, and the weight of the sample bag. (A detailed pro
cedure is g iven in Appendix I.) 

Fig. 2. For a rapid zero check, pressure is 
applied to draw the balloon up in
to the holder. A flow valve is 
turned, and the graduated cylin
der is held vertically while the 
water level is read. 
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Fig. 3. Apparatus assembled 
for carrying. The bal
loon holder and loose 
hose fasten onto the 
graduated cylinder sup
port, and (right) the 
folding template fits in
to the sample bag for 
carrying. 



Unique Features and Advantages 

Incorporated into the apparatus are several features believed to be 
advantageous: 

1. The graduated cylinder, balloon holder and template are all constructed 
of plexiglass-easy to see through but hard to break. B1~eaks can be re
paired with common household cements, most of which have a solvent 
effect on the plastic. 

2. The balloon holder is concave and rounded on the bottom, minimizing 
balloon breakage (figure 1). 

3. Water (ow is obtained by changing the head, so pumps or suction de
vices are unnecessary. For example, after running a test a fl.ow valve is 
turned off, and the water is returned from the balloon to the cylinder by 
removing the balloon from the hole and holding it higher than the cylinder. 
The fl.ow valves are opened, and the water fows back into the graduated 
cylinder. 

Field moisture content, percent 

20 40 20 40 20 40 

ln- place density (oven dry basis) , lb./cu. ft. 
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Fig. 4. Depth field density relationships.obtained with the Iowa apparatus. 
Measurements were made in roadcuts and quarries. 
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4. A rapid check of the zero reading to determine effects of temperature 
changes during the day can be made by raising the balloon holder so that 
the water drains into the cylinder (figure 3). The balloon is thus drawn 
up tightly inside the balloon holder, giving a base pofot for a zero reading 
(figure 2). This reading must be calibrated to the normal zero reading ob
tained by inflating the balloon with the holder against a flat surface. 

5. To secure complete inflation of the balloon inside the hole, pressure is 
applied by locating the cylinder above the balloon holder. If necessary, addi
tional pressure can be applied by blowing into a hose connected to the top 
of the cylinder. 

6. The apparatus ·uses ordinary toy balloons with the necks cut off. Bal
loons are replaced by dismantling the balloon holder with two thumb nuts. 
The balloon itself forms the gasket. 

7. The apparatus clips together into a balanced unit which can be lowered 
on a rope or carried in one hand (figure 4). 

Precautions and Disadvantages 

1. Due to leaks or balloon changes, air may get into the balloon holder. 
To remove the air water is run into the balloon, the holder air valve is 
opened, and the air is forced out by squeezing the balloon. The valve is then 
closed. 

2. Reasonable care must be taken during the test to prevent kinks in the 
hose. If there are no kinks, the plastic hose holds its shape well and does 
not expand appreciably with the pressures used, and the volume reading is 
not changed by moving the hose. 

3. The sample bag must be shaken out and re-weighed prior to every test. 
4. The mouth of the sample ba:g may stretch so that it does not fit the 
template tightly. To correct this, the_ drawstring is drawn shorter and tied. 
5. The steel rod is forced into the ground to support tlie graduated cylin
der. (A foot rest is provided.) 

6. The overall length of the apparatus is about five feet, and care must be 
. used to prevent breakage in transportation. 

7. The calibrated cylinder is two. inches in internal diameter and has a 
capacity of 0.06 cubic foot. Therefore the maximum depth for a four inch 
hole in the soil is about 71/2 inches. If desired, a larger cylinder could be used, 
but the smaller size was found to be satisfactory for most soils, and superior 
from the standpoint of portability. 

APPLICATIONS OF THE APPARATU$ 

The new balloon apparatus, in addition to being used for ordinary bor
row or compaction operations, may be used to determine densities through 
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deep seCtions in soils (figure 4). These data show that the in-place density of 
loess gradually increases with increasing depth, probably due to the weight 
of the overlaying material. Quite often the loess increases greatly in density 
near the·basal contact, probably due to mixing with the underlying material 
and to puddling by the· water table. 

Incidental to the d~velopment of the density apparatus, a rope swing 
was used in sampling and testing high, steep faces. The apparatus consists 
of a board seat suspended by a three-eighths or one-half inch rope on a. 
3 to 1 block and tackle with the double block at the top. The top block is 
suspended from an eye at the end of a 6 foot collasible aluminum beam.,The 
beam was fabricated from 2 inch angles, and has a ,bearing plate 11;2 feet 
back from the outer end. The other end is fastened to a corkscrew type soil 
anchor. A safety rope is an accessory. 

\ 
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Apparatus 

APPENDIX I 

SUGGESTED PROCEDURE FOR USE 

OF THE IOWA DENSITY APPARATUS 

1. Iowa density apparatus, including calibrated cylinder, rubber balloon 
holder, template and sample bag. 

2. Digging tools. A heavy kitchen spoon, hunting knife, chisel, prospector's 
pick, small pointed trowel, and a small flat shovel will be useful. 

3. Tin cans with press tops for moisture tests. Four or eight ounce cans 
are satisfactory. 

4. ·A balance of 3000 gram capacity, accurate to 0.1 gram in the lower 
range. 

5. A stove or oven for drying samples. The alcohol burning procedure is 
an alternative method for drying5

• 

Testing 

1. Prior to testing, an average zero volume reading is obtained by in
flating the balloon with the holder pressed against a fiat surface (figure 1). 
The zero reading will ordinarily change only because of leaks or large tem
perature changes, but it should be checked occasionally. The check can be 
made by either repeating the zeroing operation or more conveniently by 
deflating the balloon so that it is drawn tightly back into the balloo:p. holder. 
-This is done by opening the flow valves and raising the holder four or five 
feet above the cylinder (figure 2). The zero thus obtained must be cor
rected by adding to it the volume of the balloon holder. This volume can be 
determined by following the above procedure at the time of the initial zero
ing and comparing the two zero readings. 

2. The sample bag is shaken out and weighed prior to each test. To 
remove loose soil, the sample- bag can be turned inside out, shaken and used 
that way in the next test. 

3. The soil is shaved and smoothed off to a fiat surface at the site of the 
test. The area should be about one foot square and may be inclined. A 
shallow groove is scraped, across the lower part of the area to make room 
for the seam of the sample bag. 

4. · The cylinder support is pushed into .the ground near the test site 
to hold the cylinder vertical. The balloon holder is unclipped and set aside 
ready for use. 

5. The folding template is removed from the sample bag and enough 
pins installed to hold it to the soil. Unless the soil is loose, three of the 
short pins, two at the top, will usually suffice. 

6. The sample bag is placed on the folding template and the template 
braced open. 
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7. The assembled template is pushed against the soil face (figure 1) ; 
the pins will be pushed into the soil and hold the template there. If the 
template does not fit solidly, 'it should be removed and the soil face trimmed. 
The plexiglass allows one to see iri-"egular contacts. 

8. The test hole is dug through the hole in the t~mplate, and the ex
cavated soil placed in the sample bag and/or on the template (figure lb). 
The hole should be smooth and approximately four to six inches deep. 

9. (a) On steep slopes all excavated soil falls into the sample bag, and 
the bag can be removed and weighed immediately. (b) On level or near 
level surfaces the bag is left in place, the soil is pushed away from the hole 
in the template, and the balloon holder installed (figure 1). The flow valves 
are opened; the balloon fills with water and expands into the test hole. The 
balloon holder must be held down with a hand, knee or foot. Additional 
water pressure can be applied by either raising the cylinder or blowing in 

· the cylinder air hose. As more pressure is applied, it should be noted if 
there is any increase in the reading. An increase would indicate that the 
balloon does not yet completely fill the hole, and. the higher pressures are 
necessary. Caution must be used lest the balloon holder be lifted off the 
template. A six foot water head obtained by raising the cylinder will exert 
about 2.5 psi pressure in the balloon, and the balloon holder must then be 
held down with a force of about 30 pounds. 

10. When the balloon is inflated to a maximum inside the hole, one of 
the flow valves is turned off, and the balloon and hold~r are lifted from the 
hole and set aside. The volume can be read and recorded immediately or 
after the sample sack has been removed and weighed. If the operator is 
working alone, the latter procedure is advisable to reduce evaporation from 
the soil sample. 

11. / The template is lifted and the soil is brushed into the sample bag, 
which is then removed and weighed. A moisture can is filled with soil from 
the middle of the sample bag and the weight of the filled can is recorded. 
The soil in the can is later dried in an oven or by the alcohol burning method 
and the moisture content calculated. 

12. The volume reading is estimated to 0.0001 cubic foot. The flow 
valves are opened and the balloon held above the cylinder so that the water 
flows back into the cylinder. The operation can be speeded up by squeezing 
the balloon .. 

13. All valves are closed and the apparatus either folded up or made 
ready for another test. Calculations of moisture content and dry density 
are illustrated in Appendix II. 

Special Procedures 
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14. Removing air from the system. This is seldom necessary unless there 
are leaks. The flow valves are opened and some water is allowed to run into 
the balloon. A flow valve is shut, the air valve on the balloon holder is 
opened, and the air is forced out by squeezing the balloon. It is necessary 
to re-zero after this opera ti on. 

15. Replaci1ig a broken balloon. As much water as can be saved is run 
back into the cylinder, and more water added if necessary. Then the flow 
valves are closed and the balloon holder is disassembled by removing the 
two wing nuts. A new balloon is installed smoothly over the end of the 
holder tube and the holder reassembled. Air is removed (Procedure 14), 
and the apparatus re-zeroed. Ordinary round toy balloons are satisfactory 
for the test, although large sizes may be preferable. The neck is cut from 
the balloon at a point where it is somewhat smaller than the tube of the 
balloon holder. 

16. Filling or adding water to the apparatus. If a water tap and small 
hose are available, water can be introduced at either the cylinder air valve 
or the balloon holder air valve. In either case all valves are opened and the 
apparatus arranged to allow air to escape: If no hose or water pressure is 
available, the cylinder can be filled by removing the balloon and pouring 
water into the upturned balloon holder. The flow valves and the cylinder air 
valve must be open. The balloone is then replaced (Procedure 15), the air 
removed, and the apparatus re-zeroed. 
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APPENDIX II 

SAMPLE DATA AND CALCULATION SHEET 

Location: FlA-1, Fairbanks, Alaska .. 
Material: Very dry, buff-colored friable silt. 
Compaction: None. 
Depth of Test: 2'7" to 2'11" (vertical roadcut) 

Hole: Final reading 
Zero reading 

0.0336 cu. ft. 
0.0171 cu. ft. 

Hole volume 0.0165 cu. ft .. 

Moisture Content: 
Wt. can+ moist soil 
Wt. can+ dry soil 

Wt. moisture 

149.8 gm. 
144.3 gm. 

5.5gm. 

Wt. can+ dry soil 
Wt. can 

· Wt. dry soil 

Moisture Content= 1~-4~3 (100) = 4.8% 
Density: 

Wt. sack + moist soil 
Wt. sack · 

729.5 gm. 
40.6 gm. 

688.9 gm. Wt. moist soil 

Wt. dry soil 
688.9 , . 

100 + 4_8 (100) = 657 gm.= 1.45 lb .. 

Dry density - lA5 lb.· - 87.9 lb/cu. ft. 
. 0.0165 cu. ft. 

144.3 gm. 
30.0 gm. 

114.3 gm. 



CATION EXCHANGE CAPACITY 

OF LOESS AND ITS RELATION T,O ENGINEERING PROPERTIES 

by 

D. T. Davidson, Professor, Civil Engineering 

J.B. Sheeler, Associate Prof~ssor, Civil Engineering 

(ASTM Special Technical Publication,, 142 :1-19 .. 1952.) 

ABSTRACT 

Cation exchange capacity of the "whole" soil was one of the properties 
measured in an investigation of the variation of physical and· chemical 
properties of the Wisconsin loess in southwestern Iowa. The test data of 
the property variation study affords an unusual opportunity for correla
tions of cation exchange capacity with some engineering (physical) proper
ties of a natural soil material. 

WISCONSIN LOESS OF SOUTHWESTERN IOWA 
Origin 

The Wisconsin loess (also called Peorian loess) which blankets older 
(pre-Wisconsin) loesses and glacial deposits in southwestern Iowa is be
lieved to have accumulated, during and immediately following glaciations 
of the Wisconsin glacial stage which invaded northern Iowa and Nebraska. 
Four glacial drifts in northwestern Iowa of Wisconsin age, the Iowa, Taze
well, Cary, and Mankato, have recently been mapped. Most geologists now 
agree that the Wisconsin loess in southwestern Iowa was deposited by the 
wind. The major source of this loess appears to have been the flood plain of 
the Missouri River, but undoubtedly the :f!ood plains of other outwash 
carrying valleys of the region also contributed. Some loess was also blown 
directly from the Wisconsin drift plains in northwestern Iowa. 
Distribution 

The topography of the Wisconsin loess area included in the investigation 
has been described as loess depositional and loess mantled erosional1 1

• 

Most of the depositional topography is in a narrow strip three to twenty 
miles wide bordering the flood plain of the Missouri River; to the east is the 
loess mantled erosional topography: Another strip of depositional topogra
phy, one to two miles in width, is immediately south of the Wisconsin (or 
Iowan) drift border 15

• The characteristic features of the loess depositional 
topography are the narrow divides and the steep "cat-stepped" slopes which 
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are cut in many places along valley walls by U-shaped gullies. The relief is 
often more than 200 feet within distances of a ·few miles. 

In .the loess mantled erosional topography, which grades into the loess 
depositional topography to the north and west, the modifications of the old 
pre-Wisconsin erosion slopes take the form of rolling hills, with the hills 
beGoming more gently rolling with increasing distance away from the Mis
souri River flood plain. The loess is for the most part on the tops of hills and 
on the upper parts of slopes. Thinner loess extends into and across the 
valleys: 

The thicknesses of Wisconsin loess in the loess depositional topography 
are greater than in the loess mantled erosional topography. For example, 
the maximum thicknesses of the loess, as measured on ridges and hilltops, 
vary from 60 to over 100 feet along the Missouri River bluffs to about seven
teen feet at the arbitrary east boundary (figure 1). The loess thins in a 
southeasterly direction away from the valley of the Missouri River (figure 
2). The depth measurements plotted in the graph include the thickness of 
the A and B horizons where both are present. The principal soil association 
areas in the Wisconsin loess area under study are the Monona-Ida-Hamburg 
and the Marshall14

• The thicknesses of the sol um on ridges and hilltops vary 
from zero or a few inches in depth at the west boun,dary to around three 
or four feet near the east. Solum includes both the A and B soil horizons 
where both ... ?-re in place or one only where the other is missing. 

IOWA 

Arbitrary 
t\=i~-..,--~--,-,+c--'-~____, East Boundary 

Legend: 

• Sample Loca'tion 
CD Traverse Numbers 

N 

Fig. 1. Locations of sampling traverses in Wisconsin loess area of south 
western Iowa. 
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Fig. 2. Variation in maximum thickness of Wisconsin loess along trav
erse 3, as interpolated from Hutton's data10

• The depth measure
ment at the east valley wall is the estimated maximum thickn.ess 
of the loess in the general vicinity of the traverse origin. 

Properties 

Over one hundred samples of Wisconsin loess have been taken along the 
five traverses (figure 1). Traverse 1 is along.the top of the east valley wall 
of the Missouri River and, for a short distance, along the Big Sioux Riv, er. 
Traverse 2 is just south of the Wisconsin drift border. Traverses 3, 4, and 
5 were laid out in a southeasterly direction, which is believed to represent 
with a re~sonable ·degree of accuracy the direction of the generally prevail
ing winds during loess deposition time. 

Control samples for determining areal property variations were taken 
at a depth of from two to three feet below the top of the C horizon at each 
of the locations.shown on the map; at many of the locations samples were 
also taken at greater depths for the purposes of the stratigraphic variation 
study. No samples. were taken from the A or B horizons. All sampling was 
done on ridges or hilltops. A 6 inch diameter soil auger was used for secur
ing samples when suitable road cuts could not be found. 

The tests which are being used to determine the areal and stratigraphic 
variations in the properties of the Wisconsin loess are as follows: 
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1. Liquid limit (L.L.) 

2. Plastic limit (P.L.) 

3. Plasticity index (P.I.) 

4. Shrinkage limit (S.L.) 

5. Centrifuge moisture equivalent (C.M.E.) 

6. Field moisture equivalent (F.M.E.) 

7. Hygroscopic moisture (air dry) 

8. Mechanical analysis 

9. Specific gravity 

10. Field moisture content 

11. In-place (field) density 

12. Wet and dry color 

13. Textural and engineering classification 

14. Hydrogen ion concentration, or pH 

15. Organic matter content 

16. Carbonate content, expressed as percent CaC03 

17. Sulfate content; expressed as percent S03 · 

18. Cation exchange capacity 

19. Differential thermal analysis 

20. Types of exchangeable_ cations 

The following discussion of properties of the Wisconsin loess is made 
on the basis of available test results. Wisconsin loess in the southwestern 
Iowa area is a fine textured, predominantly silt and clay size soil material. 
The dry Munsell color of the oxidized loess is pale yellow, light yellow brown 
or light olive brown. The unoxidized loess is light gray. Near its source 
where it is deepest., the loess is commonly highly calcareous. With increas
ing distance away from its source, the loess becomes thinner, finer textured, 
more weathered, and less calcareous. Wisconsin loess shows essentially no 
stratification and a characteristic feature is its ability to stand in vertical 
or near vertical slopes7

• Striking examples of this feature may be seen in 
many cut sections in the bluffs along the Missouri River (figure 3). 

The test data for traverse 1 indicate that physical and chemical proper
ties of the Wisconsin loess along the east valley wall of the Missouri River 
are remarkably uniform both areally and stratigraphically, for a natural 
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Fig. 3. Exposure of Wisconsin loess in the east valley wall along the 
Missouri River behind the third ward school at Missouri Val
ley, Harrison County, Iowa. ·'this cut shows 75 feet of Wis
consin loess overlying 15 feet of pre-Wisconsin (Loveland) 
loess. 

deposit of soil material. As would be expected, in-place density increases 
with depth in the loess; the :field moisture content also shows some increase 
with depth. 

With increasing distance away from the east valley wall, however, test 
data for samples taken along traverses 3, 4, and 5 reflect a marked increase 
in plasticity, shrinkage, water-holding capacity, and in-place density; in 
general, the data of traverse 2 shows the same trends. These property 
changes appear to be chiefly due to an increase in the amount of clay in the 
loess0

, the textural classification of the loess changing from silty loam at 
the west boundary to silty clay at the east. With the exception of increase 
of field moisture content and in-place density, the values of the above men
tioned properties are comparatively uniform at varying depths in the loess. 

The mineralogical nature of Wisconsin loess in the southwestern Iowa 
area seems to be quite uniform. Organic matter and soluble sulfate con
tents are low or nonexistent. Aside from variation in amount of clay, the 
principal variable in the loess appears to be carbonate content, which varies 
both areally and stratigraphically. Carbonate percentages, expressed as 
percent calcium carbonate by weight, were as high as eighteen percent along 
the east valley wall of the Missouri River and decreased to as low as one 
percent in samples obtained near the arbitrary east toundary. 
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TABLE_ I. PROPERTY VARuTIO~SjN WI~C:ONSIN LOESS ALQNG TRAVERSE 3 
-

.. - Physical Tests Chemical Tests 
-

Dis- +> 

tance ·o " Depth* Sam- " from .... .. " Sample County Soi!Serie8 Valley 
or plingt § ..., 0 ~ ·" Loess, Depth, +> " " "' i..., §'o Wall, " '" " in. .in. " " " "' ~~ o~ miles ~ "' ll "" ~§ .~ ·, 

><ii;· r.i "' c'5 
);1 .2 " "' f>1. 

>--1 ~ ~ ,,; ,_!ii .s 
·- 6. ~ ·'" ol"' ~~ 

i:4 0 rJl rJl .... 0 0 0 
No. 22"1...: ...... :. 'Monona Hamburg· 0 1400•• 24-36 5.7 11.7 24.7,2.70 8.6 0.30,15.0110.4 No .. 23-1.. .......... Monona Ida 9.8 690 . '24-36 5.3 14.8 24.2 2.71 8.6 0.22 12.3 14. 7 
No. 24-1.. .......... Moiiona Ida 20.0 590 24-36 5.2 19.3 22.4 2.71 SA 0.34 11.8 14.3 
No. 24-2 ........•... Monona Ida 20.0 590 . 348-360 ·5.5 20.0 22.1 2:71 8.6 0;-16 9.8 14.6 
No, 25-1.. .... : ..... Har:rison Monona 27.0 525 24-36 14.4 20.1 22.312.71 . 8.3 0.40112.6 15.5 
No.· 25-2 ........ : ... Harrison Moriona 27;0 525. 90~102 12.11s.9 22.4 2.70 8.3 0.20 10.01 15.7 · 
No. 26-1.. .......... Shelby Monona 32.7 485 24'..36 12_.5,19.5,23.3,2.70

1

7.T.18 1.4

1

18.2 
No. 26-2 ............. Shelby Monona 32.7 485 .96-108 17.8 21.6 21.9 2.69 8.3 0.17 8.7 17.9 
No. 2-7-1.. .......... Shelby Marshall 44.0 .. 405. 24-36 2s:2122.112i.3l2.7o 7.o 0.16 1.5 19.3 
No.-28-1.. .......... ShelbY, Marshal! 55.3 335 24-36 16.2 20.8 22.0 2.70 8.4 0.21 7.61 17.6 
No. 29-1.. .......... "Auduoon Marshall 66.6 275 24-36 18.0l21.5,18.9l2.70[ 8.310.25 2.91 19.5 
No. 30-1.. .......... Cass Marshall 78.2 220 24-36 26.6125.4 l 7·.812.70 6:9 0.211 1.61 20.4 -
. • D.,Pth measured from earth's surface; . 
t Sampling depth refers to that measured from the top of C-horizon. 
t In-place density is expressed .as dry density. , 
§ Sand-2.0 to 0.05 mm.;silt-0.05 to 0:005 mm, clay-below 0.005 mm. 
••Estimated. ' : . , . . · 

; 

_. ~-
; : • -~· -.~h;;. - . ~. .- . . ~ 

' Field 'Tests 
.Textural 

~ Comp<>Sition, 
·~.; percent§ ., .... '. 

...;. i:< cl 

.~ +l -" 0" ~ ~· ii .);11! 

""" p:; .Q -" ~-I ~ ""' .::-.if: H 
00. a·. 

6.8 69.4. 2.2 82.2 15.6 
...... ...... 2.2 81.2 16.6 

13.8 73.5 2.1 75.1 22.8 
20.8 89.5 1.3 75.0 23;7 
...... ...... 1.7 70.5 27.8 
...... ...... 1-.7 73.5 24.8 

22.9 76.2 2.0 70.6 27.4 
. 25.5 87.4 0.9 69.8 29.3 

...... . ..... 0.9 68.1 s1:0 
27;7 79 .. 6 L2 69.1 29.7 
···-··- ...... 1.0 67.9 31.1 

28.0 83.5 i..11 60.2 38.7 

. , ' 

' ~. -

. ' 

Textural Engineers 
..: classification Classification 

- _(B,P.R. System) (B.P.R.) 

' 

Silty Loam A-4 (8) Silty Loam A-4 (8) 

}"~'°'~~- { 
A-4 (8) 
A-4 ·(8) 
A-6 (10) 
A-6 (9) · 
A-6 (9) 
A-6·(9) 

:Silty Clay A-7-6 (12) 
Silty Clay Loam· . A-6 (10) 
Silty Clay A-6 (11) 
Silty Clay A-7-6 (16) 
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Fig.4. Particle size accumulation c:urves foi samples obtained at west 
(22-1) and east (30-1) ends of traverse 3. 

Part of the above discussion pertaining to results of the property varia
tion study is illustrated by table I, which shows the trends of property data 
for the loess samples taken alo~g traverse 3: Figure 4 shows particle size 
accumulation curves for samples obtained at the west and east ends of the 
same traverse (samples 22-1 and 30-1 in table I). -Wisconsin loess in the 
southwestern Iowa area is classified into Bureau of Public Roads system 
groups2 (figure 5) ; the Bureau of Public Roads' group boundaries as shown 
should be con_sidered as approximate. -

CATION EXCHANGE CAPACITY IN WISCONSIN LOESS 
., 

Cation exchange capacity is one of the most important properties of soil, 
a fact that has long been recognized 'by agricultural soil scientists12

• It can 
be measured qualitatively arnf is'dosely related to the physical and chemical 
behavior of soil. 

_A knowledge of the cation exchange capacity is essential-for the proper 
treatment of engineering ·soils with such chemical admixtures as large 
organic cations4 and Iime3

• In studies of the clay fraction of engineering 
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Fig. 5. Wisconsin loess area in southwestern Iowa showing classi
fication of loess by BPR system, and variation 'of cation ex
change capacity of loess by contours spaced at 2 m.e. per 
100 g intervals. 

soils, the cation exchange capacity of the extracted clay colloids often can 
be used as a guide in identifying the predominant kind of clay mineral 

.present. 

The extent fo which different soils are able to exchange cations with 
solutions varies widely. Generally speaking, the exchange capacity of en
gineering soils depends upon two variables, the amount and the kinds of 
clay minerals present. Where kind of clay mineral is the principal variable, 
soils containing montmorillonite minerals are relatively high in exchange 
capacity; those in which illite is the predominant kind of clay mineral are 
intermediate, while kaolinite soils are usualy low in exchange capacity. 
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In Wisconsin loess the organic matter content is low (table I), and the 
inorganic clay minerals may be considered the pi:-imary seat of cation ex
change. The clay mineral composition of the loess appears to be uniform. 
Studies to date indicate that minerals of the illite group predominate, but 
very likely some montmorillonite group minerals are also present. Calcium 
appea:i;s to be the principal exchangeable catio'n associated with the clay 
material. Further studies are now in progress .to determine more definitely 
the mineralogy. of the Wisconsin loess in southwes:tern Iowa. 

Cation exchange capacity is usually expressed in milliequivalents of 
cation per 100 grams of oven-dry soil (m.e. per 100 g). A milliequivalent 
may be defined as one milligram of hydrogen (H+) or the amount of any 
other cation that will displace it. Other cations may be expressed in milli
equival~nts by changing them over into their hydrogen equivalents. If the 
cation exchange capacity of a soil is known, the grams of any particular 

· cation that it can adsorb may be calculated as follows: 

. . atomic wt. of cation 
grams adsorbed per 100 g of s01l=m.e. per 100 g X l f t" 1000 va ence o ca 10n X 
For example, a soil having a cation exchange capacity of 20 m.e. per 100 g 
is capable of adsorbing 

20 x 1.008 
0.0202 g of H+, 

1 x 1000 

20 x 40.08 
0.4008 g of Ca++, 

2 x 1000 
or 

20 x 17.03 
0.3406 g of NH4+ 

1 x 1000 

per 100 g of oven dry soil. 

Determination of Cation Exchange Capacity 

Numerous methods for determining cation exchange capacity, many of 
which differ but slightly, have been proposed12

• Most of them involve wash
ing or leaching the soil sample with a salt solution containing known ca
tions, followed by analysis of either the resulting soil or leachate for the 
amount of cations exchanged. It has been recognized for some time that 

· the exchange capacity of a ·soil denotes the total amount of cations that 
can be exchanged under a given set of conditions and not necessarily the: 
amount that could be exchanged under other conditions. The determination 
is particularly sensitive' to the pH of the salt solution used in the leaching 
operation; with a neutral (pH = 7) solution of a given- salt, the cation ex
change capacity may be significantly less than when determined with an 
al~aline (pH>7) solution of the same salt. For this reason, the pH of the 
leaching solution should always be stated. The common practice is to use 
neutral solutions.· · 
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Neutral normal ammonium acetate is especially well adapted to the 
cation exchange capacity determination and was used in the Wisconsin 
loess study. With this ammonium acetate solution, the exchange capacity 
of engineering soils can be determined with reasonable accuracy even when 
the soil contains soluble salts and calcium carbonate. High accuracy de
pends upon thorough replacement of the cations in the soil with ammonium 
ions and then accurate determination of ammonium (NH4+) that has been 
taken up by e:Jfchange. The test methods used in measuring the cation ex
change capacity of the Wisconsin loess samples ar~ presented in the ap'
pendix. 

Cation Exchange Capacity of Wisconsin Loess 

On the basis of tests on over one hundred samples of Wisconsin loess, 
the range in cation exchange capacity values in the southwestern Iowa area 
studied is from 7.5 to 25.8 m.e. per 100 g. The exchange capacity of the'loess 
is lowest near the major source of the loess, the flood plain of the Missouri 
River, and increases in value with distance eastward away from the source. 
This increase is mainly attributed to an increase in the amounf of clay in 
the loess. There seems to be very little stratigraphic variation of cation 
exchange capacity. 

The above mentioned trends are illustrated in table I .and figure 6 by the 
data for samples taken along traverse 3. In figure 5 the variation of cation 
exchange capacity in the southwestern Iowa area is shown by contours 
having a 2 m.e. per 100 g interval. 
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CORRELATION OF CATION EXCHANGE CAPACITY 

WITH ENGINEERING PROPERTIES 

The test data for Wisconsin loess affords an opportunity for correlations 
of cation exchange capacity with some engineering properties which are 
commonly used for the identification, design, and construction control of 
soils and soil mixtures. Data available at the present time indicate that the 
major variables in the loess are the amounts of clay and carb.onates present. 

Properties Correlated 

The engineering properties to be correlated with cation exchange capac
ity were determined by means of the following test procedures: 

1. Percent 0.002 mm. clay (ASTM Method D 422-51, as modified5
) 

2. Liquid limit (ASTM Designation: D 424-39) 

3. Plastic lim1t (ASTM Designation: D 424-39) 

4. Plasticity index (ASTM Designation: D 424-39) 

5. Shrinkage limit (ASTM Designation: D 427-39) 

6. Centrifuge moisture equivalent (ASTM Designation: D 425-39) 

7. Field moisture equivalent (ASTM Designation: D 426-39) 

· 8. Hygroscopic (air-dry) moisture (ASTM Designation: D 422-39) 

9. In-place (field) density (the rubber balloon method was used) 8 

10. Field moisture content (The method for material that does not contain 
aggregate larger than 0.25 inch was used8

.) 

Complete details on the tests may be obtained from publications 
cited i. 9

• 
16

• 

Correlations 

The relation of cation exchange capacity to the several engineering 
properties ·was determined by plotting, on linear graph paper, the value of 
the engineering property of each loess sample against the sample's cation 
exchange capacity (figures 7 to 16). The curves were visually fitted to the 
plotted points; no attempt was made to fit a curve to data in figure 13, 
which shows the relationship of the cation exchange capacity to the field 
moisture equivalent data. The· in~place density points in figure 15 represent 
only the loess densities as measured at a depth of two to three feet below 
the top of the C horizon. This wi;ts necessary because in-place density shows 
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a marked increase with depth in the loess and cation exchange capacity 
does not. The plotted points in all other graphs represent Wisconsin loess 
at the two to three foot depth or deeper. 
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The results of the correlation study show that the following engineering 
properties of Wisconsin loess have a curvilinear relationship with cation 
exphange capacity:: 

. I 
l '~ 

1. : Amount of 0.902 mm. clay (figure 7) 
1. I ....._ :_ ••• 

2. : Liquid limit (fi~ute,8) __ ·i 
3. -Plastic limit (figure 9) 

4. Plasticity index (figure fo) 
5. Shrinkag~ limit (figure U) 

6. Centrifuge moisture equivalent (figure 12) 

7. :ijygroscopic moisture (figure 14) 

Reference to the curves shows that the amount of 0.002 mm. clay, the 
liquid limit, the plasticity index, the centrifuge moisture equivalent, and 
the hygroscopic moisture increase in value with an increase in cation ex
change capacity, while the plastic limit and the shrinkage limit decrease 
in value with an increase in cation exchange capacity. For the most part, 
the slopes of the curves change gradually with an increase of cation ex
change capacity up to about fourteen to sixteen milliequivalents per iOO g, 
which, a~ marked on the graphs, is the cation exchange capacity range 
common to both east valley wall samples and samples from the four inland 
traverses. Above this range, where the plotted points represent samples 
of variable clay content, but of low and practically uniform carbonate con
tent, the curves become steeper and approach a straight line. This suggests 
that the curvilinear relationships may be due at least in part to the varia
tion of carbonate content in the loess. 

A limited amount of experimental investigation indicates that the pres
ence of carbonates 'tends to lower the cation exchange capacity of the 
"whole" loess. For this reason, the high carbonate content valley wall trav
erse samples had their cation exchange capacities reduced more than the 
low carbonate content samples obtained along the inland traverses. The 
amount of 0.002 mm. clay has· been correlated with engineering properties 
of the same Wisconsin loess samples6

• The engineering properties which 
show a curvilinear relationship to catibn exchange capacity in the present 
study showed a linear relationship to amount of 0.002 mm. clay. This dif
ference indicates that cation exchange capacity may. be more sensitive to the 
variation of carbonate content in the samples than are the engineering 
properties. 

The field moisture equivalent shows no well defined relationship with 
cation exchange capacity. The data, however, does indicate that it varies 
slowly as cation exchange capacity increases (figure 13). Correlations of 
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the field moisture equivalent and clay content iri previous investigations 
have shown that th~ F.M.E. varies slowly as clay content, increases and 
even for a given type of soil exhibits considerable variability"· 13

• More 
plotted points in the cation 'exchange capacity range above 16 IIl·e: per 100· 
g are needed before a significant curve cari be fitted; for this reason no curve 
is shown. · 

On the basis of the data plotted both the in-place density, providing in
place density measurements are made in similar stratigraphic positions, 
and the field moisture content of Wisconsin loess appear to be directly 
proportional to cation exchange capacity, showing an increase in value with 
an increase in cation exchange capacity (figure 15, 16). 

CONCLUSIONS 

' 1. The quantitative measurement of the amount of ?-mmonium (NH4+) 
adsorbed upon leaching Qr shaking the sample thoroughly with neutral 
normal ammonium acetate salt solution is a relatively simple and accurate 

.method for determining the cation· exchange capacity of Wisconsin loess. 
2. The data available at the present time indicate'that the major variables 
in the Wisconsin loess are the amounts of clay and ~arbonates present. 
3. The variation of cation e:Xchange capacity in Wisconsin loess is attrib
uted mainly to the variation in the amount of clay present· in the loess. 
Studies to date indicate that the clay mineral composition is uniform and 
that minerals of the illite group predominate. 
4 .. The effect of carbonate content on cation. exchange capacity and on 
engtneering properties needs additional study . 

. 5. Since the deterrr;tination of cation exchange capacity is comparatively 
sensitive to the test technique employed, a standard test method for deter
mining it should be adopted to place the results of different investigators 
on a comparable basis. . 
6. On the basis of .tests on over one hundred samples of Wisconsin loess, 
the range in cation exchange capacity values .is from 7.5 to 25.8 m.e. per 
100 g of oven dry loess. 
7. Cation exchange capacity is quantitative and significant in character 
and has direct application to engineering'soil problems. By means of corre
lations such as those presented, cation exchange capacity can be directly 
related to conventional engineering properties of soils. 

APPENDIX 

TEST METHODS USED FOR MEASURING CATION 

EXCHANGE CAP AClTY 

The test methods used in measuring the cation exchange capacity of 
the Wisconsin loess samples are presented in the following ~rder: exchange 
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of cations, distillation, titration, and calculaticins. 

Exchange of Cations 

_The exchange' of cations was by two methods. The first method, which 
was used with about half of the loess samples, was to leach the s·ample in a 
carbon filter tube funnel with neutral normal ammonium acetate solution. 
The pH of the normal solution may be. adjusted to pH 7.0 by the use of 
either ammonium hydroxide or acetic acid, depending on the initial pH. In 
the second method, the exchange was accomplished by shaking a mixture 
of· soil and ammonium acetate solution 1n a bottle. Instructions- for using 
the leaching method are presented first. 

Cotton . 

500 ml Volumetric Flask 

Carbon 
Filter Tube 

F.unnel 

Fig. 17. Leaching apparatus 
for cation exchange 
capacity determina
tion. 

..! 

The leaching apparatus· is shown in figure 17. A pad of cotton is placed 
in the bottom of the carbon filter tube funnel and covered with 0.25 in. of 
Ottawa sand which has no effect on the cation exchange capacity. Approxi
mately ten grams of air dry loess, ground to pass the No. 40 sieve (100 
percent passed), is accurately weighed to. the nearest 0.001 g and placed 
loosely on top of the sand layer in the carbon filter. The hygroscopic mois-· 
ture in the air dry material shoultj. be determined on a duplicate sample of 
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loess in accordance with the procedure given in ASTM Method D 422-51. 
Another 0.25 in. layer of sand is then placed over the loess sample to pre
vent roiling when the leaching solution is. brought into· contact with the 
sample. A volumetric flask containing 250 riiI. of neutral normal ammonium 
acetate solution is inverted over the top of the sand layer (figure 17), and 
the leaching rate is adjusted to not more than fifteen drops per minute, since 
a more rapid rate app'ears to give cation exchange capacity results which 
are too low. The leaching rate can be slowed by pressing down on the sand 
layer with the mouth of the flask. When the ammonium acetate solution 
leaching is completed, the sample is lea<:>-hed again with 150 ml. of neutral 
70 percent methyl alcohol solution to wash out any excess ammonium ace
tate solution that may be held in void spaces. The next step is to determine 
qua~titatively the ar~ount of ammonium ions held by the sample. 

Shaking the loess sample with neutral normal ammonium acetate solu
tion will also bring abo,ut the desired exchange cations. This second method, 
which was used in the latter part of the loess study, requires the use of a 
centrifuge. The weighed air dry loess sample is placed in a rubber stoppered 
centrifuge bottle and shaken, by hand or electric shaker, with 250 ml. of 
ammonium acetate solution for three minutes. The suspension is then cen
trifuged l.mtil all soil particles are packed in the bottom of the bottle. The 
clear supernatant liquid above the sample is suction filtered through a 
Buechner funnel fitted with a dense filter paper, and the centrifuge bottle 
is refilled with 250 ml. of fresh ammonium acetate solution. After the shak
ing and centrifuging operation has been repeated, the supernatant liquid 
is filtered through the Buechner funnel, and the soil is washed into the 
funnel and filtered. (Experiments with Wisconsin loess samples indicated 
no significant increase in cation exchange capacity when the shaking and -
centrifuging operation was repeated a third time.) The soil cake is then 
washed with 150 ml. of neutral 70 percent mE)thyl alcohol solution before 
determining the amount of ammonium ions adsorbed by the soil. · 

Both methods of determining exchange appear to give about the same 
. degree of cation exchange with loess samples. However, the shaking method 
-is less time consuming, and for this reason it is more satisfactory for en
gineering laboratory use. 

Distillation 

Immediately following the alcohol washing the loess sample containing 
ammonium that has been taken up by exchange is transferred to a 500 ml. 
Kjeldahl f!ask and covered with _150 mL of distilled water (figure 18). If 
the leaching method has been used, the entire contents of the carbon filter 
tube funnel are washed into the Kjeldahl flask. The transfer of soil from 
the Buechner funnel used in the shaking method is best ac~omplished by 

1 rolling i.Ip the loess sample in the filter paper and transferring paper and 
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outflow, 

glass 

1ubing 

) : . 

condenser 

receiving 

tube 

500 ml. 

connecting 

bulb 

500 ml. 

Kjeldahl flask 

Fig. 18. DistillatiOn apparatus for· 
cation exchange capacity 
determination. 

.• i' ~ ' 

sample to the Kjeldahl flask. Wetting the caked soil slightly facilitates this 
operation. Soil grain clinging to the sides of the funnel may be transferred 
by wetting a clean sheet of filter paper with distilled water and wiping the 
inside of the funnel clean; the filter paper is then placed in the flask. 

Next exactly 50 ml. of 0.1000 N hydrochloric acid should be measured 
and placed in a 500 ml. Erlenmeyer flask. The flask should be placed under 
the condenser with the receiving tube of the condenser extending well into 
the acid (figures 18, 19): One ml. of 0.2 percent methyl red solution should 
be added to the acid .and a full teaspoon of magnesium oxide to the contents · 
of the Kjeldahl flask. All connections of the distillation apparatus should 
be checked to make sure they are tight enough to. prevent any escape of 
ammonia. Then the burner should be lighted under the Kjeldahl flask and 
the contents distilled nearly to dryness. 

Care should be exercised throughout the distillation to_ prevent acid 
from being sucked up into the Kjeldahl flask. Should the acid .start to be 
sucked up into the condenser, the connecting line at the top of the condenser 
should be momentarily opened. Care should be taken that the flame is on 
throughout the distillation, as a loss of heat source will create a vacuum 
in the distillation system and suck acid up into the condenser. At the end" 
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of the distillation, the Kjeldahl connecting bulb should be disconnected be
fore removing the flame. 

Fig. 19. Arrangement of cation exchange capacity apparatus for 
testing four samples at the same time. Left to right: Dis
tillation apparatus, titration apparatus, leaching apparatus, 
and pH meter. The bottles on the shelf above contain chem
icals used in the tests. 

Titration 

The Erlenmeyer flask should be removed and the acid washed off the 
receiving tube into the flask with distilled water. The excess acid should 
be titrated with 0.1000 normal sodium hydroxide, reading the burette to 
the nearest 0.1 ml. The end-point of the titration occurs at a pH of exactly 
6.2. The end-point can be determined most accurately by the use of a pH 
meter, though the end-point is evidenced by a yellow orange color. At a pH 
of about 5.7 the color turns from red to red orange and then fades to yellow 
orange as the titration proceeds to pH 6.2; there is a difference of 0.5 to 
0.7 ml. between pH 5.7 and 6.2. 

Calculations 

The cation exchange capacity of the loess sample may now be calculated 
in milliequivalents per 100 g of oven dry soil. 

The oven dry weight of the sample used is determined by correcting the 
air dry weight for hygroscopic moisture as follows: 

117 



100 
d = alOO + p 

(1) 

where: 
d = wt. of oven dry sample in grams 
a = wt. of air dry sample in grams 
p = percent hygroscopic moisture 

The cation exchange capacity is calculated from the following equation: 

c·= 
A-B 

d 
100 (2) 

where: 
c =cation exchange capacity in m.e. per 100 g 
A = (ml. of HCl used) (normality of HCl) 
B = (ml. of NaOH used) (normality of NaOH) 
d -:- wt. of oven dry sample'in grams 

In general, cation exchange capacity values should be reported as the 
average of at least two determinations. 
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CATION EXCHANGE CAPACITY 

OF THE CLAY FRACTION OF LOESS 

IN SOUTHWESTERN IOWA 

by 

D. T. Davidson, Professor, Civil Engineering 

J.B. Sheeler, Associate Professor, Civil Engineering 

(Iowa Academy of Science Proceedings, 60 :354-361. 1953.) 

The cation exchange capacity of clay size material extracted from soil 
with a low organic matter content depends on the kinds of clay minerals 
in the soil. If most of the ·extracted clay is of one kind of clay mineral, the 
exchange capacity will indicate what that mineral is. Cation exchange 
capacity determinations were made on the minus 2 micron clay size range 
of selected. samples of loess from the southwestern Iowa area (figure 1). 

WHOLE LOESS SAMPLES 

The origin, distribution, and property variations of the Wisconsin. loess, 
also referred to as Peorian loess, which mantles-much of the southwestern 
Iowa area (figure 1) have been discussed2, 3

' 
4

• The minus 2 micron clay 
fractions used in this study were extracted from eleven samples of whole 
loess which were selected as representing the range in properties of the 
more than 150 loess samples that have been tested in the property variation 
studies of the Iowa Engineering Experiment Station. · 

The locations from which the whole loess samples were taken are given 
in table I, and the sampling locations are shown in figure 1. Sample 55-1 is 
Upper Wisconsin or Cary-Mankato loess from the Pisgah road section10

• 

The other Wisconsin age loess samples are undifferentiated because the 
buried (Brady) soi111

, which separates the upper and lower Wisconsin. com
ponents, was not present. The samples of Loveland soil, Sangamon soil 
profile on Loveland loess, and of Loveland loess from the type section at 
Loveland, Pottawattamie County, were included in the study for compara-
tive purposes. , 

Table II gives some properties of the whole loess which are indicative 
of the cation exchange material in the samples. The Wisconsin loess samples 
are arranged in the order of increasing clay content. The range in clay con
tent of the Wisconsin loess in southwestern Iowa is shown. 'Whether the 
type section of Loveland samples used are representative of Loveland soil 
and loess exposed elsewhere in southwestern.lowa is not as yetkriown. The 
Loveland ~oil had a higher clay content than the underlying loess, and both 
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Fig.'l. Distribution of ,samp11rig locations .in southwestern iow~ loess 'are~. 
Symbols indicate age classification of loess sampled. 

Loveland samples had lower clay conte_nts than ·some of the more plastic 
Wisconsin loess samples. · 

Sample 2G-2 is from the same location as sample 26-1 but. was taken 
at a greater depth ~n the Wisconsin loess section. Both samples contain 
practically the same amount of clay. 1 However sample 26-2 is unoxidized .
and unleached~ and sample 26'"1 is· .oxidized and 'ieac}:ied. Sample 26-2 was 
included' to, detern;iipe what ~ffect· oxidation and leaching 'might have on 
the clay mineral-in the loess. This--was the only unoxidized sample used in 
the study: . 

. The. organic matter c~ntent of all samples was 1ow;.and for-this reason 
. the. inorganic clay mineral.s are considered to be la~gely responsible for ca- . 
tion exc_hange. Carbonate contents were variable;. being relatively high for . 
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TABLE I. LOESS SAMPLING LOCATIONS IN SOUTHWESTERN low A 
I 

Location 

Sample Age· Sampling 
'County_ 

'J"own-
Material depth* Section shin 

No . classification (ft.) North 

55-1 Loess Upper Wisconsint 2%-3% Harrison SW/c,S-8 81 
20-2 " Wisconsin 39-40 Harrison S-15:j: 78 

(Undifferentiated) 
61-2 " " 17-18 Ida NW1;4,S-9 87 
26-1 " " 4-5 Shelby SE14,S-21 81 
26-2 " " 10-11 " " " 
29-1 " " 5-6 Audubon NW /c,SW14,S-13 78 
36-1 " " 5%~61,4 Montgomery SE 14,NE14 ,S-14 72 

43%-1' " " 5-6 Fremont· NW/c,S-36 68 
46-1 " " ·5-6 Page N-W14,S-30 67 
49-3 Soil§ Loveiand 55** Pottawattamie SE/c,NW1,i,S-3tt. 77 
49.4 Loess. " 65:j::j: " " " 

* Measurements are from earth's surface. 
t Also called Cary-Mankato loess and Bignell loess. -Sampled from PiSgah-road section (4) . 
:j: Sampled from bluff behind third ward school in city of Missouri Valley. 
§ Sangamon soil profile on Loveland loess. 
**Sampled from about middle of 10 + ft. Sangamon soil profile. 
ttSampled from type section of Loveland loess at northeast edge of town of Loveland (5). 

- :j::j:Sampled in Loveland loess about 3 ft. above slump. 

Range Soil 
' West Series 

44 Hamburg 
43 Hamburg .:=: 

40. Monona 
40 Monona 

" " ;·~. 

36 Marshall 
38 Marshall 
40 Marshall 
37 Marshall 
44 Hamburg 

-·, 
) 

" " 



TABLE II. SOME PROPERTIES OF WHOI,E LOESS SAMPLES 

Sample Textural Composition .. 

Clay (o/o) Organic Carbonates Cat. Ex, 
Pl as-

B.P.R.t No. Age Sand Silt ticity 
Classification (%) (%) -5µ -2µ matter ( % CaCO 3) Oxidation pH Cap Index Classifi-

(%) (m.e./lOOg) (%) cation 
Upper 

55-1 Wisconsin 4.0 82.6 13.4 12.0 
Wisconsin 

0.24 11.0 Oxidized 8.4 11.2 2.3 A-4(8) 

20-2 (Undifferentiated) 1.4 78.8 19.8 16.0 0.17 10.2 Oxidized 8.7 13.4 6.2 · A-4(8) 
61-2 .. 5.2 70.8 24.0 19.8 0.15 11.5 Oxidized 8.3 14.2 10.8 A-6(8) f--l 
26-1 .. 2.0 70.6 27.4 22.4 0.18 1.4 Oxidized 7.0 18.2 12.5 A-6(9) N) 

N) 26-2 .. 0.9 69.8 29.3 23.1 0.17 8.7 Unoxidized 8.3 - 17.9 17.8 A-6(9) 
29-1 .. 1.0 67.9 31.1 25.0 0.25 2.9 Oxidized 8.3 19.5 18.0· A-6 (11) 
36-1 .. 0.8 63.2 36.0. 28.9 0.21 1.8 Oxidized 6.7 21.0 20.7 A-7-6(13) 
431h-1 .. 0.4 60.2 39.4 33.0 0.37 0.5 Oxidized 6.7 24.4 33.4 A-7-6 (18) 
46-1 .. 0.8 55.7 43.5 36.2 0.30 1.5 Oxidized 6.3 22.6 32.7 A-7-6(19) 
49-3 Loveland (soil) 2.7 61.1 36.2 31.4 0.19 1.3 Oxidized 8.2 22.7 24.6 A-7-6 (15) 
49-4 Loveland 5.3 65.9 28.8 24.6 0.11 7.0 Oxidized 8.2 16.6 15.3 A-6(10) 

*Sand-2.0 to 0.05 mm., Silt-0.05 to 0.005 mm. One micron equals 0.001 mm. 
"!"Bureau of Public Roads Soil Classification System. Also referred to as the Highway Research Board System or the American Associa-
tion of State Highway Officials (AASHO) System!. 
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.CLAY FRACTION 

The minus 2 micron portions of the whole loess samples were used for 
the exchange capacity determinations because practically all of the cation 
exchange material, the clay minerals, occur in this particle size range. 
Complete separation of the clay minerals from other substances such as 
quartz and carbonates is' difficult, but only very small amounts of such sub
stances are commonly found in the minus 2 micron soil fraction. . . 

The separation of the minus 2 micron clay material from the whole 
10°ess w~s by means of a sedimentation procedure. In this procedure neither 
the whole loess nor the separated clay was given hydrochloric acid or hydro
gen peroxide treatments. When a deflocculating agent was needed to pre
vent :flocculation, 0.1 N sodium hydroxide was used. 

DETERMINATION OF CATION EXCHANGE CAPACITY 

Cation· exchange capacity can be. determined by a number of methods, 
most of which involve leaching the soil sample with a salt solution con:.' 
taining known cations followed by analysis either of the resulting soil or 
of the solution for the amount of cations exchanged". 

The cation exchange capacity of a soil denotes the total amount of ca
tions that can be exchanged under a given set of conditions and not neces
sarily the amount that could be exchanged under. other conditions. The 
determination is particularly sensitive to the pH of the salt solution; the 
common practice is to use a neutral (pH = 7) solution. Neutral normal 
ammonium acetate has been found to be a salt solution especially well 
adapted to the exchange capacity determination°. With this solution the 
exchange capacity of inorganic soils can be determined with reasonable 
accuracy even when the soil contains soluble salts and calcium carbonate. 

Test methods used in determining cation exchange capacities of whole 
Wisconsin loess samples have been previously presented4

• A step by step 
summary of the procedure used in the present study is as follows: 

1. Weigh out about one gram (accurate to 1 mg) of representative air dry 
clay a:nd place in a 300 ml. centrifuge bottle. (A similar sample should be 
weighed out for the l).ygroscopic moisture determination needed to convert 
air dry weight to oven dry weight.) 

2. Add 10 g of fine Ottawa sand to the clay in the centrifuge bottle. (Ottawa 
sand is inert and increases the permeability for the purpose of :filtration in 
Step 7.) 

3. Add 250 ml. of neutral normal ammonium a~etate to the contents of the 
centrifuge bottle and shake for three minutes .. (Higher normalities and 
increased shaking times were experimented with but did not significantly 

. affect results.) 
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4. Centrifuge at 2000 RPM for ten minutes. 

5. Decant the clear supernatant liquid. 

6. Repeat step 3. 

7. Filter the contents of the centrifuge bottle with a Buechner funnel con
taining two fine filter papers. 

8. Wash the material retained on the filter paper with 150 ml. of neutral 
70 percent (by volume) methyl alcohol to remove the excess ammonium 
acetate trapped in void spaces. 

9. Determine the amount of ammonia held in the exchange positions of the 
clay by a modified Kjeldahl nitrogen determination4

• 

' , 

10. Calculate the cation exchange capacity in .milliequivalents per 100 g of 
oven dry clay4

• 

CATION EXCHANGE CAPACITIES 

Cation exchange capacities of minus 2 micron clay fractions are given 
in table III. Since the clay minerals are the primary seat of cation exchange, 
the uniformity of the data indicates that in the kinds of clay minerals in the 
Wisconsin loess the exchange capacity varies little. The data further indi
cate that there is little difference between the clay fractions of the Wiscon
sin loess and the Loveland loess.-The results of differential termal analyses 
on whole loess samples substantiate this2

• 

TABLE III. CATION EXCHANGE CAPACITIBS OF 

MINUS 2 MICRON CLAY FRACTIONS 

Sample Age Cation Exchange 
Material Capacity* 

No. Classification (m.e. / lOOg) 
Upper 

55-1 Loess Wisconsin 59.3 
Wisconsin 

20-2 " ( U ndiff erentia ted) 58.6 
61-2 " 52.5 
26-1 " 62.8· 
26-2 " 59.0 
29-1 " 62.2 
36-1 " 63.1 
431h-1 " " 59.9 
46-1 " 57.4 
49-3 Soil ·Loveland 63.4 
49-4 Loess " 54.4 

*Values reported are the average of two determina- , 
tions. 

Slight variations in the.cation exchange capacity value·~ in table III may 
or· may not be significant. Further studies are in progress to determine 
whether they are due to experimental factors or to slight variations in 
mineral composition. 
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The clay fractions extracted from soils are rarely composed of a single 
kind of clay mineral but usually contain two or more mixed with other sub
stances from which complete separation is difficult. The exchange capacity 
of the minus 2 micron particle size range for this reason can at best be 
used only to estimate roughly the predominant kind of clay mineral present. 
The estimation can be made by comparing the determined value with the· 
exchange capacities of comparatively pure clay minerals. Cation exchange 
capacities of the common clay minerals are given5 as: 

Montmorillonite 
Attapulgite 
Illite 

60-100 m.e./lOOg 
25-30 
20-40 

Kaolinite 3-15 
Halloysite 6-10 

A comparison of the data in table III with these values indicates that 
the loess clay fractions contain a predominance of montmorillonite group 
minerals. Differential thermal curves for samples of whole loess from 
southwestern Iowa have indicated the presence of illite2

• This mineral is 
often associated with montmorillonite in soils, and its presence would tend 
to lower the exchange capacity8

• 

Montmorillonite .can d~velop from illite by weatheririg6
, which may be 

why the Loveland soil has a higher exchange capacity than the loess o~ 
which it developed. The same explanation ·may apply to the difference in 
the exchange capacities of samples 26-1 and 26-2. The oxidized and leached 
samples (26-1) had a slightly higher exchange capacity than the unoxidized 
and unleached sample (26-2). ·· 
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. X-RAY FLUORESCENCE ANALYSIS OF TOTAL IRON 

AND MANGANESE IN SOILS 

by 

R. L. Handy, Associate Professor, Civil Engineering 

E. A. Rosauer, Associate, Iowa Engineering Experiment Station 

(Iowa Academy of Science Proceedings, 66 :283-301. 1959.) 

ABSTRACT 

X-ray fluorescence analysis, also known as X-ray spectroscopy, is a rapid, 
accurate and non-destructive means of qualitative and quantitative chem
ical analysis which requires relatively little sample material. Irradiation of a 
sample by hard, short. wavelength X-rays causes the elements within the 
sample to einit secondary X-rays which are characteristic of and specific 
for the various elements present. The intensities 'of such secondary X~rays 
are proportional to concentrations of the emitting elements, and linear 
relationships may be shown at low or high concentrations of the element. 
Two methods are presented for the quant~tative determination of total iron 

·and manganese in soils. The first necessitates the preparation of a calibra
tion curve and is applicable only to soils having similar properties. In this 
method. known increments of Fe20 3 and/or Mn02 are added to the original 
soil and X-ray intensities are obtained. Analysis of an unknown the!\ util
izes. the resulting equation which expresses the relation between intensity 
and concentration. 

A second method, here called the two-point method, is described and 
evaluated. This method does not require a calibration curve and is valid 
for a wider range of samples. A sample is analyzed for the element, either 
iron or manganese, and intensities are obtained, then a known amount of 
the element is added to the sample and intensities are again measured. A 
suitable equation i.1tilizing the two intensities for the determination of the 
element in the original sample is presented. Data are included to indicate 
that this method is satisfactory and accurate . 

Materials subjected either to a high voltage electron beam or to a high 
energy X-ray beam absorb part of the beam energy and re-emit it. as X-rays. 
The X-ray spectrum thus generated is characteristic of the elements in the 
sample, so the measurement of the emitted wavelengths is a means for 
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spectrochemical analysis. Since emission intensities are proportional to con
centrations of emitted elements in the sample, quantitative relationships 
may also be set up. 

In th~ commercial X-ray spectroscope the sample is irradiated with hard, 
short wavelength X rays from a tungsten tube. Secondary radiation emitted 
by the sample is collimated, then it is analyzed by diffraction from a known 
crystal (figure 1) which in effect separates the beam into component wave
lengths. The () angle at which diffraction will occur appears in the Bragg 
equation 

n,\ = 2d sin() 
where n =a whole number, indicating the order of diffraction 

,\ = X-ray wavelength 
d = interplanar spacing in the crystal 
() = the angle between the X-ray beam and the reflecting planes in the 

crystal. 

Fig. 1. Schematic arrangement for X-ray fl uorescence analysis. Hard X
rays from a tungsten tube shoot down (triple arrow) and irradiate 
the sample contained in a sample drawer. Fluorescent X-rays from 
the sample are then diffracted by a known crystal and detected with 
a counter tube, shown at right. The ()angle is specific for diffraction 
of a given wavelength. 

In X-ray spectroscopy d is known and ()is measured, then the equation 
is solved for ,\. This is in contrast with X-ray diffraction analysis, where ,\ 
is known and ()is measured, and the equation is solved for d. 

For qualitative identification of elements in the sample, the ()angle may 
be scanned while diffracted intensities are continuously measured with a 
Geiger-Muller or scintillation counter and the counting rat e recorded on a 
strip chart recorder. Each peak intensity then indicates a ()angle at which 
the Bragg equation is satisfied, and the emitted element may be identified 
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from its wavelength by means of prepared tables. The identification may be 
checked at the various corresponding 0 angles. 

For quantitative measurement, the 0 angle is set for the desired wave
length, and counts are. made for measured time intervals. The X-ray in
tensity is then expressed in counts per second and is corrected for instru
mental drift or crystal misalignment by re-run of a standard. A correction 
is also made for scattered radiation or background; this is made by sub
tracting counts at a nearby O angle which does not coincide with the 0 for 
other wavelengths emitted by other elements in the sample. 

Unless objectionable overlapping of wavelengths from different ele-
. ments occurs, the radiation usually selected for measurement is the strong
est radiation, the Ka. Tungsten radiation applied to the sample causes 
ejection of electrons from inner shells to outer shells of the atoms; when 
the electrons fall back, the change in energy level results in fluorescent 
emission of X-rays. Ka results. from vacancies in the innermost K shell 
being filled by electrons from the n~xt outer shell, the L shell. Radiation 
designated K(J is emitted when vacancies in· K shell are filled from the 
third, or M shell. Since this involyes a greater change in energy level, K(J 
has .a higher energy, i.e., a shorter wavelength. However, since filling of 
the K from the neighboring L is statistically more probable, Ka radiation 
is the more intense. 

ABSORPTION 

Ideally a fluorescent intensity is proportional to the mass concentration 
of emitted atoms in the surface of the sample. At low or high concentrations 
of an element this is approximately true, and a linear relationship between 
intensity and concentration may, be found. 

TABLE l, MASS ABSORPTION COEFFICIENTS 

OF DIFFERENT ELEMENTS FOR 

FE Ka AND MNKa RADIATIONS 

Element Atomic µ,/p MnKat 
Number FeKa''' . (2.103 A) 

(1.9373 A) 
Mg 12 75.7 
Al 13 92.8 115 
Si 14 116.3 
Ca 20 317 380 
Cr 24 490 
Mn 25 63.6 
Fe 26 72.8 90 

*Internationale Tabellen zur Bestimmung 
von Kristallstrukturen, Vol. 2, 1935. 

tinterpolated from values in Handbook of 
Chemistry and P.hysics, Chemical Rubber 
Publishing Co., 35th Ed., Cleveland, Ohio, 
1953. 
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With intermediate concentrations the linear relationships no longer 
hold, illustrating the effect of re-absorption of emitted rays before they 
leave the sample. The amount of absorption varies widely depending on the 
X-ray wavelength and the identity of the elements in the sample. Mass 
absorption coeffidents of different commoD" soil elements for iron Ka and 
manganese Ka_ radiations are shown in Table 1. As an example, the pres-" 
ence of calcium in a sample will reduce the fluorescent iron Ka intensity far . 
more than the presence of an equal amount of magnesium. Similarly, at high 
iron content the low absorption factor of iron for iron Ka radiation ordi
narily will mean disproportionately high iron Ka intensities. Fluorescent 
intensities are also affected by absorption of tungsten radiation; however 
these absorption coefficients are so low they have relatively little effect. 

Several solutions have been suggested for the absorption pro-blem. The 
simplest is to prepare a calibration curve specific for soils having similar 
physical and chemical properties, and assume .that absorption does not ap
preciably vary from sample to sample. Such a curve is presented for deter
mination of manganese in a friable calcareous loess. Measured increments 
-of Mn02 were added to samples of the loess and the fluorescent intensities 
were measured; an equation relating intensity to Mn02 content was then 
found, by the method of least squares. 

Another method is to add a measured amount of a reference stand,ard 
to a sample and calibrate oh the basis of emission intensity ratios between 
the unknown and the standard. The standard contains an element whose 
radiation is absorbed about. the same as radiation from the element to be 
measured, which means that it will emit nearly the same wavelength.and 
will have nearly the same atomic number. For exan;iple, for measurement 
of iron, a carefolly measured amount of a. cobalt compound might be adde_d 
to the sample, since the atomic number of cobalt is one higher than that of 
iron. In general the absorption of cobalt Ka by different elements is much 
the same as and about proportional to the absorption of iron Ka. However, 
notable exceptions occur for elements near the absorption. edge, which 
ordinarily occurs about two atomic numbers below the emitting element. 
That is, cobalt Ka (at. no. 27) is great~y absorbed by manganese (at. no. 25) .' 
Similarly iron Ka (at. no. 26) is most strongly 'absorbed by chromium (at. 

· no. 24). Therefore presence of variable amounts of manganese in a soil 
would strongly influence iron Ka to ·cobalt Ka intensity ratios- and would 
affect the measurement of iron. - . 

Another· possibility for use of an internal standard is to go the other 
way in atomic number and select the next number lower. For measurement 
of iron, this would mean the use of manganese. Unfortunately, since soils 
already contain manganese, the intensities from the internal standard 
would be increased. Other standards may be selected, but the greater the 

. difference in emitted wavelength between the standard and iron, the greater 
the difference in absorption factors. 
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Becaus'e these solutions .are not entirely satisfactory, a different ap
proach was tried. A measured quantity of the same material is added, in 
this example a compound of iron, and the original iron content is determined 
by algebraic extrapolation, here called the tw9-point method. So far the 
method has been use.d only in the linear response rang~ (i.e. less than about 
10% Fe20a), but it should have good accuracy because of the identical 
absorption factors. 

PROCEDURE 
Standard samples were prepared with a friable, calcareous loess (Sample 

No: 20-2 VII) known to be low in manganese and iron. Cal'.efully weighed 
increments of Fe2 0 3 or Mn02. were added to the previously air dried and 
pulverized soil in 1 oz. wide-mouth glass bottles; glass beads were added as 
a mixing aid, and the bottles were put on a·totary mixer for a minimum of 
one hour. 

Samples were packed dry into 1" x 1" x Yio" bakelite holders and sub-
, jecte,d to 50 kvp tungsten radiation. The tube was operated at 50 ma. A 
sodium chloride analyzing-crystal was used, and the diffracted radiation was 
counted with a proportional counter tube. The count rates reported are from 
averages of ten 10 second coµnts. A General Electric XRD-5 unit was used ' 
for the analysis. 

RESULTS 

Manganese 

Calibration data from the, prepared Mn02 reference. samples are in 
Table II. Conversion of percents added to total percents requires some alge-

TABLE II. MANGANESE Ka CALIBRATION DATA FOR FRIABLE LOESS SOIL 

% added Total% MnKa, cpst 
Mn02 Mn02* (2(;1 = 43.79°) 

0 0.1536 57.8 
0.05 0.204 77.1 
0.10 0.253 102.0 
0.15 0.303 110.7 
0.20 0.353 135.0 
0.25 0.403 150.6 
0.30 0.453 169.3 

*0% valrn~ from equation 4; all others from column 1 and equation 1. / 
tCorrected for background of 14.7 cps (2(;1 = 47.0°), and to reference count of 28,20q cps 

on pure powdered Mn02. 
I ' 

braic.gymnastics, 'since the base for calCulation of. percent changes. That is, 
the added amounts are expressed as percentages, of the total mix, but the 
constant amount originally in the soil is not a percent of total mix since the 
amount of the total mix changes as more material is added. 

If C is the added concentration of Mn02 (for convenience expressed as a 
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· fractfon), if X0 i's the concentration _in the origin~! sample, and if X is the 
total concentratfon, X at any point eq'uals C plus X 0 corrected·for the change 
in base, or · · · - . . · · · _, _. · · · · 

X = C + Xo (1 ~ C). 
X 0 may be evalu~ted'from the p}dt. of intensity vs. ·added concentration, 
which will t~ke. the form: · · 

N =.n + s'C,. (2) 
where N is intensity; in co1.mts per se~ond, h is th~ 'c~unts per second f6r the 
origl.nai' sample; s' is slope of· the graph, and c is.-the added· concentration: 

From figure 2 and eq~ation (2) When N·= .o,.G- b, and ' ' , 

b ' ~ ' • ~' .. - (3)' 

; ' 

correction: of b to· tl).e X scale to give a value for X 0 may be done' by sub-' ', 
.. stituting in equation (1) and substituting x = b, c = h. . ' ., 

'" "'' 

: N,· .·counts 

·per second 

I,· ' ' I -

! · o·~ b +.xo:-<r:- ht 

3.o'-.-------..--"""T"------...,....----'-'-----. 

/' 

2.0 

10 

0 . ho.I ._. jo . ,().I .. .q.2' b /' 
.. 

0 
.Xo 

'0.1 0~2 0.3 

r 

c--· 

x 
Fig. 2. Change of scale. of ab~cissa from C,: co~centration,add~d, to X, total 

·concentration .. · 
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X 0 - -b n (4) _ 
.1- b - n + s' 

Either b or s' and n may be evaluated from a least squares fit of the data. 
Similarly the slope, s', may1be cm;rectedJo the X scale by equating the ex
pressions for N and substituting fol'. n from equation (3) : 

N = s'C + n = sX 
s'C- bs' = sX 

s __:__ s' - C X b 

Combining equations (1) and (4), 

X = C . l ~ b (1 - C) 

C <1- b) - b (1 - C) 
1- b ' 

C_:_b 
-1-b 

Substituting this value in equation (5), 

s , s' (1 - b), or 

(5) 

(6) 

s = s' + n (7) 

In practice, s' and n may be obtained by the least squares method to allow 
'calculation of s from equation (7). The concentration·of Mn02 in any sample 
is then 

or expressed as a percent, 

P
, , N 
= 100_. (8) 

s 

The resulting curve and equation for manganese are in figure 3. Because 
of similarity of absorption factors the equation is expected to 'hold reason
ably well for most calcareous loess soils. Intensities from leached samples 
should be somewhat higher due to the removal of calcium, which is a rather 
effective absorber for manganese Ka (table I). 

Iron 

Calibration tests similar to those performed for manganese were run 
for iron with both Ka and K/3 radiations (table III and figure 4). Ordinarily 
determinations on unknowns would be by measurement of Ka, but Kf3 may 
be used as a further check. Comparative chemical analysis and X-ray fluor
escent data for two quite different loess samples are given in table 4. 
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·Fig. 3.' Calibr_ation curve for manganese_ Ka radiatiOn · 
(table II). 

The equations of'. figures 3 or 4 are expected to hold true for most loess 
samples, but it would be desirable to apply the fluores~ent method to a wider 
range of samples without.repeating the calibration curves. For this purpose 
a two-pofnt method was devised. A sampl~ is tested for an element, then a 
known amount of the element is added .to the sample,_ and the sa:m,ple is re
tested. If a linear response is assumed; t,he two counting rates should be 

13~ 

,.• 

·~ ', 

, 

' ~-. 

' 

\., ... 



---~---,----~-----~--.~·.,~~ .. --~-~--~----~-------~-~ ... 

TABLE III. !RON CALIBRATION DATA FOR A FRIABLE LOESS SOIL 

% added Total% FeKa. cpst,:j: FeKp, cpst,§ 
Fe203 Fe20s* (2/J = 40.18°) (2() = 36.30°) 

0 3.84 3,081 693 
1.961 5.72 . 4,505 1,006 
3.846 7.54 5,965 1,380 
5.660 9.28 7,362 1,650 
9.091 12.58 10,035 2,343 

13.043 16.38 12,791 3,029 

*0% value from least squares fit of first four points and equation 4; all others from 
column 1 and equation 1. 

tCorrected to FeKa count of 43,419 cps on pure powdered Fe20a. 
:j:Background counted at 2() = 43.0 °, varies from 19 to 27 cps. 
§Background counted at 2() = 35.0 °, varies from 46 to 55 cp~. 

N, 
cps 

12'000~ 

·10000~ 

8000c-

6000~ 

0o 2 4 6 8 10 12 

P = % Fe 2 0 3 

' -

14 16 18 

Fig. 4. Calibration curve for iron Ka and Kf3 radiation (table III). Curves 
are fit by least squares. 
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sufficient to establish the slope of the response curve arid allow evaluation 
of the content of the element in the original sample. The upper limit of the 
linear response was not established for manganese, but f~r iron it is at 
about 10% to 14% Fe20 3 (figure 4). 

TABLE IV. COMPARISON OF IRON DETERMINATIONS ON :rwo LOESS SOILS 

Sample FeKa cps''' 

55-1 friable, 1924 
calcareous loess r 

431/z-l; plastic, 
leached loess 3366 

*Corrected for drift.and background. 

% Fe20a 
(Fig. 3) 

2.44 

4.28 

· % Fe20a 
from chemical 

analysis 

2.70 

4.82 

If X 0 is the concentration· of 'the element in the original sample, C is the 
concentration added expressed on the basis of the whole sample, Ni and N 2 

are the corresponding count rates, and a linear response is assumed, · 

Ni Xo 
Nz =x (9) 

Substituting for X from equation (1) and solving for Xo, 

N1 Xo 
N 2 - C + Xo (1 - C) 

Ni C (10) 

Use of the two-point method · 

Several standard samples were selected to check the validity of the two 
point method for determination of iron and manganese. Data are presented 
in table V. 

TABLE V. lRON AND MANGANESE CONTENTS BY X-RAY FLUORESCENT 

TWO-POINT METHOD 

Sample Added Xo = Reported Added Xo= •ouw % 
% Fe20a · % Fe20a % Fe20a o/o Mn02 % Mn02 paµod<>1J 

Nat. Bur. Std. No. la,* 
argillaceous limestone 

1.511 1.659 1.63 0.385 0.071 0.038 

Nat. Bur. Std. No. 56a,* 0.319 0.160 0.180 
phosphate rock 

A.A.P.G. No. H-5,t 0.62 0.327 1.00 
kaolinite 3.95 0.320 1.00 

A.A.P.G. No. H-28,t 0.887 3.81 4.00 
montmorillonite 3.510 4.78 4.00 

*Published chemical analysis in National Bureau of Standards Circular C 398, Washing
ton, 1946, pp. 18-19. 

tPublished chemical analysis in Analytical Data on Reference Clay Materials, American 
Petroleum Institute Project 49, New York, 1950, pp. 44-45. 
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The tests on an argilloceous limestone show close agreement between 
X-ray and chemical data for total iron, which is significant because absorp
tion of iron Ka by this sample is high. Manganese contents are not in close 
agreement, possibly due to the low content of manganese. At very low con
tents counting errors are magnified because of the .iow peak-to-peak ground 
ratio, and closer results m.ight be obtained by counting for longer times. 
The manganese data for the sample of phosphate rock shows much closer 
agreement. 

Two clays were analyzed for iron. -one, a kaolinite, gave rather poor 
agreement between chemical and X-ray data, so the sample was re-run by 
the two-point method with a different content of added iron. The X-ray data 
from the two runs agree extremely well. The error may therefore be in 
sample differences or in chemical analysis, which may have been rounded 
off to one percent. Similarly, two'runs were performed on a montmorillonite. 
They give fairly good agreement, but difficulty was experienced in mixing, 
which undoubtedly influenced X-ray re.sults. 

REFERENCES 

Because of the newness of application, the X-ray fluorescent method 
has been used little for soils. Reading of a general nature plus a bibliography · 
are i:q "Norelco Reporter," Vol. III, No. 2, 3, 4, 5, March-September, 1956 . 
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EXCHANGEA.BLE POTASSIUM AND. CLAY MINERAL~ 

IN SELECTED· IOWA SOIL PROFILES 

by 
. I , 

J. J. Hanway, Pro(essor, Agronomy 

R. L. Handy, AssoCiate Professor, Civil Engine~ring. 
l • ' • -· .. • 

A. D~ Scott, Professor, Agronomy 

(Iowa 'Academy of ~cience Pro.ceedings,· 67 :215-231. 1960) 

ABSTRACT 

.. : 

. Exchangeable K · ~alues and ·x-ray diffraction patterns wer~ obtained 
for soil samples from severai modal .pr~file's 'of nine different 'soil series .in ' 
Iowa. Exchangeable K in "moist" subsoils was .consistently low and almost 
always lower than.in the "moist" surface soil. D~ying increased exchange-: . 
abl~. K .in all the soils. but the increase due· to drying varied between soil 
series and with depth in the profile of each series •. 'Reversion of exc:Q:ang~ 
able. K to. a non~exchangeable form cm rewettfog the oven .dry· samples 
generally iric:;:reased with depth. in. the' profile but the exchangeable K ne~er 
decreased to t:he or'iginal "moist"- level. ·X-ray diffraction analyses· show 
the presence of montmorillonite, chlorite, illite 'ahd/o~ mica,. ~nd kaoli~ite 
· ih all the profiles, with montmorillonite p~eciominating. Vermiculite was 
present in some of .the soil series. No relation~hip b~tween tlie clay mineral 
cohtent and the imbunt of exchangeable K could be established. · 

• ' ' ,.. ' 0 • • ' - '. • ' ' • A -

" " .· INTRODUCTlON 

Pota~sium (K) is held on the clay minerals .in soils in exchangeabl~ and 
non-exchangeable forms .. The amount of exchangeable K in Iowa soils, how
ever, depends on the moisture status uf the soil2

•
6

• Drying gen~raily ·in-
. creases the· amount of exchangeable K,' especially. in s.ubsoil samples. The K 
released ~n drying may rev~rt to a non.,exchangeable form on rewetting, 
·but the amount of reversion' varies greatly between different soil. samples. 
The amount of exchangeable K also depends on: the kind an:d amount of clay 
minerals in the sqil. Most bf the K on rriontmo~illonite and kaolinite is readi
ly exchangeable; but much.of th_e Kin illite and vermiculite is notreadily ex• 
changeable b~cause 1t is located between the layers: of a contracted ,lattice.·· 
A large amount of the. K in -Iowa soils is· presumed to be in this non-ex-· 
changeable form. · · · . · · . 

.. The amount of clay varies markedly'between different soils a:qdbetween 
different horizons of any one soii- type found in. Iowa, but little is known 

• • I . 
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about the kinds of clay minerals. On the. basis of differential thermal a:p.aly
sis, .chemical composition, and base exchange capacity in five Iowa soils 
(Clarion, Grundy, Tama, Webster and Weller) the average percentages of 
montmorillonite, illite and kaolinite were calculated to be 60, 30, and 10 re
spectively~ .. X-ray diffraction of the less than one micron day; differential 
thermal analysis, and base exchange capacity were all used in ·studying dif
ferent Iowa soils and the pre.dominant mineral in Clinton, Tama, Clarion, 
Webster and Marshall soils was found to be montmorillonite with possibly 
some kaolinite and in the Marshall soil possible some illlite4

• Only in a Gos
port soil was the clay pred@minantly kaoHnite. In an earlier study, differen
tial thermal analysis was used to study the clay ~inerals in differ.ent soils 3 

and it was concluded.: ·' 
(1) the platy structure in certain horizons of the Clinton, Fayette, Mar- · 
ion and Edina soils was asso~iated with a higher c_:ontent of kaolinitic clays 
in these soils as compared to Clarion, Webster, Tam'a, and Marshall s9ils, 
which have no horizons with a platy structure; 
(2) in general montmorillonite gradually increased with depth in gray 
brown podsols and planosols but not'in prairie soils ; and 
(3) Tuindley and Shelby soils developed on Kansan and/or Nebraskan till 
had a higher proportion of kaolinite than did other Iowa soils. No studies 
relating the amount of exchangeable K to the kinds and amounts of differ
ent clay minerals in Iowa soils have beeh reported. ' 

The purpose of this study was to obtain more information concerning 
the kinds of clay minerals .in the profiles of different Iowa soils, to determine 
the amount of -exchangeable K in Iowa soils, and to determine if any rela
'tionship could be found between the kinds of clay minerals and the amount 
of the exchangeable K in these sojls under. di~erent moisture conditions. 

METHODS AND MATERIALS 

Soil samples were collected from different horizons of modal profiles of 
nine different soil series. The number o:f profiles of each series sampled and 
the counties in which profiles were· located are shown in table L The soil 

TABLE l. NUMBER AND LOCATIONS OF MODAL PROFILES OF DIFFERENT SOIL SERIES 

INCLUDED IN THIS STUDY 

Soil series 

Carrington 
Tama 
Clinton 
Fayette 
Mahaska 
Edina 
Shelby 
M!J,rshall 
Weller 

Number of profiles 
sampled 

6 
5 
5 
6 
2 
4 
3 
3 
,4 
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Counties in which · 
profiles were 

Mitchell, Linn 
Marshall, Scott 
Jefferson 
Clayton, Winneshiek 
Jefferson 
Wayne, Davis, Van Buren 
Shelby 
Shelby 
Decatur, Jefferson 
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samples were stored in paper cartons in a cool ( 40°F), constant temperature 
room for several months prior to analyses. During this storage the moisture 
content of the soil samples d~c~eased to between 5 and 10 percent. Therefore, 
the soil samples were not truly field moist when analyzed, but are referred 
to as "moist" to distinguish them from oven dried sa;mples. 

Exchangeable K was determined on the "moist" and oven dry (110°C 
for 24 ·hours) soil sampl~s by extracting 2 g. soil with 10 ml. neutral, 1 N 
NH40A0 and determining K in the extract with a flame photometer. To 
determine if the K released to an exchangeable form on drying reverted to 
a fixed form during moist storage, 2 ml. of water was added to 1.5 g. samples 
of the "moist" and oven dry soils, and after 90 days storage, exchangeable 
K was extracted as described above. 

Samples from each horizon of two of the modal profiles of each soil series 
were selected for X-ray diffraction analysis: Each sample was _air dried and 
pulverized to pass a 200 mesh sieve. A representative portion of the mate
rial passing the sieve 'Yas treated with ethylene glycol to·expand the mont
mbrillonite, and packed wet into a sample holder. The .surface was smoothed 
with a glass slide to increase preferred orientation and increase intensities 
of basal reflections. All analyses were made with a Geiger counter diffracto
meter utilizing a 1 ° beam slit, 0.2° det.ector slit, 3 second time constant, 
2° per minute·scan rate, iooo cps full scale, and CuK.X radiation. Selected 
samples were given various other treatmerits prior to or without glycola
tion, to confirm the identification of the several clay minerals. 

Quantitative analysis by X-ray diffraction without the use of internal 
standards is. at- best an estimate, since diffraction intensities depend not 
only on the amount, composition, and cry~tallinity of a mineral, but also on 
sample packing, amount of excess glycol, degree of preferred orientation, 
and absorption of X-rays by the samples. With GuKa radiation absorption 
is particularly sensitive to the presence of iron; therefore, clay diffraction 
intensities may be lower in an iron-rich B horizon than in an underlying C, 
even though the B contains more clay mineral. Nevertheless, to summarize 
the X-ray diffraction data, quantitative estimates were attempted by a peak 
area method in which peaks were approximated by triangles. Overlapping 
peaks were separated and carefully evaluated with regard to symmetry 
and total area. Peak areas were calculated and referred to a geometric 
scale to give more emphasis to minor minerals. The scale is as follows: 

AREA, IN.
2 

SCALE RATING 

0 0 undetectable 
<0.05 t trace 

0.05 - 0.1 1 scarce 
0.11- 0.2 ,2 minor 
0.21- 0.4 3 moderate 
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. Fig. l. Profile distribution of exchangeable K as determined on 
"moist" and oven-dry (110° C., 24 hours) samples of nine 
soil types. (Numbers in parentheses indicate the number of 
profiles included to establish each range in exchangeable K 
shown for the "moist" and oven-dry soils.) 
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RESULTS AND DISCUSSION 

Profile Distribution of Exchangeable K . 

The distributio1i'of.exchangeable Kin the profiles of the nine different 
soil series when K was extracted from the "moist" and oven dry soil samples 
is shown in figure 1. The ranges of exchangeable K shown in figure 1 for 
the "moist" and oven dry samples from the various depths include the data 
from all of the profiles of each soil f?eries. 

Except for the surface soil samples, the variability in exchangeable ~ 
in the "moist" samples within a soil series was relatively small. It can also 
be seen that the profiles of different soil series differed more than the pro
files within a soil series.'The "moist'.' K values for the surface soils did vary 
widely in some cases, notably in the Tama, Shelby and Marshall soils. 

Exchangeable K in the "moist" samples was relatively constant with 
depth throughout the profiles of the Clinton, Fayette and Weller soils but 
decreased with depth in the Carrington, Tama, Mahaska, Shelby_and Mar
shall soils and increased in the B horizon of the Edina profile. These data 
also illustrate the low level exchangeable K found in subsoils under moist 
conditions. Other studies have shown that these "moist" values are slightly 
higher than would have been obtained with truly field-moist samples. The 
Marshall and Shelby profile samples tlid not get as dry as the others, and 
they show more correctly that the exchangeable K in subsoils in the field 
is often very low, and in Iowa almost always lower than in the cor~espond-

. ing surface soils .. · 

Drying increased exchangeable K in all samples, but the amount of K 
released on drying varied with soil type and with depth in each profile. Thus, 
the profile distribution of exchangeable K in each soil depended on the 
moisture content of the soil samples at the ti.me of extraction of exchange
able K. Subsoil samples generally released more K on drying than did the 
surface soils: 

Exchangeable Kin the. oven dry samples was relatively constant through
out the profiles of ·the Carrington, Tama, Mahaska, Shelby and Marshall 
soils (although it decreased somewhat in the A3-B1 horizon of the Carring
ton profil~), but was higher in the subsoil than in the s~rface soil in the 
Clinton, Fayette, Edina and Weller profiles. All the soils_ in the first group 
have developed under grass vegetation. In the latter group, except for the 
Edina, the soils were developea under forest vegetation. The Edina is a 
highly w:eathered planosol developed under grass. Further studies on this 
relationship of exchangeable K to-clay distribution in the profile and to 
native vegetation would, therefore, appear warranted. 
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Reversion of K from ;Exchangeable to Non-exchangeable Forms 
During Moist Storage. · 

Some of the K ~hat has been .released by drying will revert to a non
.exchangeable.form on rewetting2 .It was of interest, therefore, to determine 

. . ' 

'/'· 

EXCHANGEABLE POTASSIUM (ppm) 
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....... MOIST SOIL 

I 
I 

WELLER M·ARSHALL 
-OVEN-DRY SOIL ---DRIED AND REWETTED SOIL 

~REVERSiON 

Fig. 2. Exchangeable K in oven-dry (110° C., 24 hours) and 
"moist" Iowa soil profile samples that have been stored in 
water for 90 days. Th~ exchangeable K valµes obtained 
with the oven-dry samples are also ~hown f,Br comparison. 
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if the amount of reversion varied with depth in the profile. and from one 
soil series to another. The amount of reversion that occurred when oven dry 
samples. from selected profiles of the different soil series were stored in 
water for 90 days was determined (figure 2). The exchangeable K values 
obtained after rewetting the- "moist" samples are shown by dotted lines 
for comparison. 

It can be observed, by a comparison of the "moist" values in' figures 1 
and 2, that there· was little change in exchangeable K in these "moist" 
samples due to storage in water for 90 days. Although some release of K 
had occurred -in these "moist" soil samples that were partially dried, re
wetting appeared to result in very little reversion of this K to a non-ex-

' changeable form. 

In most of the soil profiles there was ~11.ly a small amount of reversion 
in oven dry samples from the -Upper horizons. The amount of reversion in
creased with depth in the pro'.ile, but reversion did not decrease the ex
changeable K level to that found in .the "moist" s_oil. The profile pattern· of 
reversion varied markedly from one soil series to another. These results 
indicate that the process of K release on drying is only partially reversible 
and that rewetting of dried soil samples, especially from the. surface hori
zon, will no~ res.ult in exchangeable K values similar to those obtained for 
undried soils. · 

X-Ray Diffraction Patterns for Profile Samples 

X-ray diffraction patterns were obtained for the various profile samples 
to provide information, concerning the kinds and relative amounts of dif
ferent clay minerals. The relative intensities of the X-ray diffraction peaks 
indicate 17 A, 14 A, 10 A, and 7 A spacings in glycolated samples (table II). 
X-ray diff1·action patterns for the different horizons of a Marshall silt loam 
profile' (No. 39) are shown in figure 3. The relative intei1sity ratings of 
different peaks are shown in this' figure to l.llustrate the size of peaks repre
·sented by the data in table II. 

Relative intensity ratings for samples from similar horizons of different 
profiles of the same soil series usually agree within one scale unit and never 
differ by more than two units. The relative intensities of the peaks tend to 
be lower and more variable for the A horizon samples than for the subsoil 
samples. Interferences as a result of the higher organic matter contents of 
the A horizons could be responsible for much of this variability and lower 
intensities. 

The-largest dilrraction peak for nearly all glycolated samples was in the 
neighborhood of a 17.7 A spacing. In untreated samples heated to 7Q0° C. 

· for 0.5 hour this 17 A peak was replaced by a large 10 A and-a smaller 9.6 A 

143 

·,_-' 

'.r• 

,• ..... 



'/ 

TABLE II. RELATIVE INTENSITIES OF X-RAY DIFFRACTION PEAKS FOR SAMPLES 

FROM PROFILES OF DIFFERENT SOIL SERIES 'iN low A 

Soil 
series 

Profile 

II 

Carrington 
13, 15 

Tama 
1, 

Clinton 
7, 

6 

9 

Sampling 
depth 

(foches) 

I II 

0 0 

6 6 

14' 12 

26 18 

27 24 

30 

36 36 

48 48 

0 0 

6 6 

13 15 

19 20 

25 26 

31 31 

37 42 

49 
0 0 

5 6 

12 12 

18 18 

26 24 

30 

36 36 
36 36 

Genetic 
horizon 

II 

AP 

Relative intensities* 

J 7 A 14 A . 10 A 7 A 

I II_ I II ·I II I II 

Mixed 
interlayer 

spacing 
(A) 

4 2 1 1 2 t 2 16,13 

II 

Aa-B1 Aa-B1 1 3 2 1 1 2 1 t 20,12 12 . 

B, Aa-B1 4 3 3 2 · 1 l 2 1 

,33 32 2t lt 12 

Ba 4 .2 t 1 
c 1. 1 1 

c 4 1 1 1 

c c 4522lt32 

1 1 t 1 1 1 t . t 16,13,11 12 

Aa Aa· 2 2 1 1 1 1 t t 20,16,12 13 

B2 3 3 3 1· 2 1 1 t 

4 4 2 3 2 1 1 . t 20 

Ba Ba 4 4 3 3 1 . t t 1 24 

c c 4 4 3 2 1 1 1 1 11 11 

c .4 3 2 1 24 

12 

44331112 24 

4423110t 

4522tltl 

4 2 t 1 
Ba 4. 2 1 t 

Ba 4 - 3 1 t 
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TABLE II. (CONTINUED) 

Soil 
series 

Profile 
I II 

Clinton 
. 7, 9 

Fayette 
20, 22 

Mahaska 
28, 29 . 

Sampling 
depth 

(inches) 
I II 

42 

48 48 
0 0 

6 6 

12 12 

18 18 

24 24 

36 36 

c 

48 48 B3 
0 0 

8 6 

Genetic 
horizon 

II 

B,-C 

Relative intensities* 

17 A 14 A 10 A 7 A 
III III III III 

4 2 1 1 
5 3 2 t 

4 2 1 t 

Mixed 
interlayer 
spacing 

(A) 
II 

16,13,11 

2 3 1 2 1 1 t t 16,12.5 

3 3 2 2 1 t t t 24 

5 4 3 3 1 t 1 t 

5 4 4 3 2 1 1 t-

4 4 3 > 3 1 1 t 1 12 

31 tt lt Ot 

A.-B1 A.-B1 4 3 t 1 t 2 t t 12 

Edina 
27, 32 

13 13 

19 19 

26. 26 

33 36 

40 48 

0 0 

8 8 

15 14 

22 19 

29 28 

36 37 

48 48 
0 0 

Ba 

c 

c 

Ba 

c 

c 

45 lt t2 01 24 

Ba 4 5 1 1 t 2 . ·t 1 24 
.'·~ 

c 4512t2tt 

4 2 t 1 24 
c 5 2 2 1 

4 t 1 t 

22 lt 11 tt 24,12 

22tt 12tt 

53 lt tt t_O 

5 5 2 t 1 1 t t 12 

55 lt tt tt 

c 55 3t tt tt 
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TABLE II. (CONTINUED) 

Soil 
serie<; 

Profile 
I II 

Shelby 
37, 38 

Marshall 
34, 39 

Sampling 
depth 

(inches) 
I II 

6 6 

12 12 

18 18 

24 24. 

30 

36 33 

42 39 

48 48 
0 0 

6 6 

12 12 

18 18 

24 24 

30 30 

36 36 

42 42 

48 48 
0 0 

6 5 

Ba 

c 

c 

Bs 

c 

'1•' 

Genetic _ 
horizon 

II 

B, 

BC 

c 

c 

Aa 

c 

c 

Relative intensities* 

17 A 14 A 10 A 7 A 
I II I II I II. I II 

4 3 1.t 2 1 t t 

53tt 11 11 

543lt112 

4 5 2 1 1 2 t 2 12 

4 3 1 1 
3 t 2 1 

4 2 2 1 

4 2 3· t 2 2 1 L 

4 4 ~ 1 . 1 1 2 1 

331122tl 

4432llit 

54,32 22 11 

5.4 2 3 2 2 1 t 

12 

5 4 ' 3 3 1 1 1 t . 12 

5 5 3 4 2 1' 1 1 

55 33 22,11 

55 33 23 11 

2 1 1 1 1 1 t t ' 12 

-.--. 

Mixed 
interlayer 

spacing 
(A) 

I II 

12 

12 

24 

12 

11 

12 

'13 

12 

12 

11 

Weller 
Decatur Co. 

24, 25 A.-B1 A.-B, 4 3 1 2 2 1 t 1 
11 10 

'20 20 

24 29 

36 36 

48 ' 48 
0 0 

Ba 

Ba-C 

c 

5 5 1 2 2 1' t t 24,12 

Ba 5 5 1 t 1 1 1 0 12 

c 6 4 1 2 1 1 0 t 12 

c 55 11 11 tlll '20 
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TABLE II. (CONTINUED) 

Soil Sampling Relative intensities* Mixed 
series depth Genetic interlayer 

Profile (inches) horizon 17 A 14 A 10 A 7 A spacing 
I II I II 

II 
I II I II I II I II 

(A) 
I II 

Weller AP AP 3 1 1 t 1 t t 16 12 
Jefferson Co. 7 6 

A" A" 4 5 2 1 2 1 t t 20,11 
30, 133 15 13 

B2 B2 5 5 2 2 2 1 t t 11 24,12 
23 22 

Ba 5 2 2 ·t 
32 B; 5 2 2 t. 

c 5 2 1 t 
36 40 

c c 5 5 2 3 1 t t t 
48 48 

*0-No detectable peak 3-moderate i-all in interlayer 
t-trace 4-abundarit 
1-scarce 5-very abundant 
2-minor 6-predominant 

147 



I . 

• •I 

I ' 

2;15J. 

2.56A 

30 25 20 

Degrees 28 

15 10 

Fig. 3. X-ray diffraction patterns for glycolated samples from 
different horizons of a Marshall silt loam profile (pro-
file No. 39). · 

·.··-

peak .. These results indicate that a montmorillonite-type mineral is in all 
these soil profiles. Broadness of this peak suggests a ve'ry fine crystallite 
size in the C-axis direction. 

Relative intensity ratings of 2 to 6 were obtained for the 17 A peaks in 
the B and C horizons of all profiles, with ratings of 4 and 5 predominating. 
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This indicates an abundant amount of montmorillonite in the parent mate
rial and in the zone of clay accumulation. The relative intensities of 17 A 
peaks for samples from A horizons were lower and ~ore variable, ranging 
from trace to 5. 

Sample 39,30-36" 

M- Montmorillonite 

V - Vermiculite 
C - Chlorite 

I - lllite +micas 

K - Kaolinite 

0. 

10.0A 

0 

·15.2A 

v. 

c 

14 12 10 8 6 

Degrees 28 

0 

21A 

M 

4 

Treated with 
H

2
0 

Treated with 
ethylene glycol 

Heated 700°C 
-} hour, glycolated 

Air- dry 

Fig. 4. X-ray diffraction patterns com
paring the effects of different 
treatments on the 30 to 36 inch 
depth sample from a Marshall 
silt loam profile (No. 39). 
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Most of the profile samples gave ·a diffractio~ peak indicating a ~pacing 
of 14.4 to 14.0 A. This peak could be due to chlorite and/or vermiculite. 
Therefore, fresh material from about one-third of the samples was heat
treated at 700° C. for 0.5 hour and re-run. Heat treatment reduced the 14 A 
peak, but failed to eradicate it, indicating the presence of chlorite (figure 
4). Wetting a fresh sample with water usually removed the 14 A peak or 
masked it with a strong, sharp 15 A J;)eak. Calcium-saturated vermiculite 
immersed in ·water has an 001 spacing of 15 A1. This 15 A peak was not 
observed in soil samples (such .as Edina 32 A) that did not exhibit a 14 A 
peak when treated with glycol. Thus, the 14 A peak probably indicates ver
miculite plus trace amounts of chlorite. Intensities of the 15 A ahd other 
day mineral peaks.in the water-wet samples were considerably increased 
by preferred orientation. Sharpest peaks occurred after setting a few 
-minutes. 

The 14 A peaks were generally highest in samples from the B and C 
horizons. Very low intensity 14 A. peaks were observed for almost all sur-

. face soil samples. The 14 A peaks were especially prominent in B and C 
}1.orizon samples from the Fayette and Marshall profiles, with intensity 
ratings of 3 and 4. The Mahaska, Edina and Weller profiles had only minor 
14 A peaks (except for a single C horizon samples from one Edina and one 
Weller profile), and B and C horizon samples from the other profiles gen
erally gave intensity ratings of 2 or 3. One Shelby profile had consistently 
larger peaks than the other. 

Small peaks indicating a 10 A spacing characteristic of micas and illite 
were commo·n·. No attempt was made to distinguish these minerals: Probably 
both classes of minerals are present, but apparently in small amounts, since 
low relative intensity ratings of 1and2 predominate. 

There was a small diffraction peak at a spacing of 7 A in most of the 
samples. This spacing may be due to kaolinite or a second order reflection 
from chlorite. The 7 A peak disappeared when the_ samples were heated at 
700° C. This means that kaolinite was ·present, arid the chlorite (indicated 

I • / 1 • ' 

by 14 A spacing, above) is probably a low iron variety. The relative inten-
sities of the 7 A pel:!-ks for samples from these profiles was consistently 
low-generally only a trace. Only one C horizon sample, from a Carrington 
profile, had a rating as high as 3. 

In some samples a small degree of random interlayering was indicated 
by small, broad X-ray diffraction peaks at several spacings. Most commonly 
these spacings, were.in the neighborhood of 11 to 12 A; however, others 
occurred at 13, 16, _20 and 22 ~ 24 A. Indications of interlayering were pres
ent for fewer than half of the samples, and, where present, the relative 
intensity rating usually showed only a trace. Interlayering or incomplete 
expansion of the mon~morillonite was most pronounced in several A horizon 
samples. 
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Other minerals indicated by X-ray traces in figure 3 include quartz, 
which gave large, off-scale peaks at 4.21 A and 3.35 A and a sharp peak at 
,2.45 A. A smaller, apparent 3.70 A peak was the Kf3 reflection from the 
3.35 A quartz spacing (the filter thickness selected eliminated .95 'percent 
of the Kf3 radiation). Sharp single, double or tr,iple peaks in the neighbor
hood of 3.2 - 3.4 A are attributed to feldspars. Other broader peaks at about 
4.5 A, 3.5 A and 2.5 A are non-~iagnostic diffractions from the clay minerals. 

GENERAL DISCUSSION AND CONCLUSIONS 

The data from several modal profiles of each soil series indicate that 
the exchangeable K content and the effect of drying on the exchangeable 
K content are characteristic for, each soil series. In undried samples the 
exchangeable K contents are higher and more variable in the surface soil 
than in the subsoil, and are consistently very low in the subsoil horizon. 
Drying increased exchangeable K in all of the soil samples, but the increase 

· was generally much greater in subsoil than in surface soil samples. Rever
sion of K from exchangeable to non-exchangeable forms on ,rewetting oc
curred in all samples, but the amount of reversion generally increased with 
depth in the profile . 

. The ·X-ray diffraction analyses indicate that montmorillonite, chlorite, 
illite 01; mica, and kaolinite were in all of the profiles. The predominating 
micaceous mineral in all samples, however,. was montmorillonite. Vermicu
lite was in some of the so'il series. This agrees with the results of earlier 
investigators,. but they did not consider vermiculite in th~ir studies. The 
X-ray diffraction patterns for different profiles of any on'e soil series were 
very similar. The greatest difference between soil series was in t~e relative 
intensities of the 14 A peaks obtained for samples from the B and C hori
zons. Soils of the Marshall and Fayette series had i4 A peaks of high in
tensity, whereas' soils of the Mahaska, Edina and Weller series had 14 A 
peaks of low intensity. 

The X-ray data indicate differences in the amounts of montmorillonite, 
vermiculite, and mica in the various 'profile samples; but it was, not possible 
to develop a relationship between the clay mineral composition and the 
exchangeable K in the profiles. The differences in relative intensities of the 
14 A (vermiculite) peak between different soil series does not appear to be 
related to any of the differences in amounts of exchangeable Kin these pro
files. Differences between surface and subsoil samples were observed in 
both the X-ray diffraction patterns' and exchangeable K, but no con~istent 
relationship was evident. 
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. ' ' ' ' ~ 

·.·.ABSTRACT. 

·'- ~ -..:. ' . 

Of. the various methods studied for. measuring ca~bonates· :i~ soils g~s 
evolution methods are:'.acc'urate bu-.t slow 3:nd~susceptible to ~xperim~ntal 

. error. Acid neutralization is rapid and off~rs' a faii approximation, but it' 
is affected by many nori'-carbonate 'minerals. Versenate methods are rapid.- · 

·and accurate, but .they are_ affected by exc;hahgeable calcium: on· the <;Jay. 
·None of-these methods is <)rdinarily spec:ific_for calcite or:dolomite. 

Differ'ehtial· thermal ana1ysis is accur~te and. specific for. calcite o~ dolo
... mite. Best result$ 'Yere obtained by measuring peak height after runs" in 
. an ·aiir atmosphere. However,, al).alyses are slow .and are irtfl.ueneed by 
changes in the apparat~s. ' . . " 

, . . . . I " 
X-r;:iy diffraction ~rom a copper tube is accµrate if peak area rather th;:in 

pei:i.k height is .measured, but the·· intensities are sensitive to the presence 
of iron, whiCh absorbs most,of the X-ray~; X-ray fluorescence measurement 
of.calcium Ka radiation is accurate and less susceptible to variable absorp- . 
tion.· But since this method.:is affected by non,..carbonate calcium, ·cor~ectiOn 

· by leaching and re-testing is suggested. This appears t~ be tli.e method most · 
worthy o~ further examfoation. · · · · · . · · 

The conten.f·of carbon~te minera:ls in soils and uhc!msolidated. sediments 
is ·of interest not only because carhonat.es · fodiCate ancient and modern · 
weathering zones and. regiona(variation:s in ~nweathered ·niaterial8

, but 
also because of the effects ·on sotl properties. Only a trace of carbonates in- , · 
·fl.uence· pH, identity of exchangeable cations, ·plasticity, and potential U:se of· 
a soil. Also carbonates· are,importan:t in'. acid methods of engine~ring s9il 

. - stabilization, for exaiJ.ipfo with phosphoric acid2 or 'ligriips\ since carbonate 
. minerals r'eact with aCidic stabilizers and e!the1~ increase or. ruin their effect~ 
iv~ne~s. A method for. rapid, precise measuremen:t·of carbotiates, ~speciali~ 
.in the low content range; is.therefore of prime importance. ·· · ·, .. 

153. ,. 

. ' 

\, 
. ' 

:_; .... ·. 
:-i~ \ ·.-.' - ' ~ 

\, 

.. ' •' .'..: ·'' ·~·:, _., 

" . ,.:'.., <· ... ~ . 

'"l 
- I• '~ • 

... ' .' 

1. 

:·· I •, 

.··,. ·,. 

,.:_ .l lj. ' 
... 

"' 
,;,·'-1/ 

. ' 

.' 1' 

• •• •• •, _·i 

••• l,r 

;' · .. 
~'. . ~,- . 

.•} 

' I "~ 

· .. ·-

.. \ 
.. , 'J'i 

- '; \ 
·,' .. 

/ .... )·~>\'.,"1 
·, 

. ~·· 
. , 

.~ •" 

.. .. ·, ·' 

. ~:" 

. .: ·.J 

'.',-··. 



~ ' ' .: . 

"' 

.... 

, .. 

:-,· 

. - . 
'.1. .,, 

. " 

METHODS 

Several methods for carbonate determination are used; the plan of this 
paper is first to discuss these methods in general terms and point out their 
relative m.erits and· disadvant~ges, ans]. to present data on the search for a 
new method via differential thermal analysis, or X:-ray :fluorescent or dif
fraction techniques. 

Chemical Methods 

Several methods for chemicallJ7: determining the amounts of carbonates 
in soils are used ; unless accessory tests are used, these methods are non
specific for calcite (C.aC03 ), dolomite, CaMg(C03h or any other soluble· 
carbonate .. Results are usually calculated ~nd reported ·as percent Ca:C03. 
The methods all utilize diss,ociation of carbonates by acid: 

• I 

CaC03 +· 2H + ~ Ca++ :+- H20 + C02 t 

Chemical methods fall into three categ9ries, depe:µding on whether they 
measure the number of hydrogen ions used up (acid neutralization), the 
amount of C02 gas evolved, or the number of calcium ions released in solu
tion. 
Gas evolution. Theoretically the most accurate methods for carbonate meas-. 
urement involve treat~ent of a soil with excess hydrochforic acid and meas
urement of the C02 ga~ evolved. In fact, field identifications are usually 
made on this basis, the presence Of 0:5% or more carhonate being indicated 
by the s'ight or sound ·of fizzing15

• In the l:;i,boratory the amount o'f gas 
evolved is measured volumetrically with a gas burette or gravimetrically, 
for example by bubbling the C02 over soda-lime (NaOH + C11-0) 6

, or .bY 
weight loss in the sarhple'5 

.: · 

For greatest accuracy these methods are slow and exacting, since they 
. are susceptible to experimental error. Volumetric measurement of the gas 
requires correction for temperature and barometric pressure. In gravi-

. metric measurement all HCl and water vapors must be trapped, and precise 
weighing is necessary to det~ct mi.nute changes due to C02 • The reaction 
and evolution of gas froin soils often requires 24 hours. Finally there is the · 
problem of air initially dissolved in the acid and adsorbed on the soil mineral 
surfaces and C02 dissolved and adsorbed after the reaction takes place. · 
These can contribute to the. e!ror,'e.g. samples 2i-2 and 32-1 (table I). Afr 
is eliminated from the measurement by methods employing selective ab-
sorption.Error-from dissolvedC02 may be reduced by heating6

• . . 

Acid neutralization. Measurement of C02 gas evolved is at best slow but sun~, 
but it is not adapted to routine analysis. A far more rapid but theoretically 
less exact method is by acid neutralization, 'Yhich means treat,ing soil with 
an excess of hydrochloric acid and back-titrating to determine how much 
acid is used15

• This method is the one most widely used in soils work. 
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TABLE I. CARBONATE CONTENTS OF LOESS AND LOESSI/\.L SOILS 

Sample No. % ~µ pH % CaCO,, by indicated method 
clay C02 HCI Versenate DTA peak ht. X-ray Fluor. 

Calcareous samples . 

16-i 11.56 12.00 
16-2 4.86 3.90 
18-1 ' 11.39 13.62 
21-2 13.56 6.55 
33-1 13.62 11.50 
55-1 10.0 8.0 11.0 7.57 
49-2 16.2 10.4 11.4 ± 0.5 
22-1 15.0 9.4 11.5 -+- 0.6 
23-1 12.3 7.7 9.3 
24-1 11.8 7.4 9.0 -+- 0.7 

Leached samples 

26-1 21.5 7.0 1.37 
30-1 29.5 6.4 1,'62 
32-1 9.75 1.00 
36-1 28.9 6.6 1.75 0.73 1.6 -+- 0.4 
46-1 1.50 0.89 

100-1 2.8 2.4 + 0:3 
100-2 2.3 1.6 -+- 0.4 
119-5 5.7 L8 0.9 -+- 0.5 
502-2 42.0 ' 5.2. 0.44 0.9'-+- 0.5 

The major weakness .of the acid neutralization method is the assump.:. 
tion that all acid is used by carbonates. Other minerals, such ·as gypsum, 
hydrous iron oxiqes, and cla'Y minerals, are also soluble or partly soluble 
in HCl. For example, dissolution of the hydrous iron oxide minerals goethite 
or'lepidocrocite will mean: 

Fe20s'H20 + 6H+---? 2 Fe+ 3 + 4H20, 

which uses up a:cid. A soil containing 2.0 percent by weight acid-soluble iron 
hydroxide and no carbonate will thus be erroneously reported as having 
3.4 percent CaC03 • 

V ersenate. To overcome some of the errors inherent in techniques involving 
measurement of acid· neutralization, versenate solutions may be employed 
to specifically measure Ca++ and Mg++ in the. acid leachate. Versenate 
methods are r;:i,pid, and resuJts are reproduceable5

• Unfortunately' several 
sources for error remain. The presence of soluble noncarbonate Ca++ and 
Mg++ contributes error ; in soils the most important source of this error is 
the exchangeable calcium held by the clay. Soils described in the field as 
leached (table I) and with a naturally acid pH, which automatically negates 
the possibility for carbonates, may show ohe-half to two or more percent 
carbonate by the versenate metl).od. Acid neutralization similarly shows 
about 1.5 percent erroneous carbonate. A correction may be applied to ver
senate results if the cation exchange capacity and identity of the exchange-
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a]?le cations are known, but the validity .remains questionable due to the 
different conditions in which the exchange takes place. Also these measure
ments require much much more testing. 
Calcite vs. dolomite. A.s previously mentioned, the usuai techniques for car
bonate measurement in soils do not involve separation of calcium and cal
cium-magnesium carbonates, and results are reported as percent .CaC03 • 

Thus the presence of 5.0 percent dolomite, Ca·Mg (G03 )z will be reported 
as 5.5 percent CaCQ3 • 

. DIFFERENTIAL THERMAL AN AL YSIS 

Apparatus and Method 

DTA is used for qualitative- identification of clay minerals and carbon
ates in soils, and is recognized as a t~ol for qualitative analysis. In this 
method a sample is heated at a constant rate and differences in -tempera
ture between the sample and a sample of inert material heated in an iden
tical manner are measured continually. The'method is applicable to carbon
ates because of the calcination reaction. 

CaCOa ~ CaO + C02 t +AH. 

AH is negative and ordinarily contributes an endothermic reaction peak at 
700 - 900° C. (figure 1). Dolomite contribµtes two peaks,· the first signify
ing breakdown of MgC03 • This research was limited to studies with .calcite. 

Vertical furnaces were hung from the ceiling and counterbalanced for 
ease in lifting. An automatic heating rate controller provided for a rate of 
10° C. per minute. The sample block of 18-8 stainless steel lay flat and was 
%" high by 1%" in diameter. Two vertical %" by 112" deep sample holes 
were syn;imetrically located with centers one inch apart. No. 22 Pt-Pt 10% 
Rh thermocouples were used. The furnace temperature couple was a separ
ate chromel-alumel junction'inserted_in.a %" d; by 112" deep hole drilled up 
into the bottom of the block. The block was supported by a hollow ceramic 
pedestal. 

Reactions 

Factors affecting the size and shape of a DTA peak include the rate of 
heating (12, 14). More rapid heating giv~s sharper peaks and may affect 
peak area. This factor is therefore controlled. 

The DTA peak is affected by the rate of reaction, i.e., reaction kinet
ics"· 10

• These are not readily math~matically predictable, but for. one soil 
type they should be systematic so that if percent reactant is plotte4 against 
peak height or area, a smooth curve, but not necessarily a straight line, will 
result. 

The peak will be affected by heat balance in the specimen, which depends 
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Fig. 1. Typical DTA curves for calcareous ·soils. Labels on the upper 
curve show methods-for measuring peak height and area. Midd~e 
curve was run with a C02 atJJJ.osphere, which delays the carbon
ate reaction. Lower curve shows the presence of, dolomite. 

on thermal conductivities and specific heats within the sample13
' 

14 and the 
composition of tlie atmosphere. Conductivities and specific heats are affect
ed by simple particle size and packing, and will change during the reactions: 
These variables thwefore defy m_athematical treatment; but since they are 
systematic, they ~hould give smooth empirical relationships. Composition 
of the atmosphef~"~hould not affect simple transition reactions, for example 
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Fig. 2. Top graph shows relationship between percent ·calcite and DTA 

peak area from prepared samples. Lower graph shows percent cal-, 
cite vs. peak height for an air atmosphere and for a C02 atmos
phere, and shows the shift in peak temperature for runs in air. 
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·th~ quartz inversfon at.573'"c;.,l:iut'it ~trongly iriflm~ncesthe:ca~bonatere
, action: If ~·th~rmal,condu:~"fivity, spe~iffo: heat, 'lifrd influence of atmosphere' 
' arid reaction rate ail co'uld ·:be held' constant; lineal'. r.elationships ·betwee~, 

peak ar~a,And concentr~tio~-.of 1react~~t wouid«be expectedi~. ', : , , . < 
:.·· ;Experiritental.fro~eci~res . . . . , ·; 

- -, :· \; • '>-',' : . ' • - ; ·' '-·-, ·,· ':: ; • '.. •. ' '• ' -· •• ; • 

Artipcial irJ,ixes,. Since DT;A p,eak parameters are expected to have sy~tema ti.c 
' relationships with cohcen'tration: .of 'reactants;' other; factors' being held 
~onstant,: a 'fri~ble c~l~a'reous lo~ss. soil frorrt H~rrison County, 16W.a, (sam-' 

. -.· 'ple 20-:2YI~) w.as, leached with-HCI, i·e-eririched irith. different. amounts of. 
c;;P. calCluiri carbonate and run by.DTA.' The1~mocouple junctio~s had previ-

1· ously been ,ac<;ura;t'el,Y c~ntered 'in' .the' s,ainple, holes; 'l'j.nd a uniform hand 
1packlng .procequre was, adopted. Analyses· were· run in, a:lr and -in C02 at one:· 
•atmosphere. · ·' ·' · · .<.,·" . ,. · · · 

.. : Typic~l DT A c.urves ori , thef?e mixtures are· shown in: figure 1 .. Peak 
heights -and areas· '~ere mea~ured a:s, shown; These ai-e pl.otte.ci against. ~er-'. -
ce~t carbonate i~ Figure 2-. ' ' ·. '',' ' . :~. ' ' ' "·' " " : ' " I, ' ' 

In ai.r''t:he r~aCtfons ;begih at abo~t 7.00°C_ anq reach a pe~k at~ temper~~ 
ture i::elated' t9 carbonate cortte:ri:t lfigure.2aj-. Thermal lag within the sample 

'' caused .by, heat used .by the' reaction jg insufficient to .expl~in)his" g~adnal" 
·peak dtspl~c~!llen~, .. which. ~e~ch.e~ a maxiri)~m of 90°C~ This ,suggests. that .. 
C02 r~le~s~d frorti-tl}e. ~ea~tion;b~ilds .up a partial p:i,:-essure an<;l acts a:s a .' 
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retarder. Since this in tur:ri un'doubtedly a,ffects b.H, quaritita,tive relation-· 
ships are not expected·to·be linear (figure'3). · ; · 

It was therefore decided to try to control the atmosphere by introdu~'ing 
C02, a decision '.also reached by many other researchers. In a C02 atmo
sphere ,the' decomposition reaction does ~ot begin:until the "temperature is 
aboi,it'830°c .. :Peak height fl.rid area are greatly reduced, a'f,urther indication 

. that ~H varies consiaerably (iepending on.reaction temperil,ttire and enviro·n.:. . 
ment (figures 1, 2) ~At high carbonate conterib(the pldtted ·relatfonsnips for 
runs·. in air and_ in C02 more: c~osely' riuifoh, further ·suggesting· that C02 

pressures-become significant even whe:rlthe onJy sour.ce.for :co2 is the reac- .. 
ti6n its~lf; ,· .. . . · _, · . 
. The C02 atmosphere iri general decreases the_'linea,rity of plotted· rela

ti6nships; particularly in the low carbonate content range. ·Sev;eral possibil-' 
ities~may be suggested: perhaps· C02 .did1.not permea:t' the s~rnple adequately, 

, •I ' > ' ''· < -..... ( • 

or perhaps small differences in temperature are muffled by ·heat transfer 
. from the flowing gas\,Rather tli~n.attempt to'ui:?e· g~s pressure· techniques, 
use of C02 was discontinued. . . · " . -. . .. .·. . · · 
Natu;al soils. Non-li~earity"8:trd.lack of a precis.e mathematic~l.relatl.onship: 
for tqe plotted curves preven.t tise of eq-iiations wtth added amounts ·of car-. ·. 
oo:hates as internal standards; a:s i~ x::tay fluorescence· anaiysis: The .only . ~ 

· meth~d remaining ·was :Prepa:;~Hon oi e'.mpiricai' cai'ibratio~ curves.· (figure . 
' ' • ' • • ' / ·, .. I ' c, •' I 

2) . .The non.carbonate matrix was a single. kiess soil; it, was next decided to,. 
see ifthe Same Curve might hold when the niatrix'varies. •, I 

. . A plpt of p~ak'height v:s. carbpnate content of. different natural loess 
. samples gives a cur~e with a different. slope (figure 3). However, the .referi- . 
'ence' carbonate measur~ments;· made by acid neutraliiati6n/il.re very ques~ 

_ tionable. DTA carbon'ate pe~cetitages. (figur~ 2a, 1table i) ·,agree well with. 
· X-ray analysis. ' . , . . , 

It may also be-shown that·DTA p();:tk height is particularly sensitive t<;> 
thermocouple alignm~nt: An older cii'libration curve_ °(figure· 3) gives even, a 

· different slope. . · . -. _ ' · " 

In conclusi~:ri it is suggested that the DTA methdd may be used as. a:h 
accurate ;ne~ns for carbonate determination if ca~eful calibration tests are 
perfor:r;ned for e·~clrdiff()rent,type;of. s~il ·(figure 2i): The. n,e~t phase of work 
would be to study f,urthef effect of :matrix; and investlgate the reactions 
with doloniite7 • · · - · · • ·- · · · 

X-RAY .METHODS ~ .· 

. Carbonates are determined· by two .methods of. X~ray anaIYsis . .In .one 
. ·:th~.sample is .subjected .to hard, .short wa'Veiength X-rays, and secondary 

fluorescence is measured ll. :This ~ethoct measm~e1:dota1 calcium arid/or wag-· 
':ilesfom, but is· not 'spedfi:c f'~r ~ar.bonates. The ;s~corid :fnethod is by X-ray 
diffractidn and ~easurement 'of the int~nsity -~fthe. diffr~~tion.peaks. This 
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method is specific for calcite, dolomite, or other carbonate minerals. Both 
methods may be rapid, since no weighing or pretr~atment is ·required. 

-Because of the drawbacks in chemical tests and .DTA,, a preliminary 
investigation was made to. de.termine if one of the X-ray methods might be 
more accurate and practical. The first problem was to. ascertain sensitivity 

. and 'linearity of .relationshjps .. For this purpose the. artificially prepared 
reference soils were used. 

X-RAY FLUORESCENCE 

Soil samples bombarded with hard X-rays fluoresce, or give off their 
own radiation with· wavelengths and intensities characteristic of elements 
in the sample'. To t,est for calcium, CaKa radiation is isolated for intensity 
measurement by diffraction at the Bragg 20 angle from an EDDT crystal. 
The fluorescent radiation was counted with a gas· flow counter tube. Each N 
value reported is the average of ten counts of 'ten seconds eack Use of an 
automatic calculating machine in conjunction with the counting allows com
putation of variance and 95% 1 confidence intervals while the counts are being. 
made1

• 

240.----------------------. 

o/ " 
" 

200 

160 

-N, counts· 

per 120 second· 
; 

·:80 

40 '~ . 

·"· 
0'--~~--'-~~~..__~~-'-~~~~'-·~~-'-~~---' 

0 4. 8 12 16, 20 22 

P=%CaC0 3 

Fig. 4. X-ray fluorescent calibration curve for calcium carbonate. 
Since X-ray fluorescence measures total ca~cium, some counts 
result from samples with zero percent carbonate .. 
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Samples were pulve.rized and packed dry into sample holders, a:Iid back
ground counts 'were made on"each sample .at ·an angle of 20· less 1 ° .. Back- · 
ground counts were subtracted from .the counts for Ga:ka.: A reference 
st~ndard sample of powdered C. P. cakium carbonate was found to give an 
average CaKa colint of 17,360 cps ;.jf.the:count on this· reference changes,. 
results may be adjusted by multiplying by a proportionality factor; 

.The e~cellent' linearity and low scatte~ing of points· suggests that<X-ray/ 
fluorescence is an accurate metho,d:for carbonate deter:infoation (figure 4). 
Also it is very rapid, requiring about five to ten m,inutes per sample~ iridud
ing 'correctlons for ba:ck~ound and calcµlation~ for variance. 

The :tiiajor influence of matrix 'is. to re~b~orb 'fluores~ent x:..rays befor~ . 
they leave the sample, the a:ri;iount; of absorption depending on the other 
elements present .. Ther~fore' elements having high_ abs9rpti0n' cqefficients 
will reduce X-ray intensities. Fortunately most. of the common elements· ih 
. soils have approximately the· same absorption 'coefficients for CaKa radia
tion (table II). Chlorine, s~lfur, and phosphorus are the .critical elem,ents 

I , . ' . 

with very high absorption coefficients, but these are ·not comrp.on. in soils. 
Therefore the influ.ence. of changes in matrix may .be small so long as the 
differences are withi~ reasonable limits. The calibration. curve probably 

" . applies to a wide variety ofMidwest~rn l~ess and glacial soils (figur~ 4). 
'•, 

TABL~ II. MAss ABSORPTION COEFFICIENTS ·oF DIFFERENT ~LE~ENTS FOR 
. -- · , · CAKre AND CuKa'RAmATIO:Ns" 

·Atomic µfo 
CuK~f Element number CaKa* 

'. 
I\= 3.36 A_ ,\ =' 1.5418 A 

c 6 43 ' . 4.9 .. 
·AI· 13 417 48.5 
Si. 14 5203 60.3. 
p' 1:5 . 6103 73.0 
s 16 780 91.3 

Cl 17 870 I . 1:03.4 
K 19' . . ;_,200t 143-
Ca. 20 :-2oot 172 
Mn .. 25 280:j: 284 
Fe. 26 31,2 324 

,*Handb~ok '-of Chemist~y and Ph~sics, Chemical. 
. Rubber Publishing Co. 35th Ed., 1953-. . , . 

1 
t Internationale Tabellen zur. Bestimmung vori Kris-

, tallstrukuren, Vol. 2, 1935. · · .' .. . · 
:j:lnterpolated on ba,:;is of atomic Iiun;iber. ' 

.Another probie~; calcium' not occurrin,g as ~arbonate, iS indicate4 by the 
count of 9.45 on the reference soil with zero p~rcent carbo~ate (figur~ 4). 
To see if this count differ~ iri different soils·; several leached loess soils hav: · 

• ' • ' ' ( • • • • • _' ' ' I.. • • - I 
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· ing zero percent carbonate were tested. ·Unfortunately t_he zero dmnt was 
found to :vary from 9_.1.to 23.5 in differe~t samples (table I). Therefore the 
best method for corr~ction may be to leach each sample with HCl, count for 
n-on-carbonate calcium, and 'subtract this from the result for 'the untreated 
soil. If .the ave1:a·ge correction ii;; taken as i.5% and subtracted from fl~o
orescent percentages, th_e.results will be close to tho~e fro~ DTA. The mbst .· 
accurate. procedure, however, would be to determine c_orrections fo:t each 
sample by leaching and-re-~unni~g. · 

400 

·, 

N, cps 300 

or 

A, 100 x counts 200 

(200 sec. scan) 

100 

- _,· 

Peak height 

N = 20.9P "-,., 

- oa:-~~-L----,-~-'-'L--~~--'--'-~~----'-~-'-~..__~~~ 

q 4 8_ '12 ·16 20 22. 

p = %-c·aco3 

Fig. 5. X-ray diffraction calibr~tion curves for ~alcite. Curves w~re fitted by 
least squares. · . -, · · · 
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X-RAY DIFFRACTION 
. . . 

X-ray diffraction is ~precise method for carbonate analysis, since it i~ 
specific for each crystal structure. In this study_ filtered copper Ka radia
tion was used. Two counting methods were employed to rrieasure the inten
sity of the diffraction: The peak he:lght above background was obtained 
by first scanning with both increasing and decreasl.ng 20 angles to locate the 
center of the peak accurately, and _the height was measured at the center 
of the. peak by manual counting for 10 tencsecond counts. Usually the 20 
angle was in the neighborhood of 29.2°, and background counts were made at 

· , 'a 20 of 29.0°. In the other method the peak area was obtained by slow scan
ning (0.2° per minute) across the peak, usually 29.0° to 29.667°, and record
ing total counts, then subtracting counts for 29.0° background. 

Results on artificially mixed soils indicate· good linear response with no 
erroneous carbonate reported for the leached sample (figure 5). The scatter 
of points may be partly attributed to high background, but known percents 
carbonate of three out of the seven re~erence samples fall outside of the 

-95 % confidence limits from counting, suggesting appredabl~ sample error · 
(table III) . · 

TABLE III. CARBONATE CONTENTS BY X-RAY DIFFRACTION P:EAK HEIGHT METHOD 

Counts per sec.* o/o.CaCOs 
Sample % caco. Peak Background N from graph 

Reference mixes 
RO 0.00 118.8 ± 3.2 118.9 ± 1.8 0 ± 5.0 0 ± 0.25 
R83 2.03 165.6 ± 3.2 115.8 ± 2.5 49.8 ± 2.5 2.38 ± 0.27 
R35 4.05 215 .. 7 ± 3.1 . 120._5 ± 3.2 95.2 ± 6.3 4.55 ± 0.30 
R65 8.10 278.5 ± 3.9 121.1 ± 2.6 . 157.4 ± 6.5 7.55 ± 0.31 

Rl 12.15 362.6'± 4.3 113.4 ± 2:9 249.2 ± 7.2 11.9 ± 0.3 
R19 16.19 454.3 ·± 5.0 . 118.l :±:' 2. 7 336.2 ± 7.7 16.1 ± 0.4 
R51 20.24 "545.4 ± 5.4 122.5 ± 3.8 422.9 ± 9.2 20.2 ± 0.4 
Natural soils 
49-2 7.57t 135.3 ± 3.1 108.8 ± 3.0 26.5 ±'6.1 1.27 ± 0.29 
23-1 12.3t 142.7 ± 3.2 112.2 ±.3.0 30.5 ± 6.2 1.46 ± 0.30 
100-1 2.St 138.0 ± 4.4 128.6 ± 2.3 9.4 ± 6.7 0.45 ± 0.32 

*The ± entry indicates 95% confidence limits (0.754 times the standard devia
tion) for each value which is the average of 10 determinations. 

t V ersenate :r;nethod for total acid-soluble Ca++ and Mg++. 

Scatter of points is less with the area··counting method; the average 
error in, seven determinations is 0.15% carbonate as against an average of 
0.26% by the peak height method. The sample error appears to be reduced 
by scanning a diffraction peak rather than counting for maximum height. 
This suggests that the sample erro1~ may be from imperfectly random grain 
orientation, an effect much diminished by scanning. The scanning method 
is also the more rapid method for routine analysis. 
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As in the fluorescent analysis, the next question is absorption of x.:.rays · 
by the samples, particularly when samples vary. Absorption of diffracted 
CuKa X-rays can vary considerably depending on the elements in the 
sample, the worst sponge being iron (table II). 

TABLE IV. CARBONATE CONTENTS BY X-RAY DIFFRACTION PEAK AREA METIIOD 

Sample % CaCOa 
Total Counts* % CaCOa 

Peak Background A from graph 

Reference mixes 
R 0 0.00 24,000 23,780 220 0.17 
R 83 2.03 24,910 21,900 3,010 2.35 
R 35 4.05 29,450 24,100 5,350 4.14 
R 65 8.10 34,520 24,220 10,300 8.05 

R 1 12.15 38,240 22,680 15,560 12.2 
R 19 16.19 44,910 23,620 21,290 16.6 
R 51 20.24 50,430 24,500 . 25,930 20.2 

Natural soils 
49-2 7.57t 25,150 22,230 2,920 '2.28 

24,730 21,740 2,990 2.34 
24,210 21,250 2,960 2.31 

23-1 12.3t 28,.640 22,450 6,190 4.83 
100-1 2.8t 25,770 24,660 1,110 0.866 

*Peak scanned at 0.2° 2(} per minute from 2(} = 29.0° to 
29.667°. Background counted at 2(} = 29.0°. 

tVersenate method for total acid soluble· Ca•• and Mg••. 

Several loess samples were tested by X-ray diffraction (tables III, IV). 
Intensities were far below those from prepared samples, probably because 
acid leaching of the prepared mixes removes much of the iron. The count
scan method gave higher percentages than peak counting, indicating dif
fraction line broadening due either to poor crystallinity or fine crystallite 
size of the carbonate. The scan method appears to be the best one, but quan
titative diffraction work will require use of internal standards or a different 
target X-ray tube. 

CONCLUSIONS 

1. C02 evolution methods are accurate but slow, and great care is required 
in the analysis. Errors result from adsorbed and dissolved gases. 

2. Measurement of carbonates by acid neutralization is rapid but it is· only 
approximate, due to othe1' minerals which may react. In loess soils th~ error 
is commonly plus one or two percent carbonate, regardless of whether 
samples are calcareous or leached. 
3. Versenate solutions may be used to distinguish caJcium and magnesium 
ions in the acid leachate; but results ~re in error because of exchangeable 
calcium held on the clay. With loess tlie error is commonly plus 1 to 2.5 per
cent carbonate, regardless of whether samples are calcareous or leached. 
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4. Less serious error is introduced by reporting dolomite as calcite. 

5. Differential thermal analysis is specific for calcite or dolomite. For best 
quantitative results DTA peak height is measured, the atmosphere during 
the run being air. DTA unfortunately is quite sensitive to changes in 
furnace and thermocouple alignment. One run requires about 11/2 hours. 
Equipment maintenance costs are high. 

6. Since X-ray fluorescence ·measures total calcium in a sample, the results 
are similar to those from versenate testing, except that magnesium is meas
ured separately if at all. The X-ray method requires about five to ten min-

. utes per sample compared with about one hour for versenate testing, and 
trace amounts of calcium may be detected. Correction for non-carbonate 
calcium may be made by acid leaching and re-testing. Absorption is not 
expected to vary appreciably in common Iowa soils, but can be corrected 
for by use of internal standards. Of the various test methods investigated, 
X-ray fluorescence appears most worthy of future investigation and use. 

7. X-ray diffraction with CuKa radiation is accurate but overly sensitive 
to presence of iron, which absorbs the CuKa X-rays. Best results are ob
tained by count-scanning the diffraction peak and making allowances for 
background. Better results could be obtained with use of a different tube. 
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CLAY FRACTION IN ENGINEERING SOILS: IDENTIFICATION 

BY· DIFFERENTIAL THIER.MAL ANALYSIS 

by 

W. E. Hauth; Jr.', Assistant Professor, Ceramic Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Highway Research Board Proceedings, 30 :44_9-458. 1950.) 

INTRODUCTION 

The clay fraction 'of soil is the seat of varied and vigorous re.actions 
which ·greatly influence the behavior of soil as an engineering material. 
Experimental evidenc.e indicates that such. properties as plasticity, adsorp
tion, shrinkage, swelling, and bonding strength are largely governed by the 
amount and nature of the clay material. 

Many of the .problems in soil engineering can best be attacked through 
a comprehensive study of the clay fraction and its r~lationship to soil be
h.avior. Such a study will bring about a better ·understanding of the vari
ables affecting soil behavior and will result in a more adequate definition 
and control of the properties of soil. 

In the investigations of the clay fraction in soils the objectives were: 
1. To specify tools and methods suitable for engineering laboratory use by 
which the clay fraction may be analysed. 
2. To study· the role of the clay fraction in soils to determine the variables 
involved and their influence on engineering properties. 
3. To obtain a basis upon which the analytical results may be applied to 
determine and controfthe engineering behavior of soils. 

The differential thermal method of analysis is a rapid, relatively accur
ate means for analyzing engineering soils qualitatively for certain con
stituents, particularly the clay minerals. In this method the procedures of 
sample preparation by which the sensitivity and usefulness of the method 
may be greatly increased are important, a~ are the interpretations of pat-
terns obtained from these samples. ,_ 

Structure of the Clay Minerals 

To understand the properties and methods of analysis of the clay frac
tion, some knowledge of the chemical and structural makeup of the major 
clay minerals is essential. The predominant clay minerals in engineering 
soils may be classified in three groups, kaolinite, montmorillonite, and illite. 
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·The basic structural unit of ·all the mi'nerals in the three groups is the sili
con:-oxygen sheet· having the f~rmul~. (Si205)- 2

• -Each silicon ion .is sur
rounded by.four oxyge'.fi ions, and. each group shaFeS three\ o'f th~ four oxy
gen ions with its neighboring groups. (figure l)·.' The- valence requireriients 
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of the oxygen ion directly above the silicon ion are unsatisfied. It is there
fore available to other ions for bonding. 

The only mineral of the kaolinite group in any abundance is the parent 
mineral kaolinite; macrite and dickite are scarce and differ from kaolinite 
only in minor structural features. All forms have the composition 
(OH) 4Al2Sb05. The structure of this mineral may be thought of as consist
ing of one basic silica sheet, with the aluminum ions bonded to the unsatis
fied oxygens. Since each aluminum ion must be surrounded by six negative 
ions, hydroxyl ions (OH) - are necessary to complete the structure and 
to satisfy all the valence requirements. 

The basic formula for the minerals of the montmorillonite group is 
(OHhAl2 (Si205h This may be considered as being composed of two silica 
(Si205 ) -

2 sheets joined together by aluminum ions, with the hydroxyl ions 
(OH) - aga_in being present to complete the structure. However, the actual 
chemical compositions of the minerals of this group vary considerably, ow
ing to the possibility of such ions as iron and magnesium acting with the 
aluminum ions and partially replacing them for the bonding together of the 
silicon-oxygen layers. The nature of the mineral is such that it may take 
up considerable water between the platy particles and thereby swell mark
edly. 

The illite gro.up of minerals has approximately the same basic formula 
as the montmorillonites. However, in this group some of the silicon ions in 

Fig. 2. Thermal analysis apparatus. 
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the basic .shee.t have been replaced by aluminum ions. This gives rise to a 
deficiency in charge which ·is made up ~Y the inclusion of potassium ions 
between the· particle layers. These potassium ions are actually bonded to 
adjacent particles and te_nd to restrict the movement of the sheets. The 
formula for .this group may be expressed. as Ky (OH) 2 A12+y Si4-y 010, the 
value of y varying from .5 to .75. Again, as with the montmorillonites, the 
aluminum ions are partially replaced by iron and magnesium ions. Water is 
also taken up between the particles, but swelling is limited by the pr~sence 
of the potassium ions between the particles. · 

Differential Thermal Analysis 

The differential thermal method of analysis has as. its basis the heat 
effects accompanying the reactions which occur in a substance upon -heat
ing. When a material is heated, it may undergo one or more reactions which 
either giv·e off heat (exothermic) or absorb heat (endothermic). A common 
example of an exothermic reaction is the burning of organic matter upon 
heating; an illustration of an endothermic reaction is the break-down of 
CaCOa into CaO (lime) and C02. Many minerals undergo characteristic re
act:lons, such as loss of water, break-down of the crystal structure, minerai 
inversion, crystallization, etc., at known temperatures, and these reactions 
form the basis for their identification. The differential thermal analysis 
utilizes this fact by comparing the temperature of the sample with that of 
an inert standard while the two materials are being heated through a given 
temperature range, usually 50° - 1000°,C. Since the temperature at which 
these reactions occur varies with the rate of heating, a constant rate, gen
erally 10 - 12°C per minute, is used. This enables one to utilize, standard 
thermal curves to interpret the results. _ 

The apparatus employed to obtain the test curves consists of a furnace 
with adequate control to give the proper heating rate, a temperature meas
uring unit, and a means of determining the differential between the sample 
and standard. A number of workers have described various types of •ap
paratus. 

The apparatus used in this work was designed and built in the Ceramic 
Engineering laboratory. It is so constructed that it can be operated fully 
automatically or manually. The furnace is heated by Kanthal wire wound 
around an alumina tube. The temperature is controlled for autom'atic oper
ation by a Bailey Pyrotron controller recorder; manual control is by a Variac 
in the furnace circuit. The temperature difference between sample and 
standard is determined by the use of a differential thermocouple, which is 
essentially two thermocouples joined so as to have opposing electromotive 
forces. The junctions of this couple are set in the middle of two holes 'in a 
nickel block. These holes serve as the holders for the sample and standard 
which are packed carefully around the thermocouple wires (figure 3). Any 

170 



Sample holder 
Nickel block 
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L _ _:_. __ 
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All wires insulated from block by ceramic hollow insulators 

Fig. 3. Diagram of the sample holder. 

temperature difference between the sample and standard gives a resµlting 
o.m.f., the magnitude of which is proportional to the temperature difference 
and the direction of which is dependent upon the relative temperatures. The 
leads from the differential thermocouple are connected to a galvanometer 
through a variable resistance. The deflection of the galvanometer is record
_ed on photographic paper by re:'.iecting a light beam from a mirror mounted 
on the galvanometer suspension, thereby recording the thermal curve. A · 
means is also provided to mark the curve at 50°C intervals. 

The sensitivity of the apparatus is controlled by the variable resistance 
in series with the galvanometer. Some reactions are accompanied by a rela
tively large heat effect and require only moderate sensitivity, whereas for 
others a very sensitive. apparatus is needed for detection. The ultimate 
sensitivity is limited principally by the ambient effect of the furnace heating 1 

as reflected in the temperature at the center of the samples due to the dif
ference in thermal conductivity of the sample and standard. This effect may -
be controlled somewhat by using as a standard sample material which has 
been subjected to previous heat treatment, and by packing both the sample 
and standard to approximately the same density. To compare the thermal 
curves obtained from different samples, a uniform ·amount of material 
should be used. 

Sample Preparation 

For analyses of relatively pure minerals or of a mixture which contains 
the mineral of interest as a major component, little or no sample prepara
tion is needed. However, to investigate minor constituents, it may be neces
sary to so treat the sample as to increase the relative amount present or to 
remove those components whose heat effects may interfere with the desired 
reaction. The absolute percentage of a mineral which will give an inter
pretable reaction depends upon the amount of heat released or absorbed by 
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the reaction; and, therefore, that percentage is different for each substance, 
the aGtual minimum being determined only by experimentation. 

Since the clay fraction in some engineering soils is in amounts too small 
to give a definite characteristic pattern, one of the major objectives of this 
work is to present a rapid method for increasing the concentration of the 
clay fraction and to illustrate how this method may be applied to certain 
soils. For this purpose sever; soils were used. They are designated descrip
tively as: (1) Harrison County loess, (2) Johnson County loess, (3) Edina 
sub-soil, (4) Kansan gumbotil, (5) Maryland soil-aggregate, (6) synthetic 
soil, and (7) Webster topsoil. 

The Harrison County loess is thought to be of eolian origin and was 
obtained from the deep Peorian · loess area bordering the floodplain of the 
Missouri River in western Iowa. The sampling pit was near the bottom of 
a 60 fo'ot road cut about 4 miles west of the town of Magnolia. This silty 
loam material had a light grayish-yellow color and classified A - 4(8) by 
the revised Public Roads .classification system. 
' The Johnson County loess also of Peorfan sub..:age, was sampled about. 
seven feet from the top of ·a road cut neat Iowa City in eastern Iowa. The 
sample had a reddish-yellow color and a silty clay loam texture. It classified 
A - 7 - 6(10). 

The sample of Edina subsoil was taken from a roadside pit near the town 
of Corydon in Wayne County, southern Iowa. This dull gray B horizon soil 
had a clay texture and classified A - 7 -,- 6 (20). The parent material (C 
horizon) of the Edina series is moderately deep to shallow loess. 

The name Kansan gumbotil has been applied to the highly weathered 
grayish material derived from an overlying Kansan glacial till. The sample 
used was obtained from a surface exposure near the town of Corydon, Iowa. 
It had a clay texture and classifie!i A - 7 - 6 (19). 

The soil designated Maryland soil-aggregate was rust-red in color and 
was obtained from a small pit in Prince George's County, Maryland, about 
41/2 miles south of the District of Columbia line just off the road to Indian 
Head, Maryland. The soil was supplied by the Division of Physical Research 
of the Bureau of Public Roads .. Texturally it classified as gravelly sandy 
loam and by the revised Public Roads system as A - 2 - 6. . 

- ' 

In connection with previous work at the Iowa Engineering Experiment 
Station, a synthetic soil had been prepared . .The non-clay po'rtion of the soil 
was Ottawa sand and the clay fi:action Florida kaolin. This sample was used 
to illustrate the typical thermal reactions of a kaolinitic type soil. It classi
fied texturally as sandy loam and A - 2 - 4 by the revised Public Roads 
system. 

The sample of Webster topsoil was taken from the A-horizon of a corn 
field about two miles north of the City of Ames in Story· County, central 
Iowa. It had high organic matter content and .a silty clay loam texture. It 
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classified A - 7 - 6(13). The parent material of the Webster series.is Wis- , 
consin (Mankato sub-age) till. 

Thermal patterns were made for the following fractions of each of the 
soils listed above: (1) the entfre soil, (2) that portion which passed a 270 

. mesh sieve, and (3) the :rginus one micron fraction. For the samples indi
cated a!? (1) the soil was ground to p13,ss a 40 mesh sieve. For the other two· 
samples 100 grams of the soil to be tested was mixed with about 700 milli
liters of distilled water, and sufficient sodium silicate* was added to disperse 
the clay. The dispersed soil is then passed through a 270 mesh sieve and the 
residue discarded. For the minus' 270 mesh fraction, the suspension is 
acidified with a few drops of hydrochloric acid. This causes the clay to 
flocculate, or form large aggregates, and the solids settle rapidly. In this 
work, the 1rate of settling was accelerated by the use of a centrifuge, the 
entire settling taking only a few minutes. . 

For the finest fraction, the. suspension obtained by sieving is allowed_ to 
settle, and the less than one micron sample is siphoned off. The length of 
time settled ·and the amount of suspension siphoned off may be determined 
from Stokes' Law, governing the velocity at w:hich a spherical body falls 
through a liquid. This may be written as: 

2r2
g (S, - S1) (l) 

V= 9 
'I 

where: 
v =velocity of settling in cm/sec. 
r =radius of the particle settling in cm. 
g =acceleration of gravity, 980 cm/ sec.2 

s. =specific 7ravity of the solid, for clays averaging about 2.5 
S1 = specific gravity of the water, roughly equal to 1 _ . 

71 = viscosity of the water, equal to approximately .01 poises 
The values given above are only approximations, accurate values for water 
may be determined from any chemistry or physics handbook and vary with 
temperature. However, these values are accurate e1i.ough to give an indica
tion of the time i:hterval involved. The distance settled (Z) .in an interval 
of time (t) for 1 micron diameter particles may be c'alculated as follows: 

l · 2 x .000052 x 980 x (2.5 - 1)' 
v =.-t- 9 x .01 

v. ·' 8.175 X 10-5 cm/sec. = .2943 cm/hr. (2) 
From equation (2) it may be calculated that a 1 micron diameter ,Particle 
would settle approximately 7 cm. in 24 hours. Since .the long arm centrifuge 

* The amount of Na2Si0s used depends ori the type and amount of the clay fraction and 
is most easily determin\!d by visual' inspection. A properly defio_cculated suspension has 
a uniform, fine-grained appearance as contrasted to the coarse appearance and rapid 
settling of an undispersed system. This· contrast is readily observed, especially if a few 
drops of acid are added to another sample for comparison. A few experiments of this 
type should enable a person inexperienced in this field to recognize the desired state. 
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employed by the authors in these experiments is capable of developing a 
centrifugal acceleration of 220 times gravity, its use enabled the settling 
of one micron particles a distance of 5 cm. in approximately 41/2 minutes. 
This made it possible to siphon off the top 5 cm., add water and re-mix, and 
repeat until sufficient amount of sample has been obtained. This procedure 
greatly decreases the time necessary for sample preparation. 

The suspension containing the minus 1 micron frac.tion which has been 
removed is acidified and allowed to settle as is done _with the fraction which 
passes the 270 mesh sieve. After settling, most of the supernatant liquid is 
poured off, and the remaining water is removed by filtering in a Beuchner 
vacuum filter. The resulting filter cake is air-dried fa an air blast. The reason 
for filtering and air-drying is to preserve the reaction which occurs in the 
illite and montmorillonite minerals between 100°·c and 250°C. Oven drying, 
although at a temperature only slightly above 100°C, will remove the major 
portion of this reaction. An illustration of the difference in the types of 
curves obtained may be seen in figure 4, curves 2a and 2b. Curve 2a was 
obtained from an oven-dried sample, curve 2b from an air-dried sample. 
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Fig. 4. Thermal curves of Harrison county Loess. 

Sometimes, in addition to increasing the concentration of the clay frac
tion, it.is necessary to remove constituents whose reactions tend to obscure 
the reactions which are desired. Organic material is particularly trouble
some in this respect, since its reaction with oxygen causes large exothermic 
effects over almost the entire temperature range, and since it is so wide
spre~d in certain types of soils. Figure 4, curve 1, indicates the interference 
caused by organic material. Such material may be removed by treating the 
sample with hydrogen peroxide until no further reaction ,occurs. Cautious 
heating m~y be employed to hasten the reaction, but care should be taken 
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Fig. 5 .. Thermal curves of Weoster topsoil. 
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that the evolved C02 does not cause the sample to froth over the container. \ 
The amount of H 20 2 necessary depends on the sample and often the removal 
of the organic material is time consuming and laborious. However, when it 
has been completed, excellent patterns may be obtained on the sampl~, as · 
is shown by figure 5, curve 2. Although a small amount of certain types of 
organic matter may be removed in the preparation of the less than one 
micron sample a.s shown in figure 6, this did not suffice for the organic c.on-
tent of Webster topsoil. 

Temperature 
difference 1

2 

3 

Tem·perature - ° C 

Fig~ 6. Thermal curves of Edina su~soil. 
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Another group of interfering minerals which may be present are the 
carbonates, which give endothermic· reactions between 750° and 900°C. 
However, these may be easily removed by the addjtion of· a few drops of 
hydrochloric acid. In curves 1 and 2a of figure 4 is shown the typical carbon-· 
ate reaction. This reaction, however, is absent from curves 2b and 3, since 
the sample preparation included the addition of acid. If the presence of the 
carbonates, limestone, dolomite, etc., is of importance, as it usually is in 
engineering soil·studies, a pattern should be taken on untreated material as 
well as the acid-treated. · 

Interpretation of Analytical Results 

Interpretations of the thermal curves obtained are based upon the pure 
mineral curves presented by Grim and Rowland1

". Since the pattern for 
kaolinite is very d:lstinctive, the curve. obtained, from the synthetic soil 
(quartz plus Florida kaolin) will serve to illustrate the characteristic re
actions of this minei:al. This is given in figure 7, curve 3, and shows a strong 
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Fig. 7. Tl].~rmal curves of synthetic soil (sand and kaolin).·, 

endothermic reaction centered between 550° and 600°C and a sharp exo
thermic peak at 980°C. However, since· the patterns obtained from· mont
morillonite and illite are quite similar, let us exam'ine Figures 5 and 6 which 
show the ;patterns obtained by Grim and Rowland on pure samples, the 
mineralogical contents of which have been determined by X-ray methods. 
It will be noted that both minerals give three endothermic and one exo
thermic reaction. However, only the second endothermic reaction may be 
used as a basis for differentiation. This occurs between 500° and 600°C in 
the case of the .illites, between 600° and 700°C for the montmorillonites. 
An inspection of the·curves of Figures 5 and 6 will show that this is true 
for each sample presented. It is ·upon these. curves that the ~uthors have 
based their interpretations of the soil apalyses to be presented. 
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Figure. 8. Thermal curves of samples of montmorillontte6
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Fig. 9. Thermal curves of samples of illite6
• 

Figures 4, 6, 7, 10, 11, and 12 present the patterns of the various samples 
studied. In each figure the individual curves are numbered 1, 2, and 3 ; these 
designate the original, through 270 mesh, and less than one micron samples 
respectively. 

Figure 4 contains the analyses of Harrison County loess. Curve 1 shows 
the presence of quartz (endothermic at 573 6C) and carbonates (double 
endothermic reaction, 800° - 900°C). The curves .2a and 2b were both made 
from the through 270 mesh sample; however, curve 2b shows the analysis 
of an acid treated, air-dried sample, and curve 2a is of a heat-dried sample. 
Although heat drying preserved the carbonate. reaction, the loss of the low 
temperature endothermic reaction greatly reduced the value of the pattern 
for clay mineral determination. Curve 2b presents the typical illite pattern, 
and this is further confirmed by curve 3. It will be noted that the major por
tion of the quartz present in the soil was above one micron, since the quartz 
reaction does not appear in curve 3 .. 
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Fig. 10. Thermal curves of Johnson county loess. 
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Fig. 11. Thermal curves of Kansan gumbotil. 

1
23 Temperature 

difference 

Temperature- °C 

600 

Fig. 12. Thermal curves of Maryland soil aggregate. 

179 

700 

700 

700 

'·. 

BOO 900 1000 

BOO 900 1000 

800 900 1000 



The Johnson County loess (figure 10) gives a typical illite reaction on all 
three samples. The curves also indicate that most of the sample is below 270 
mesh size, since there is little increase in reaction magnitude between curves 
1 and 2. This soil also contains quartz, as is readily evident by the 573°C 
reaction (high-low quartz;transformatioJ!). · 

Figure 6 contains the thermal patterns of the Edina sub~oil. Thi~· soil 
contains a large amount of clay fraction which is predominately illite. The 
broad exothermic reaction from 250° to 550°C is caused by the presence 
of some organic material. This reaction tends to partially mask the illite 
endothermic reaction at 550° - Q00°C. No good evidence for the presence of 
quartz is indicated, since the sharp point at about 575°C may be caused by 
the compination of the reactions of the organic material and the illite. 

Kansan gumbotil offers a series of interesting patterns, as giyen in 
· figure 11. The presence of quartz is observable in curves 1 and 2. An~l~.xam
ination 9f the standards of Grim and Rowland, figures 8 and 9, shows that 
the only samples exhibiting a double initial endothermic reaction are in
cluded in figure 8, that of·the montmorillonites. No explanation of this be-

, havior has been given by Grim or other workers; and, since it does not occur 
in all montmorillonite samples, it is the opinion of the authors that the posi
tion of the second endothermic peak, between 500° and 600°C, should con
stitute the major basis for analysis. On these grounds, the clay fraction 
must be classified as an illite. 

Figure 12; the Maryland soil-aggregate ~ample., offers an example of a 
soil with a very large arnoµnt of coarse quartz and very little clay. However,
comparison of curves i and 2 indicates that the major portion of the non
ciay fraction is above the-270 mesh sample, curve 2. 

As stated, the patterns shown in .figure 7 were obtained from samples 
of a synthetic soil composed of sand and kaolin. The presence of the quartz 
sand is readily evident from the strong, sharp endothermic reaction at 
573 °C in curves 1 and 2. Curve 1 shows only a trace of the exothermic re
action at 980 6C which is distinctive of the mfoeral kaolinite. It is interesting 
to note that the amount of clay in this soil was approximately five percent; 
therefore this seems to be the minimum amount which could be identified 
by this method. The kaolinite reactions become more pronounced in curve 
2, and curve 3 shows clearly the characteristic reaction at 980°C. 

A close examination of the patterns for the Harrison County loess (fig
ure 4) and Edina subsoil (figure 6) reveals. that a slight tendeiicy toward 
an endothermic reaction exists between 6.50.0

_, .and 700°C. This might be 
interpreted as being caused _by a small' amolirit of montmorillonite. Figure 
13 presents the patterns obtained by Grim.and Rowland13 on prepared mix
tures of illite and montmorillonite.. A comparison between the figures 4 and 
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Fig. 13. Thermal curv'es. of prepared mixtures of illite and montmoril
lonite6. . 

6 and figure 13 indicates that, if .it is present, montmorillonite occurs as I . . , , . 

less .than five percent of the minus one micron fraction. Assuming a clay 
content of twenty pei;-cent, 'the amount of montmorillonite present. would 
be less than. one percent of the total soil. Similarly, since approximately 
five percent is the observable minimum for the mineral kaolinite and no 
typical 980°C exothermic reaction was o]?served on the soil studied, it may 
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be stated that if kaolinite is present, it occurs in amounts less than one per-
cent of the total soil. . · 

An interesting comparison may be made between the thermal patterns 
obtained on the original samples and the revised Public Roads classification. 
All soils having a classification of A - 7 - 6, denoting high plasticity, gave 
an interpretable pattern without treatment. These soils were Johnson Coun
ty loess (:figure 10), Edina subsoil (:figure 6), and Kansan gumbotil (:figure 
11). The remaining soils, Maryland soil-aggregate. (:figure 12), Harrison 
County loess (:figure 4), and the synthetic soil (:figure 7), all· required 
preparation of· the soil to increase the clay concentration, and all have a 
low plasticity classification. 

CONCLUSIONS 

1. The mineralogical analysis of the clay fraction of soils by the differential 
thermal method may be greatly aided by proper preparation of the sample. 

2. For some soils, containing small amounts of the clay.minerals, identifica
tion by this method is not possible unless the soil is treated in such a manner 
as to increase the clay concentration in the sample. 

3. Some materials, such as organic matter, whose reactions are objection
able in that they obscure those of the minerals for which the s.oil is being 
analyzed, may be removed by the proper soil treatment. 

4. The difference in the extent and intensity of the thermal reactions ob
tained on the prepared samples gives a qualitative estimation of the particle 
size distribution in the soil. 

5. The differential thermal method of analysis in conjunction with the 
proper soil preparation methods is a valuable tool for the analysis of the 
mineralogical content of soils and especially for the analysis of the basic 
clay content. However, the data obtained on the soil by this method con:. 
stitutes only a part of that necessary for the complete analysis. Therefore 
its value is greatly increased by such complementary data as accurate par
ticle size distribution and cation exchange capacity. 

At the present time, perhaps the greatest lack in the data obtainable on 
soil samples, and on the clay fraction in particular, is in a clear, concise 
application of this data to the dete1~mination and control of the engineering 
properties of the soiJ. It is toward this end that the authors have begun the 

·series of studies of which this is the :first. · 
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CLAY FRACTION IN ENGiNEER,NG SOILS: PARTICLE SIZE 

DISTRIBUTION AND CATION EXCHANGE CAPACITY 

by 

W. E. Hauth, Jr., Assistant Professor, Ceramic Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Highwa~ Research Board Proceedings, 30 :458-464. 1950.) 

INTRODUCTION 

Since the clay minerals in a soil occur for the most part in. the colloidal 
fraction of engineering soils, any attempt to rationalize the properties of 
the soil must be directed not at the chemical nature but rather at those 
properties of the soil which predominate in the colloidal realm. As a basis , 
for rationalization it is necessary that the distribution of particle sizes in 
the soil as a whole be known, including those particles in the minus one 
micron (0.001 mm.) size range. Similarly, since the exchangeable cations 
associated with the soil affect the colloidal behavior, a knowledge of the 
amount and type of exchangeable cations present is of great value. 

Therefore, any work dealing with the study of the properties of the clay 
minerals must include a discussion of these variables both with respect to 
simple, accurate determinative methods and, of more importance, to a 
correlation of the data so obtained with some engineering properties of 
soils. A complete correlation is not possible due to the lack of sufficient data. 
However, a start may be made, and it is hoped that further studies will en
able the soil·engineer to utilize these tools more fully in the future. 

Particle Size Determination 

The measurement of particle size distribution in the colloidal range is 
a relatively recent development. The distribution of particles of microscopic 
size may be determined by counting techniques. But this is a tedious and 
time consuming procedure,1 and the information so obtained is not sufficie~t 

.to warrant its use to.any extent. Several methods for determining the size 
of fine partic_les have been proposed which are based on Stokes' Law for 
spheres falling through a medium. By means of this equation, 

2r2g (S.-S,) · 
v = (1) 

9'11 
where: 
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v = velocity of settling 
r =radius of the particle settling 
g =acceleration of gravity 
s. ·density of the solid 
Si = density of the suspending medium 
'Y/ = viscosity of the suspending medium 

it is possible to determine the rate of settling and from this the size of par
ticles which have settled a given distance. The particle size distribution may 
then be found by determining the actual amount of material at any given 
depth at different times. The ?-mount of material may be found by taking 
a sample at the desired depth and .weighing the dried solids, as in the An
dreasen pipette method, or by measuring the specific gravity of the sus
pension at that depth. Although the former r:µethod is the more accurate, 
it is time-consuming. For this reason, a variation of the latter method has 
been adopted for this work. The procedure is patterned after one proposed2 

in which the specific gravity of the suspension is measured by a soil hydrom
eter (range of 1.010 to 0.990). 

In the measurement of particle size by settling rates, perhaps the most 
important single consideration is the dispersion of the solid into individual 
particles. Solids in the finer size range have a marked tendency to agglom
erate unless the proper sample preparation is made. For this work the soil 
was dispersed by ~he addition of sodium silicate, the optimum amount· 
determined by settling tests. A series of suspensions with varying amounts 
of electrolyte were made up and allowed to stand for several hours. The op
timum arriount of electrolyte was found by visual inspection of the suspen
sions, the best deflocculated having the smallest clear layer at the top and 
the least amount of solids settled out at the bottom. After the proper 
amount of electrolyte had been added, the· soil sample being prepared for 
analysis was tumbled end over end for at least three days. The dispersion 
was th~n checked by microscopic examination. 

The suspension ·employed contains 2 percent so)ids by weight, i.e., 2 
grams of clay per 100 cc. of water. The specific gravity measured is as
sumed to be th::i,t of the suspension at the center of the hydrometer bulb; 
the particle size being investigated is that size which has settled from the 
surface of the liquid to the center of the. hydrometer bulb. The hydrometer 
reading is used to determine the percentage of solids finer than that size 
by means 'of the following equation: 

W percent = Ss ~ 1 X 

Where: 
S. = density of tlie solid 

100 
c 

S = specific gravity of the suspension 
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Si= specific gravity of the suspending medium 
C = concentration of the solid, grams per liter. 

Since the immersion depth of the hydrometer is variable, depending on the 
specific gravity, the calculation of equivalent spherical diameter of the 
particle is greatly simplified by the use of the Casagrande nomographic 
chart (obtainable from the Soil Mechanics Laboratory, Massachusetts In
stitute of Technology). 

As may be seen from equation (1) the velocity of settling decreases as 
the square of the radius of the particle, i.e. a given particle will settle only 
one-fourth as rapidly as a particle twice its size. Therefore, it is desirable 
to increase the settling rate of the particles in the finer size ranges by the 
use of a centrifuge. In this way, the acceleration of the particles is increased 
over that obtained by gravity settling. In order to apply Stokes' Law to 
centrifugal settling it is necessary to substitute the acceleration obtained 
for t he acceleration of gravity (g) in equation (1) . This is calculated as 
follows: 

a = rw2 

where: 
a= acceleration 
r = radius of circle of revolution 
w = angular velocity 

(3 ) 

The centrifuge used in this study is shown in figure 1 and is capable of 
developing an acceleration of 225 times gravity. 

Fig. 1. Photograph of long-arm centrifuge. 
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Fig. 2. Particle size distribution of Harrison County loess. 
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Fig. 3. Particle size distribution of Johnson County loes~. 

The data obtained from equations (1) and (2) are plotted on semi-log 
paper with the weight percent finer versus the logarithm of the particle size 
(figures 2, 3). The particle size distribution may be read directly from the. 
graph as the weight percentage of soil particles whose diameters are less 
than any given size. The distribution may also be expressed in terms of 
the percent of the soil particles in a series of size ranges, e.g. clay (less than 
5 microns), silt (5 microns to 50 microns), and sand (greater than 50 mi
crons). 
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CATION EXCHANGE CAPACITY 

A most important property of a clay .mineral is its cation exchange 
capacity. This is closely connected to the physical behavior of the mineral, 
for example its plasticity and shrinkage. A knowledge of the cation ex
change capacity of the mineral or soil is necessary for proper treatment of 
engineering soils, e.g. stabilization by organic cations. 

The exchange capacity values vary ·widely depending on the type and 
. particle size of the clay mineral. In general, it·may be said that these values, 

expressed as milliequivalents of cation per 100 grams of soil are for: 

Montmorillonite 

Illite 

Kaolinite 

85 to 100 

25 to 60 

.3 to 15 

The clay minerals probably adsorb cations by one or both of two different 
mechanisms. Cations are.attracted to the edges of the broken clay particle. 

·It is known that the clay particles are mainly in the finest size range, and 
in this range the area of the broken edges becomes significantly large. Also 
as the size of the particles decrease, the edge area per unit mass increases. 
The atoms at the particle edge possess unsatisfied bonds, and it is by these 
unsatisfied bonds that the cations are attracted to .the particle. 

The second mechanism by means of which cations are held to the clay 
particle is the result of substitution of such ions as iron and magnesium for 
aluminum in the crystal lattice. Since ferrous iron and magnesium are both 
divalent, the substitution of these for trivalent aluminum gives rise to a 
deficiency of positive charge in the structure. This deficiency may be satis
fied by cations which do not become an integral part of the lattice but are 
strongly attracted or adsorbed to the particles. As would be expected from 
the structures of the clay minerals, this second mechanism is operative only 
in the montmorillonites· and illites; the adsorption of ions to the b'roken 
edges takes place both in these minerals and on kaolinite . 

. The adsorbed cations are attracted to the particle more or less strongly 
depending on the ion involved. The higher the charge on the cation the 
stronger is the attractive force, calcium being more tightly held than sodi
um. For ions of constant charge the force of attraction also varies and is 
believed by some to depend on the degree of hydration of the ion. The ca
tion hydrogen in anomalous in its behavior and is more tightly held than 
any other cation. 

When an electrolyte is added to a clay, the cation of the electrolyte tends 
to replace the cation adsorbed on the clay particle to a greater or lesser ex-
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tent depending upon their' relative valencies, their degree of hydration, their 
respective concentrations, and the degree of-solubility of the chemical com.:. 
pound formed. For example/when a clay containing adsorbed calcium cations 
is treate.d with sodium chloride, the following chemical reaction occurs: 

Clay - Ca + 2N aCl P Clay - 2N a + CaC12 (4) 

The equilibrium established will tend to favor the calcium clay since the 
calcium ion is more strongly attracted by the clay than the sodium and 
since (calcium chloride ·being soluble) no calcium ions will be removed from 
the solution. However if this same clay is treated with sodium silicate, the 
reaction will occur ~s follows : . , 

Clay - Ca+ Na2Si03 ~Clay - 2Na+ CaSi03 (5) 

This reaction differs from that above in that one of the products is rela
tively insoluble, calcium silicate. Therefore any calcium ions replaced by 
sodium will be removed immediately from the solution in the form of cal
cium silicate and the reaction will progress to the right, forming a sodium 
clay. " ' 

The tofaI amount of ~xchangeable cations associated with the soil avail- · 
able for exchange reactions, such as those described above, may be divided 
into two classes, the exchangeable bases such as sodium and calcium1 and 
exchangeable hydrogen. This division arises from the fact that for most 
experimental method.s for determining t:he amount of cation associated with 
a clay (the cation exchange capacity} these two quantities are determined 
separately. This is true for the method employed for this study. Numerous 
Methods for determining both base and hydrogen ion exchange capacity 
have been published. The method was selected because of its speed and be
cause of the simplicity of the technique and of the equipment required2

• The 
equipment needed for this determination is a pH meter capable of measur
ing pH to .02 pH units, neutral normal ammonium acetate, and 1 normal 
acetic acid. 

To determine exchangeable hydrogen, 2.5 gm. of soil is placed in a 50 ml. Erlen
meyer flask, 25 ml. of neutral normal ammonium acetate is added, the flask is 
stoppered, and the 1 to 10 mixture is allowed to stand for 1 hour with occasional 
shaking. The pH is determined ·cm the mixture. To determine total exchangeable 
bases, 2.5 gm. of soil and 25 ml. of normar acetic acid are mixed and treated in the 
same manner as the mixture prepared for exchangeable hydrogen determination. 
The pH of the mixture is determined. 

The number of milliequivalents of exchangeable hydrogen and exchange
able bases are found from figures 4 and 5 respectively. Figure 4 was obtained 
by potentiometric titration of.100 ml. of neutral normal ammonium acetate 
buffer with 0.2N acetic acid: The number of milliequivalents resulting in a 
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Fig. 4. Potentiometric titration of normal ammonium acetate. 
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Fig. 5. Potentiometric titration of normal acetic acid. 

" 
. given pH value is then multiplied by 10 so as to express the results in the 

units of milliequivalents per 100 gms. of clay; the usual manner of express
ing exchange capacity. The factor of 10 .is necessary, since a soil-buffer 
ratio·of 1 to 10 as selected 'by Brown would require 1000 ml. of buffer solu
tion for'lOO gms. of soil. Since only 100 ml. of buffer solution is employed 
for the standard curves, the results must be increased tenfold to give the 
total milliequivalents for 1000 ml. of buffer. Figure 5 is obtained iri a like 
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manner by titrating normal acetic acid with 0.2 normal ammonium hy
droxide. 

This method was employed to determine the exchangeable hydrogen and 
exchangeable bases on samples of two Iowa soils: Harrison County loess 
and Johnson County loess. The Harrison County loess is thought to be of 
eolian origin obtained from the deep Peorian loess area bordering the flood
plain of the Missouri River in western Iowa. The sampling pit was near the 
bottom of a 60 foot road cut about .4 miles west of the town of Magnolia .. 
This silty loam material had a light grayish-yellow color and classified 
A - 4(8) by the revised Public Roads classification system. The Johnson 
County loess also of Peorian sub-age, was sampled about seven feet from 
the top of a road cut near Iowa City in eastern Iowa. The sample had a 
reddish-yellow color and a silty clay loam texture. It classified A - 7 - 6 (10). 

Cation exchange capacities were also determined for the minus 1 micron 
fraction. To decrease the time necessary for settling, the sampl,es were 
treated with· hydrochloric acid and then washed with distilled water to re
move the excess acid, the hydrogen ions partially replacing the bases on the 
soil in the process (table I). The results obtained on the same soils using 
the calcium oxalate method are also in the data3

• 

TABLE I. CATION EXCHANGE CAPACITIES, M.E./iOO GMS. 

Soil Sample Exchangeable Exchangeable Exch~~;~able 
Bases Hydrogen Cations 

Johnson County 8.8 3.7 12.5 
loess whole 
soil--'---
-1 micron fraction 2.8 42.5 45.3 

43.4* 46.2. 

Harrison County 1.8 9.8 11.6 
loess whole soil 
-1 micron fraction 4.0 43.0* 47.0 

*Values determined using a ration of 1 to 20, ~oil to buffer'. 

RESULTS 

Calcium 
Oxalate 
Method3 

14.1 

45-50 

11.5 

45-50 

The results obtained from the particle size distribution determination 
indicate that the Johnson County loess contains a much larger amount of 
finer material than the Harrison County loess. The lower limit of particle 
sizes for the latter .soil occurs at one-tenth micron; the particle sizes in the 
former soil extend below this point. 

The method for determining cation exchange capacity was modified for 
certain phases of this investigation2

• The standard titration curves given in 
the original article covered only the range 0 to 15 milliequivalents per 100 
grams of soil ; similar standard curves were prepared extending to 60 milli
equivalents. The curve showing the titration of neutral normal ammonium 
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a~etate with approximately .2 normal acetic acid, shows that, because of 
the changing slope, the useful range is limited to less than 20 milliequiva
lents (figure 4). Of course this is an arbitrary limit which is set only by the 
degree of accuracy desired for the result. To illustrate this: assuming an 
accuracy of .02 in the pH measurements, the degree of error is 0.4 m.e. at 
2 m.e. At 35. m.e. the degree of the 0error is approximately 2 m.e. A portion 
of this error occurring in testing soil having a high exchange capacity may 
be eliminated by using a different ratio of soil to buffer. Since the curve is 
based on a ratio of 1 to ·10, the results obtained on a mixture of 1 part of 
soil per 20 parts of buffer, when multiplied by 2, would give the capacity in 
terms of mill~equivalents per hundred grams of soil. Experimental proof of 
this relationship is shown in the values obtained on Johnson County loess, 
a value of 42.5 m.e. resulting from a mixture of 1 part of soil to 10 parts 
ammonium acetate and a value of 43.4 being obtained by doubling the re
sults obtained with a 1 to 20 mixture. Therefore the data on the titration 
of 1 normal acetic acid with .2 normal ammonium hydroxide, .cover only 
the range of 0 to 20 milliequivalents (figure 5). Values exceeding 20 m.e. 
may be obtained by the-above method. 

A limitation of the cation exchange capacity method presented is its 
failure in soils such as Harrison County loess with ~ high percentage of 
carbonate minerals. The initial results determined on this soil by the usual 
procedure were obviously in error, since the pH of the ammonium acetate 
leachate actually increased slightly and the determination· on the acetic 
acid leachate gave a result exceeding 100 milliequivalents. Therefore the 
soil was treated with dilute hydrochloric acid to remove the carbonates and 
then washed with distilled water in a vacuum filter to remove the excess 
acid. After acid treatment, the total exchange capacity as determined by 
the method presented agreed closely with that obtained by P. K. Fung 
(table I). As would be expected, this converted the major portion of the 
clay to a hydrogen clay, as may be seen by comparing the exGhangeable 
hydrogen a'nd exchangeable ba'se values (table· I). The deterrrii'iiaHon on 

' ', ~ 

TABLE Il. PROPERTIES OF TWO LOESS SAMPLES 

Soil properties 

Liquid limit, % 
Plastic limit, % 
Plasticity index, % 
Shrinkage limit, % 
Shrinkage ratio 

Volumetric change, % 
Centrifuge moisture equivalent, % 
Field moi§fure equivalent, % 
Public Roads classification 
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Harrison 
County 
Loess 
31.9 
26.4 

5.5 
21.7 

1.61 

26.7 
16.6 
23.7 ' 
A-4(8) 

Johnson 
County 
Loess 

33.8 
21.3 
12.5 
14.8 

1.83 

52.5 
20.9, 
31.5 
A-7-6 (10) 



the minus 1 micron samples also showed a high amount of exchangeable 
hydrogen because of· its acid treatment 'dµring settling. It may be noted 
here that the differential thermal analysis method is an excellent method 
for the detection of );he presence of carbonates. 

Certain properties of the two loess soils are indicative of engineering 
behavior (table II). Comparison of this data with figures 2 arid 3, sho~ing 
particle size distributions, indicates that the soil containing the higher per
centage of particles in the five sizes ~xhibits higher plasticity values, great
er shrinkage, and a greater affinity for wat~r, as would be expected. Correla-

. tion with cation exchange values cannot b~ made at this time due to a lack 
of fundamental research in this field. Another factor undoubtedly infiuenc-

' ' ing these properties is the presence of carbonate' minerals. Again sufficient 
knowl~dge is not available to evafoate accurately .their influence. 

CONCLUSIONS 
I 

Perhaps the most important conclusion that may be derived from the 
study presented above is that relatively simple, accurate methods for the 
determination of particle size. distribution and cation exchange capacity are 
now available to the soil engineer; however, correlation of the results ob
tained by these methods with soil properties cannot l;>e made at present be
cause of the lack of basic knowledge in the fields of soil technology and 
engineering. Further studies with the. purpose of ma.king available the 
knowledge necessary for the fullest application of analyticat research to 
pra.ctical engineering are in progress. 
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. , :: ·-ABSTRACT. 
~~' • I 

I . . . . - ' I ';· I ~- , , 

-Part III of the series describ~s the results of a study -of one of the im
i>ortant. variables ~ff~ctirig engine~ring prbpetties.· of ~oil:- the· amou11t of_ 
~l~y present in t:he soil. Test:data 'for the deep Wisconsin (Peorian) · 1oess of 
southwestern Iowa, ~fford~ !:!- '1'.are oppo:rtunity; for_'sµch a: study with natural. 
~oil. Graphs show t:haJ the liquid limit, plastic limit; plastiCity .index, shrink~ 
age limit, centrifuge.;InOi~~lffe equiv._alent, hygr~scopic -m~iSture, field (l~
place) density,. and field ;moisture content hav,e an' apparent linear :i;efatibri-'. 
ship with 0.002-inm.-'clay cohtent.'No. simple ·r.eia tionship was -found betw'een . 

. the-fieid-moisture equiva:ie~t:and cl~~ content: ~· .. · " . -- .. ' . - . . ' ... 
. ' :Parts I' and II- of, this' series' reporting on inv~stiga ti'oris of the clay. frac~ 
'' tion in engineering son~; give tools and ·methods' suitable _for engirieering-
labor~fory use by which. -~ertain properties: ~f the clay fraction _niay. be 
~uaalys·ea. ·One of the objectives qf .the·-irive('ltjgatioris, is to study the rol~ ·of 

·. the ~lay fraction in ·soils to. determ1ne 'the variables involved and their in:.. 
.. , fluehce o'n engineeri.ng properties, which are thos'e. physfoal propefties of 
' soils.·u:sed in the desigrt :;md '<;ppstr.uction,of e~'gineedng. WOI'kS. This, reports 
the results of.-a study of one'.of'the important variables, the amount of clay 
present iri 'the soil. -_, . ' ' · :. , . · .· _ < . , . · · . ·_. · · · --

. . Test data for the deep Wisconsi~,"(Peoriari.) loess 'in soµth~estern low~, 
afforded a.rare opportunity ror such a study with riatriral soiis: .: ' 

,, .' • - - - • •• >. •• •• • '. :· :- '.·.' • _·, ' 

'. · Wlsconsi_ri--Loe;s of Southw~~t~rn._:fowa. · · , · ~.' 

· Four glacial· di-if ts .of: the· Wiscon~fn stage,· fowan, Tazewell; :Cary, and 
. M~nkato, have recently bee~:rrtapped-in:No~thw'estern,·Iowa5 : Each. of th~se 
, four glaciations is believed to. ha~e contributed to the form:ati()n of .the com_::. 
·posit~- Wisconsin loe~s (also called Peorian ioess in-the geoiogical-literature) 
which forms'~ mas'sive- suriac~ deposit that· man.ties older loesses and.pre.:. ' . 

-Wisconsin giaci~l deposits 'iit southwestern· Iowa. Evidence illdicates that 
· th_e m_ain body of' the loi~ss i~ ·wind-:bl9W:~.:materiaL ·Major· spurces of supply 
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were perhaps the :food plains of valleys draining the drift areas and also 
the raw surfaces of the newly deposited drifts. 

The portion of the Wisconsin loess area being studied by the ·Iowa En
gineering Experiment Station is shown in figure 1. The thicknesses of the 

IOWA 

~---I-Arbitrary 
tt,;,,.---.:c,.--,1-,-J__l_ _ _J 

boundary 

Symbols 

Sample locations 

I Traverse 

Fig. 1. Locations of sampling. traverses in deep Wisconsin (Peorian) loess 
area of southwestern Iowa. 

Wisconsin loess in this area have been mapped as greater than 17 ft. on 
ridges and hilltops12

• Along the west boundary, the east valley wall or first 
bluff line of the Missouri River, the loess thicknesses are much greater, 
depth ,measurements of from 60 t~ over 100 ft. having been made8

' 
9

• The 
loess thicknesses are also greater than 17 ft. on hilltops along the north 
boundary, the Wisconsin (or Iowan) drift border14

• The depth of the Wis
consin loess becomes thinner in a southeasterly direction away from the 
east valley wall of the Missouri River8

• It also thins out.rather abruptly in 
a southerly direction from the Wisconsin-drift border. 

Over one hundred samples-of the Wisconsin loess have been taken along 
the five traverses (figure 1). Samples were taken at a depth of from 2 to 3 
feet below the_ top of the C horizon at each of the locations shown on the 
map; at many of the locations samples were also taken at greater depths. 
All sampling was done on unerod.ed ridges or hilltops. A 6 inch soil. auger 
was used for securing samples when suitable road cuts could not be found. 
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The following tests are being used to evaluate the areal and· strati
graphic uniformity of the Wisconsin loess: 

1. Liquid limit 
2. Plastic limit 
3. Plasticity index 
4. Shrinkage limit 
5. Centrifuge moisture equivalent 
6. Field moisture equivalent 
7. Hygroscopic moisture (air-dry) 
8. Mechanical analysis 
9. Specific gravity 

10. Field moisture content 
11. Field density (in-place) 
12. Color, wet and air-dry 
13. Textural and engineering classification 
14. pH 
15. Organic matter content 
16. Carbonate content, expressed as percent CaC03 

17. Sulfate content, expressed as percent S03 

18. Cation exchange capacity (whole soil) 
19. Differential thermal analysis 
20. Types of exchangeable cations. 

These tests have been made on more than fifty of the loess samples at the 
tim,e of this writing. The data indicate that physical and chemical proper
ties along the north-south first bluff-line tray.erse (Traverse 1) are remark
ably uniform for a natur:;tl deposit of soil material. With increasing distance 
away from the Missouri River valley, however, the properties of samples 
taken along three of the inland traverses (Traverses 3, 4, 5), reflect a 
marked increase· in plasticity, shrinkage, water-holding capacity, and in
pl~ce density\ th~ .~amples taken along the Wisconsin-drift border (Trav
erse 2) have h6t'·ks yet been tested. The data further indicate that this in
crease is almost wholly due to an increase in the amount of clay in the loess. 

On the bas.is of the mineralogical and ·chemical data available, the min
eralogical nature of the Wisconsin loess seems to be quite uniform; the clay 
portion being mainly composed of illite- and montmorillonite-type clay min
erals with calcium and magnesium as the predominant exchangeable ca
tions. Organfo: matter and soluble sulfate contents are very low or non
existent. Aside ·from variation in amount of clay, the principal variable in 
the loess appears:to be carbonate content. Carbonate p'ercentages, expressed 
as calcium carbonate, were as high as 18 percent along the first bluff-line 
traverse and decreased to as low as· 1 percent in samples taken near the 
east boundary of the loess area . . , 
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·Correlations 

The test data for the Wisconsin loess affords an opportunity for correla
tions of amount of clay and engineering properties, since the amount of clay 
present in the loess was found 'to be the major variable responsible for the 
differences in engineering properties. 

In this study clay is defined as the soil particles smaller than 0.002 mm. 
in equivalent spherical diameter2

• This ·definition has been giyen further 
scientific justification as a result of mineralogical studies of soils by several 
investigators1

i. 
13

•. 
15

• The 0.002-mm. upper limit for clay has been adopted 
by the International Society of Soil Science and the U. S. Department of 
Agric'ulture; it is also used in the MIT system of particle-size classification. 
Trial correlations in the present study showed that the amount of 0.002-mm. 
clay present in the loess samples correlated better with engineering proper
ties than the amount of 0.005-mm. clay, which is commonly used as the clay 
portion of soils in current engineering practi!3e. 

The properties to be correlated were determined by means of the fol
lowing test° procedures: 

1. Mechanical analysis. ASTM Designation: D422-39 as modified3 
• 

. 2. Liquid limit. AASHO designation: T89-49. 
3. Plastic limit. AASHO _designation:· T90-49. 
4. Plasticity index. AASHO designation: T91-49. 
5. Shrinkage limit. AASHO designation: T92-42. 
6. Centrifuge :moisture equivalent. AASHO designation: T94-42. 
7. Field moisture equivalent. AASHO designation: T93-49. , 
8. Hygroscopic (air-dry) moisture. ASTM designation: D422-39. 
9. Field (in-place) d~nsi.ty. The rubber balloon method was used4

• 

10. Field moisture content. The method for material that does not contain 
aggregate larger than% in. was used•. 

The influence of the amount of clay on the several engineering proper
ties was determined by plotting on linear graph paper the value of the en
gineering property of each-loess sample against the sample's percentage of 
0.002-mm. clay (figures 2 to 10). All properties,. except the field moisture 
equivalent (figure 7) have an apparent linear relationship with 0.002-mm. 
clay content. The curves, whose equations are shown on the graphs, were 
fitted visually by balancing the number of points on either side of the line. 

The field-density points (figure 9) represent only the loess densities as 
measured at a depth of between 2 and 3 feet below the top of the C horizon. 
This was necessary, because in-place density increases with depth in the 
Ioess and cl::i.y content does "not. The graphs for all other properties repre-
sent the loess at the 2 to 3 foot depth and deeper. · · 
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Fig. 10. Influence of day content on field moisture content. 

The results of the correlations show that in a soil system where amount 
of clay is the major variable, the liquid limit, plasticity index, centrifuge
nioisture equivalent~ hygroscopic moisture, field-moisture content, and field 
density6 are directly proportional to the 0.002-mm. clay content, showing an 
increase in value with an increase in clay content. The plastic limit and 
shrinkage limit are also directly proportional to the 0.002-mm. Clay content, 
but show a decrease in value with an increase in clay content. All of these 
relationships follow the general equation: y = mx + b. In. this equation y 
represents tpe engineering property; x the 0-.002.:.mm. clay content; m the 

. slope of the curve which. can be positive or negative, depending upon the 
engineering property under consideration; b is also a constant, depending 
upon the same engineering pre>perty. · 

The field moisture· equivalent shows no simple relationship to the 0.002-
mm. clay content. On the basis_ of a similar study with British soils, the 
Road Research Laboratory 'in England concluded10

: "The field moisture 
equivalent varies only slowly .as the clay content increases and even for a 
given t~pe of soil exhibits considerable variability, the cause of which is 
not known. Even as an index test, its value seems very doubtful." The data 
of the present study appear to confirm this statement. 
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ON PLASTICITY !NDiC!ES OF CLAY ~OILS. 
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ABSTRACT 

The plasticity index has been widely used in soil classification and iden
tification systems. Research and experience have established that the clay 
portion of a soil and its mineralogical character play an important role in 
the engineering behavior of the soil. Since water affects the soil system 
through the clay.:.water interaction, the effect of the wetting time or "tem
pering" as reflected in the plasticity index of tb,e soil was investigated. 

This study seems to show that Atterberg limits tests for kaolinite clay 
soils should be run during the 0 to 1 hour wetting time if the maximum 
plasticity index is sought, but the maximum change iri the plasticity index 
of the same soil is not shown until after a 21 hour wetting period. With 
montmorillonitic clay soils though, both characteristics, the maximum plas
ticity index and the maximum change in the plasticity index, are reflected 
at about the 3 hour wetting period. 

CONSISTENCY OF SOILS 

The Atterberg limits 

The current concept of how the engineering properties of soils are re
lated to the characteristics of those soils when containing varying amounts 
of moisture began in 1911 when the Atterberg limits were suggested2

• This 
theory is that the critical limits of moisture content in soils increase as the 
moisture content rises from hygroscopicity through the plastic and into 
the liquid status. The works of other investigators amplified this theory' and 
refined the testing procedures6

• • · 

The ASTM standard consistency tests 

The standardization of the definitions of consistency limits and of the 
testing procedures to quantitatively attain these limits was a natural 
growth. The American Society for Testing Materials adopted and standard
ized the procedures', and defines the consistency limits as follows: 
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. The liquid limit of a soil is the moisture content, expressed as a percentage of 
the weight of the oven-dried soil, ·at the boundary between the liquid and the plastic 
states. The water content at-this boundary is arbitrarily defined as the water content 
at which two halves of a soil cake will fiow together for a distance of 1h inch along 
the bottom of the groove separating the two halves, when the cup is dropped 25 
times for a distance of 1 cm. (0.3937 in.) at the rate ·of two drops per second. 

The plastic limit of a soil is the lowest moisture content, expressed as a per
centage of the weight of the oven-dried soil, at the boundary between the plastic 
and semisolid states. The water content at this boundary is arbitrarily defined as 
the lowest water content at which the soil can be rolled into threads' 1/s inch in di
ameter without the threads breaking into pieces. 

The plasticity index of a soil- is the difference between its liquid limit and its 
plastic limit. 

Standardization, however, does not imply the end of any modification. 
The recent tendency for ·rapid methods of test has led to the suggestion of 
the "one-point method" instead of the "three-point method" of determining 
the liquid limit of a soil5

• Accurate duplication of results also requires im
proved standardization of some details in the design of the apparatus lead
ing, possibly, to the replacement of the liquid limit test by a more rational 
test based on the measurement of the shear strength of the soil". 

Soil plasticity and the nature of clay 

The plastic or' rheological properties of soils do more than provide an 
excellent basis for classification and identification; they give an 'idea as to 
the shear strength of soils. Since the shear strength of soils accrues from 
the clay content, it becomes evident, in the light of the modern concept of 
clays, that not only the amount but also the type of clay mineral bears 
heavily on the value of the plasticity index. Listing the clay minerals in a 
descending order of surface activity, soils containing montmorillonitic clay 
have a higher plasticity index than those- containing illitic clay, which in 
tu:r:n have a higher plasticity index th_an those containing kaolinitic clay . 
.Also, if the surface activity of clay particles governs their rate of hydra
tion, it follows that there is a critical period of time after mixing the soil 
with' water during which the plasticity tests should be conducted so that the 
plastic properties of soils are best reflect~d in the test data. 

INVESTIGATION 

Soils 

Of the five soils tested, .four were from Iowa and one from Maryland; 
the soils covered a range of characteristics both from the standpoint of 
texture and plasticity as well as clay content and clay mineral constituents 

, (table I). With the exception of EPK, which was a commercially produced 
kaolin used· as a check on the results obtained with soil number 5, all soils 
were natural soils. 
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Preparation of soil samples 

The'essence of· this investigation lay in qetermining the plasticity indices 
of representative portions of the five natural soils and EPK after allowing 
them to .stand mixed with water for various periods of time. Since sorption 
of water· by colloids, excepting bentonite, has been shown to be practically 
complete after 24 hours, it was assumed that any tren,d due to differential 
times of wetting would be apparent within 24 hours6

._ Therefore o, 1, ·3, and 
21 hour periods of time were chosen for the wetting of the samples before 
testing for plasticity. By comparison of the plasticity indi'ces of the same 
soil, obtained from tests performed on portions wetted for different lengths 
of time, the effects of the wetting time could be observed. 

Testing procedures 

The tests for the liquid and plastic limits, and the plasticity indices of 
the soils were conducted according to the procedures outlined in ASTM 
Designation: D423-54T, Mechanical' Method, and ASTM Designation: D424-
54T'. The amount of water added to the soil for the wetting period was at 
about that of the liquid limit. The soil was mixed with water for at le_!1st 

Table I. Description and properties of the soil samples. 

Sample No. 2 3 4 5 

Geological Wisconsin- Kansan-age Kansan-age Planosol on 
description: age loess till till leached, fine 

textured Wis-
cons in-age 
loess 

Sampling Dallas Co., Dallas Co., Guthrie Co., ·Wayne Co., Prince 
location DeSoto, Ia. DeSoto, ra: Guthrie Iowa George's 

Cent~r, Ia. Co., Md. 
Soil series Tama Paleo sol Shelby Edina Sassafras 
Horizon cl BP, c B c 

p 
Depth, ft. 2-8.2 8.2-18.4 0.9-7.2 2-3 

Textural composition,% 
Gravel (2. 00 mm) 0 7.0 o.o o.o 58.0 
Sand (2. 00-0. 074mm) 0 26.0 51. 0 0.7 23. 9. 
Silt (0. 074-0. 005 mm) 60.0 24.0 31. 0 36.8 10.l 
Clay (0. 005 mm) 40.0 43.0 18.0 62.5 8.0 
Colloids (0. 001 mm) 24.0 26.0 11. 0 53.5 4.4 

Predominant clay Montmoril- Montmoril- Montmoril- Montmoril- Kaolinite&: 
mineral lonitei! lonite# lonite# lonitei! 

Classification 
Textura1''~' Silty clay Clay Sandy loam Clay Gravelly 

sandy loam 
Engineering (AASHO) A-7-6(16) A-~7-6(16) A-4(3) A-7-6(20) A-2-6(0) 

*Commercially produced kaolin by the Edgar Plastic Kaolin Co., Edgar, Florida. 

tAll silt-si~e particles are less than 0 •. 040 mm in diameter. 

i!By X-ray diffraction analysis 
4

• 

&:DTA
6

• · 

6(EPK)* 

14.o/ 
86.0 
35.0 

Kaolinite 

Cla:y 

**From triangular chart developed by U.S. Bureau of Public Roads, but O. 074 mm was used as 
the lower limit of the sand fraction. · 
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ten minutes. After this the.soil mixtures were put into covered containers 
and stored in a humidifier. for d~signated periods of time. Then the soil 
specimens were tested. 

TABLE IL .SUMMARY OF ATTERBERG TEST RESULTS' 

Sample No. and Time tests Liquid Plastic Plasticity performed predominant clay after limit, limit, index, 
mineral ·· mixing, hr. % % % 

1. M\)ntmorillonite 0 48 26 22 
1 51 '25 26 
3 50 25 25 

21 50 25 25 
2. Montmorillonite O· 56 24. 32 

1 56 25 31 
3 57 24 33 

21 55 24 31 
3. Montmorillonite 0 25 18 7 

1 23 19 4 
3 25 18 7 

21 23 18 4 
4. Montmorillonite 0 77 36 41 

1 74 35 39 
3 76 35 41 

21 76 36 40 
5. Kaolinite 0 35 24 11 

1 35 23 12 
3 35 23 10 

21 34 26 8 
6. (EPK) Kaolinite 0 55 34 21 

1 59 37 22 
3 55 36 19 

21 52 36 16 

Four determinations were used for the construction of the flow curve for 
the liquid limit. The average of three values was taken as the plastic limit 
of the soil. Following the ASTM procedures, all water contents have been 
reported to the nearest whole number in the data (table II). 

TABLE III. EFFECT OF WETTING TIME ON PLAsncrTY 

Soil Changes in L.L. Changes in P.L. Changes in P .I. 

sample between between between 
wetting times wetting times wetting times No. of 0 and of 0 and of 0 and· 

1 hr. 3 hr. 21 hr. 1 hr. 3 hr. 21 hr. 1 hr. 3 hr. 21 hr. 
1 -+;3 +2 +2 -1 -1 ,1 +4 +3 +3 
2 ·o +1 -1 +1 0 0 -1 +1 -1 
3 -2 0 '-2 +1 0 0 -3 0 -1 
4 -3 -1 -1 -1 -1 0 -2 0 -1 
5 0 0 -1 -1 +1 ·+2 +1 -1 -3 
~(EPK) +4 0 -3 +3, +2 +2 I +1 -2 -5 
Increases 2 2 1 3 2 2 3 2 1 
Decreases 2 1 5 3 2 .1 3 2 5 
No change 2 3 0 0 2 3 0 2 0 
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DISCUSSION OF RESULTS 

Time of wetting or ''tempering," appears from the data to alter to some 
degree the plastic properties of soils (figure 1, table III). Since the plasticity 
index of a soil is of importance in engineering, the influence of time of 

. Soil no. 4 
40 

Soil no. 2 
30 

Soil no. I 

Plasticity index, 

percent 20 
No. 6 EPK 

10 
Soil no. 5 

Soil no. 3 . 

3 ·~ 21 

Wetting time, hours 

Fig. 1. Effect of wetting time on the plasticity indices. 

wetting may best be interpreted in terms of the clay constituents of a soil 
and on the basis of changes in the plasticity index. 

The three soils, 2, 3, and 4, contailling montmorillonitic clay in amounts 
varying from 18 to 62.9 percent displayed the same trend: the plasticity 
index decreased at the end of 1 hour wetting, increased to a maximum at 
the 3 hour wetting, and tended to decrease as the 21 hour wetting period 
was reached. The four soil, No. l; also a montmorillonitic clay, behaved in 
a different way, although i;t contained exactly the average amount of clay 
(40 percent) when 18 and ·62.5 percent are taken as the extreme values. It 
manifested the maximum plasticity index value at the 1 hour wetting 
period, decreased slightly towards the 3 hour wetting period and seemed to 
have retained this value as the 21 hour wetting period was reached. 

In spite of the difference of behaviour between the first three soils, 2, 3, 
and 4, on one hand and soil No. 1 on the other, it is evident that all four soils 
required a wetting period of more than 1 hour before displaying their maxi
mum plasticity index vp,lues. In fact, discounting the small difference be
tween the 1 hour and 3 hour plasticity index values in soil No. l, i.t will be 
safe to state that the maximum plasticity index of the montmorillonitic clay 
soils used in this experiment occurred between the 1 and 3 hour wetting 
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period, and possibly near the 3 hour wetting period. It is also of equal im
portance to note that the maximum difference in the plasticity index of the 
montmorillonitic soils occurred during the 0 to the 3 hour wetting period. 

The kaolinitic soils, No. 5 and No. 6 _(EPK), reacted similarly within the 
group but differently than the montmorillonitic soils in that their plasticity 
indices. reached maximum at the 1 hour period, and minimum at the 21 hour 
period. 

From the results of this investigation it appears that, if the determina
tion .of the maximum plasticity index of a clay soil is required, the 1 hour 
wetting period should be used.for the kaolinitic soils, and the 3 hour wetting 
period for the montmorillonitic soils. The longer time required by the mont
morillonitic soils is attributed to their higher specific. surface and higher 
surface activity compared with the kaolinitic soils. 

The prolonged wetting period of 21 hours does not seem to change qras
tically the plastic properties of montmorillonitic clays over those determined 
at the 3 hour period. The 21 hour plastiCitY index values seem to be not very 
remote. from the average plasticity ind~x, when the average is calculated 
from the four wetting periods. With the kaolinitic soils, however, th.e 21 
hour wetting period is more critical than it is with montmorillonitic soils, 
because it seems to represent not only the minimum plasticity index value 
but also it is far from being close to the average value .. 

If reduction of the plasticity index is taken as an indication of increasing 
aggregation, and conversely, an increase in plasticity index is taken as in
creasing dispersion, then the resu,lts are indicative of ·the long term role· 
as a flocculating agent of water when it is adde.d in controlled amounts: The 
influence of water, when s_hort and long wetting periods are compared, see~s 
to be more pronounced with kaolinitic soils than with montmorillonitic soils'. 
It is possible th.at the kaolinitic clay particles attain some degree of orienta
tion upon the addition of water and subsequent manipulation, but with time 
they lose this qrientation. This seems to hold true for montmorillonitic clay 
particles except that the loss of orientation with time is small. · 

Although the applicabHity of the conclusions drawn from this investiga-. 
· tion does not seem to be questionable, further ·research may help in sub
stantiating the f~cts brought out in this work. 
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TH.E RELATION BET.WEEN ·so1L MOISTURE ' 

'TENSION AND THE. CONSISTENCY LIMITS OF SOILS. 

by 

· R. L. Rollins, -Assistant Professor, Civil ~ngineering 

D. T. Davidsoi:t,-·Professor, .Cjvil Engineerin-g 

(Progress R~port, 1955.) 

ABSTRACT. 

'.-:. 
r ,·, 

I' 

Soil physicists use the capillary_ potential ·as a means of expressing the 
energy of attraction.of soil for water: The so-called t~nsion-moisture cu~ves 
.are. used to characterize soils and to displ_!!-Y soil IQ.Oisture· relations. By use 
of equipment now commercfally available tension values an·d -mois.ture con
. tent data can be determined·for''a large number of ~amples ~tone time. 

\ . . ' . ,, 

Procedures are given here.in for, preparing. the soil and for. determining 
the soil moisture t~:rision curves. Data .are presented showing the relation
·ship between tensio'n vilues and' the liq'uid and plastic limits •of soiis ,in the 
textural groups of· silty loam, 'silty clay loam, silty clay, and clay. Tension 
values for a:t leas,t 32 duplic~te samples can be obtained in a 24 hour period 
for the. liquid limit. · · . ~ · . _ · 

- . 

By the use' of the correlation data pre:sented, mu.ch time Gan be. sa,ved in 
estimating the consistency limits: . . ·. · · ... : : . - - , . . . - . ' ' 

INTR,ODUCTION 

. . The ~onsistency limits or s9ils have been· used widely In iioil engineering 
for· the classification and identification of soils .. The American Association 
of State Highway OfficiaJs soil classification, the unifled soil classification of 
·the. U.S. Corps.of Engineers; and v'arious other systems 'utilize Atterberg's 
limits. These limits are often .used directly in specifications for mechanical · 
stabilization, for determfoing·the-kin.d of soil to be :used in fills, and in the 
design of flexible pavements. ·Thousands or°these'tests are made each year 
by soil engineering organizations. A. disadva~tage .of procedures currently 
available for determining consistency limits' is the time consumed in com
pleting a ·test .. For instance, it takes the average laboratory tec:hniCiari at 
least an hour to arriv~ at a value for the· liquid limit; and nearly as long to 
determip.e the .plastic limit. · · 
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TABLE I. SOILS USED IN THE INVESTIGATION 

Soil L.L. P.L. P.I. Sand Silt Clay Textural 
No. <5µ Classification 

108-1 32.l 21.6 10.5 2.3 71.1 26.6 Silty clay loam 
108-2 47.4 19.8 32.4 0.5 57.5 42.0 Silty clay 
119-1 38.5 . 24.1 14.4 0.9 63.9 35.2 Silty clay 
117-2 47.7 19.0 29.8 1.1 57.3 41.6 Silty clay 
114-5 29.1 19.2 9.9 6.3 75.1 18.6 Silty loam 
117-7 31.0 20.3 13.3 0.6 74.9 24.5 Silty clay loam 
114-7 26.6 19.2 7.4 8.1 74.7 17.2 Silty loam 
108-4 35.6 19.9 17.4 1.0 71.2 27.8 Silty clay loam 
119-5 38.4 17.2 21.2 0.9 67.1 32.0 Silty clay 
110-5 31.0 2L7 9.3. Silty clay loam 
202-1 30.4 22.7 5.9 1.4 74.3 24.3 Silty clay loam 
207-1 39.3 29.0 10.3 1.2 70.4 28.4 Silty clay loam 
212-2 43.9 21.9 22.0 4.2 58.3 37.5 Silty clay 
227-2 45.5 22.3 25.7 0.8 62.6 36.6 Silty clay 
202-6 27.7 22.7 5.0 0.6 80.2 19.2 Silty loam 
211-5 39.9 23.0 16.9 0.4 65.7 33.9 Silty clay 
217-4 41.8· 22.3 19.5 0.4 64.0 35.6 Silty clay 
227-5 24.1 21.0 3.1 0.5 85.0 14.5 Silty loam 
211-7 26.8 23.0 3.8 1.6 79.6 18.8 Silty loam 
LF-1 57.4 19.9 37.5 7.7 48.2 44.1 Clay 
LF-2 73.7 51.2 . 24.0 3.4 12.0 84.6 Clay 
LF-3 31.8 24.6 7.2 0.7 78.3 21.0 Silty clay loam 
LF-4 33.0 22.4 10.6 7.7 55.7 36.6 Silty clay 
M38-1 32.7 27.1 5.6 3.78 79.82 16.4 Silty loam 
M25-1 36.5 31.3 5.2 4.61 78.29 17.1 Silty loam 
M83-1 40.9 34.7 6.2 4.98 78.92 16.1 Silty loam 
43 35 20 16 25 39 33 Clay 
61 56 24 32 6 42 52 Clay 
62 46 20 26 7 49 43 Clay 
65 70 27 43 10 32 57 Clay 
84 42 21 21 18 40 41 Clay 
86 43 21 22 24 37 38 Clay 
89 40 22 18 24 37 39 Clay 
94 55 25 30 4 43 53 Clay 
431h 51.9 20.8 33.4 0.7 60.2 39.4 Clay 
Luton 71.0 24.5 47 2.11 27.89 7.0 Clay 
2963 70 36 34 19 26 55 ·Clay 
Gumbotil 66.8 21.9 48.7 8.0 31 61 Clay 

V-1 41.4 20.7 20.7 o.9 66.6 32.5 Silty clay 
V-4 51.l 20.1 31.0 0.4 56.6 43.0 Clay 

IV-1 47.7 22.4 25.3 1.3 60.6 38.1 Silty clay 
IV-5 40.6 18.8 21.8 0.7 66.0 33.3 Silty clay 

I-16 30.3 21.2 11.4 3.1 72.9 24.0 Silty clay loam 
IV-14 36.1 22.4 16.5 0.5 74.7 24.8 Silty clay loam 
II-7 30.2 24.4 5.8 2.1 84.3 13.6 Silty loam 

IV-15 35.3 21.4 13.9 0.7 76.3 23.0 Silty clay loam 
I-21 26.8 21.2 5.6 4.7 81.2 14.l Silty loam 

15-2, 30.6 24.0 4.5 1.0 83 16 Silty loam 
55-1 29.6 27.3 2.3 1.3 85.3 13.4 Silty loam 
47-1 34.7 25.1 9.6 1.5 76.3 . 22.4 Silty clay loam 
48-2 31.6 19.7 11.9 0.7 71.3 28.0 Silty clay loam 
34-1 46.8 22.8 24.0 0.9 64.1 35.0 Silty clay 
37-2 39.2 19.5 19.7 0.2 67.3 32.5 Silty clay 
43-1 39.8 16.7, 23.1 10.9 56.8 32.3 Silty" clay 
46-1 54.7 22.0 32.7 0.5 56.0 43.5 Clay 
71-2 38.4 22.7 15.7 0.8 72.2 27.0 Silty clay loam 
59-1 48.5 20.0 28.5 0.5 59.1 40.4 Silty clay 
15-1 31.9 24.0 6.2 3.4 79.4 17.0 Silty loam 
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Herein is a method for estimating the 'c6n'Sistency limits by relating 
them to soil moisture tension values. determined by porous plate equipment 
and pressure membrane apparatus2

• 

SOILS USED . 

Fifty-six different soils, most of which were Iowa soils, all ranging in 
texture from silty loam to clay, were studied (table I). 

APPARATUS USED FOR DETERMINING SOIL MOISTURE TENSION 

Soil moisture tensions up to twenty pounds per square inch were obtained 
.on the porous plate apparatus 2

: 
3

• Th~·~pparatus has three ways for :µieasur
ing the applied air pressure. In the investigation a water manometer was 
used for pressures up to twenty inch:'~s of water, a pressure gage gradu
ated from zero to two hundred fnches of water was used for th.13 range of 
twenty to two hundred inches, and a pressure gage with a maximum read
ing of thirty pounds per square inch was used beyond two hrtnd_red inches .. 
of water and up to twenty pounds per square inch. The air Pr~ssure was· 
supplied from an ordinary laboratory compressed air line and controlled by 
two valves. Valve 1· supplied afr to valve 2 at a pressure of approximately 
forty pounds per square inch. Valve 2 is a sensitive pressure reduction valve 
which maintains a constant pressure in the porous plate appar~tus. The 
apparatus has four porous ceramic plates. Soil moisture tensions greater 
than twenty pounds per' square inch were det~rmined by using a .Richards 
pressure membrane apparatus_ which ca.n determine soil moisture tensions 
up to fifteen atmospheres. - ·"~ 

Brass rings, one and three quarters inches in diameter and one-half inch 
high, were placed on the porous plate to contain the soil sample. A maximum 
of eighteen rings of this size can be placed on each of the four plates, a total 
of seventy-two samples in the apparatus at one time. If duplicate samples 
are used for each soil type, thirty-six soils can b13 tested at one time. · 

Rubber rings, approximately the same size as th~ brass rings, were used 
on the pressure membrane apparatus. In this apparatus thirty rings or 
fifteen duplicate soil samples can be investigated at one time. 

PREPARATION OF SOIL FOR DETERMINING 
SOIL MOISTURE TENSION 

Each soil sample for which a soil moisture tension value was desired was 
saturated essentially in accordance with procedures outlined in USDA Hand
book No. 604

• Specifically the procedure used was .as follows: 

Approximately thirty grams of a representative sample of the soil was placed in 
one-half 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 were being prepared, as 
many jars as were necessary 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 
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point. Each sample in turn was then brought to the saturation point by slowly adding 
more water, and mixing with a spatula. 
To determine the end point of saturation, the soil mass was transferred to one side 
of the jar. If the soil slowly flowed when the jar was tipped to an angle approximate
ly 60 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 was then placed in the 
rings on the saturated porous plates. 

The saturation process must be followed carefully, since the soil moisture 
tension at each of the limits is affected by the initial moisture content. 
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Fig. 1. Relationship between soil moisture tension and moisture content. 
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RELATIONSHIP BETWEEN SOIL MOISTURE TENSION 
AND THE CONSISTENCY LIMITS 

Preliminary tests indicated that more useful results could be obtained 
from this study if the relationship between soil moisture tension and the 
consistency limits was established for each textural group. The study was 
then conducted with this objective in mind. The textural groups available 
for investigation, according to the U. S. Bureau of Public Roads textural 
classification system, were silty loam, silty clay loam, silty clay, and clay. 
Preliminary tests indicated that the soil moisture tension corresponding to 
the liquid limit varied from about five to forty inches of water pressure for 
all soils, and the moisture tension corresponding to the plastic limit varied 
from about 160 to 1700 inches of water. 

With this 'information, moisture contents corresponding to four, eight, 
twelve, twenty, fifty, and one hundred inches of water were determined for 
all soils for the liquid limit study. Two trials were made by different opera
tors for each pressure with duplicate samples for each trfal. The averages 
of these two trials were then used to plot a curve with soil moisture tension 
or applied pressure as a function of the moisture content (figure 1). From 
these curves for each soil, the most probable .soil moisture tension within a 
textural classification that would yield a moisture content equivalent to the 
liquid limit was selected. 

The procedure used to estimate the appropriate soil moisture tension was 
to select various tensions in the vicinity of the desired one by direct observa
_tion. Moisture contents were determined for each ten~ion for all soils within 
the textural group. The deviations of the liquid limit from the moisture con
tent corresponding'to a certain tension for all soils were determined. Aver-

·TABLE II. TABULAR ANALYSIS OF SILTY CLAY FOR THE LIQUID LIMIT 

Soil % H20 Dev. % H20 Dev. % H20 Dev. 

Designation L.L. for from for from for from 
20 in. Ten. L.L. 15 in. Ten. L.L. 10 in. ten. L.L. 

217-4 41.8 42.2 +o.4 43.4 +l.6 42.2 +o.4 
211-5 39.9 40.4 +o.5 41.7 +1.8 43.0 +3.1 
227-2 48.0 44.8 -3.2 46.0 -2.0 47.3 -0.7 
34-1 46.8 ·45.3 -1.5 46.5 -0.3 48.0 +1.2 
V-1 41.4 38.2 -3.2 39.3 -2.1 40.5 -0.9 
37-2 39.2 40.3 +1.1 41.4 +2.2 42;5 +3.3 
212-2 43.9 41.2 -2.7 42.3 ' -1.6 43.5 -0.4 
119-5 ' 38.4 38.4 0.0 39.4 +1.0 40.5 +2.1 
119-1 38.5 39.9 +1.4 40.8 -+2.3 41.6 +3.1 
117-2 47.7 45.6 -2.1 46.8 -0.9 48.2 ·+0.5 
IV-5 40.6 41.4 +o.8 40.3 -0.3 44.0 +3.4 
LF-4 33.0 35.2 +2.2 36.0 +3.0 37.0 +4.0 
43-1 39.8 35.3 -4.5 36.7 -3.1 38.4 -1.4 
IV-1 47.7 !45.7 2.0 46.9 -0.8 48.1 +o.4 
Mean 1.83 1.64 1.78 
Algebraic Mean -0.63 +0.057 +l.28 
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age deviations. ·a~d .average ~lgebraic devi~tions :were. determined for ~~~h 
tension for an . soils. in- a given textural group;. the soil moisture tensfon . 
which yielded' the mihi;num algebraic and"' average deviatiqn was selected· 
(table II). · · . 

In determining the soil moisture tension corresponding with the pfastic · 
limit,- soil' moisture te11sion curves wete 'obtained by finding 'moisture con- . 
tents corresp-onding with pres~ures of ~00, 200, ·405, 1383 and 2767 inches. 

'.of water pre_ssure. Soil moistlire_tensI9ns correspontj.ing to the liquid. limit· 
were estimated from these curves for each textural classification in exactly· 
the ·same manner ·as described above. This analysis indicated 'that the ten-:· 
sions for the various .textural gr<mP1'! should-be approximately as indi~ated£ 

TENSION ·FOR TENSION FOR 
TEXTURAL _GROUP - .LIQUII.:/" LIMIT" PLASTIC LIMIT 

Silty loam 60 inches of water 168 inches of water 
Silty clay loam 60 inches of water 415 inches of water 
Silty Clay 15 inches ofw:ater - 913 inches of water 

I Clay . 6 inches of water . 1650 inches of wat,er 

To check the above results, two samples of each soil were prepared in. · 
accordance with the above procedure, then they were subjected to the ap
propriate .pressure (tables III·- IX).', The average and the a}gebraic mean 

TABLE III. MOISTURE CONTENT FPR 60 _INCHES Mms:ruRE TENSION COMPARED WITH, 

THE LIQUID LIMIT FOR S~TY LOAM AND SILTY. CLAY LOAM' sol:Ls' 

S~il Typ~ Triai. No. ,Average -L.i.. Deviati9n 1 2 

114"7 24.8 '25.8 25;2 26.6 .+l.4 -
211-7 ,27,3 -26,6. 26.9 26.8 -0.1 
.55-1 30.2 29.7 29.9 29.6 -0.3 

Ic21 '.28.0 . 28.0 '28.0 26.8 -L2 
15-2 34.2. 34.4 34.3 30.6 -3.7 
.15-1 33.10 33.l 33.1 31.9 ..:....i.2 

.- 202-6 27.6 27.4 27.5 27.7 +0;2 

II-7 .33.2 .31.9 32.5 30.2 -2:3 
114-5 .28.2 27:0 27.6 29.1 +1.5 

. 227-5 25.8 26.4 26.1 24.1 - _:2.0 -
207-1 . 40.5 42.1 41.3. 39.3 -2.0 
108-4 33.2 34 33.6 35.6 +2.0 

LF-3 32.9 32.5 32.7 31.8 -0.9 
110-5 . 29.5 30.0 29.7 3;1.0 +L2 
108-1 31.2 31.1 31.1 32.1 +o.9 
202-1 33.1 32,9- 33 .. 0 30.4 ,-2.6 

IV-15 34.0 33.3 33.7 
··' 

35.3 +1.6 
47-1 34.4 . 35.4 34.9 34.7 -0.2 
IV-14 36.7 35.6 36.l' - 36.1 '0.0 
I-16 32.7 31.9 32.3 30.3 -2.0 
48~2 34.8 34.9 34.9 31.6 -3.3 
117-7 28.8 28.6 28.7 31.0 +2.3 

Average Deviation: . , 1.50 
Av¢rage Algebraic Devfation-: -0.49, 

I 
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·TABLE IV. MOISTURE CONTENT FOR 15 INCHES MOISTURE TENSION COMPARED 

WITH THE LIQUID LIMIT FOR SILTY CLAY SOIL~ 

Soil Type Trial No. Average L.L. Deviation· i 2' 3 4 
I 

108-2 43.3 42.7 45.1 45.1 44.1 47.4 +3.3 
IV-1 44.8 44.6 48.1 45.8 47.7 +1.9 
119-5 40.3 38.7 42.3 43.2 41.1 38.4 -2.7 

V-1 36.3 37.3 39.4 37.7 4'1.4 +3.7: 
LF-4 36.0 36.2 38.0 37.8 37.0 33.0 -4.0 
·IV-5 40.2 42.1 42.7 43.2 42.1 40.6 -1.5 
37-2 42.0 42.7 43.3 44.0 43.0 39.2 -3.8 
59-1 44.0 43.6 46.4 46.3 45.1 48.5 +3.4 

211-5 39.0 40.5 42.9 43.5 41.5 40.0 -1.5 --
34-1 46.8 45 45.2 45.6 46.8 +1.2 
119-1 42.0 41.6 45.6 43.0 38.5 -4.5 
43-1 38.4 37.6 37.6 41.3 38.7 39.8 +1.1 

227-2 43.5 42.1 45.9 :· 44.6 44.0 45.5 +1.5 
212-2 43.3 42.2 42.5 42.8 42.7 43.9 +1.2 
117-2 44.3 44.5 45.7 46.8 45.3 47.7' +2.4 
217-4 44.4 45.8 45;1 41.8 -3.3 

Average Deviation:·. 2.56 
Average Algebraic Deviation: -0.10 

deviations from the liquid limit deter~iri.ed by conventional method are in-
dicated for each. · · 

This recheck indicated that the selected tensions are fairly satisfactory 
f~r the soils tested, and that the deviation13 of the moisture contents corres
ponding to the tension values agree quite well in the majority of cases with 
the consistency limits determined by standard procedures. 

Discussion 

The results show that moisture tensions of soils saturated ·according to 
the procedure presented are not unique at moisture contents corresponding 
to the liquid or the plastic limit but vary with the textural classification of 
the soils .. One.might be led to believe at first that this places a severe restric
tion on the method; however, it may be seen that in the liquid limit the 

. range in tensions corresponding to the liquid limit is not really so large. For . 
textural classifications varying from clay to silty loam, the soil moisture 
tension corresponding to the liquid limit varies from six to sixty inches of 
water pressure. For the clays to silty clays, the ,variation is from six to 
fifteen inches of water pressure. Within the latter ·tension range, the change 
in moisture content with change in tension does not appear to be sufficiently 
great to cause excessive deviations of the liquid limit from the moisture con
tent corresponding to the group tension. The lighter textured soils, such as 
the silty clay loams and silt loams, ca.n range widely in the s.oil moisture 
tension without an appreciable change in the moisture content. 

The method .should be less· reliable for soils which are intermediate be
tween o:n,e textural group and another than for those falling well within the 
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group. However, when one considers that the c9nsistency limits as deter
mined by conventional methods are not precise and may vary by several 
percent, depending on the operator and other uncontrolled variables, the 
. deviations observed are tolerable. In the results for the plastic limit, devia
tions of the moisture contents corresponding to the soil moisture tension for 
a textural group are quite large for the silty loams and silty clay loams. The 
increased deviation might be expected; since determination of the plastic 
limit in silty soils by the conventional methods is subject to a wider varia-

TABLE V. MOISTURE CONTENT FOR 6 INCHES MOISTURE TENSION COMPARED WITH 

THE LIQUID LIMIT FOR CLAY SOILS 

Soil Trial No. Average L.L. Deviation Designation 1 2 
Gumbotil o5.o 65.0 65.0 66.S +LS 
LF-1 54.2 5S.4 56.3 51.4 -1.1 
61 56.1 55.7 55.9 56 +0.1 
46-1 51.5 50.9 51.2 54.7 +3.5 

Edina 70.6 72.6 71.1 71 -0.l 
S4 44.5 43.3 43.9 42 -1.9 
43 34.6 34.9 34.S 35 +0.2 
43 1h 49.7 49.9 49.S 51.5 +1.7 
62 4S.l 47.1 47.6 46 -1.6 

Luton 69.4 69.3 69.3 71 +1.7 
S9 42.9 43.9 43.4 40 -3.4 
94 60.6 60.7 60.6. 55 -5.6 
65 69.6 69.l 69.3 70 +o.7 
S6 42.7 44.3 43.5 43 -0.5 

LF-2 •72.0 71.0 71.5 73.7 +1.2 
V-4 4S.O· 4S.O 4S 51 +3.0 

Average Deviation: 1.75 
Average Algebraic Deviation: 0.00 

TABLE VI. MOISTURE CONTENT FOR 168 INCHES MOISTURE TENSION COMPARED WITH 

THE PLASTIC LIMIT FOR SILTY LOAM SOILS 

Soil Trial No. Mean P.L. Deviation Designation 1 2 3 4 

202-6 24.2 25.1 24.S 24.4 24.6 22.7 -1.9 
211-7 24.2 23.S 24.4 24.1 24.1 23.0 -1.1 
114-5 22.S 23.1 23.4 23.5 23.2 19.2 ~4.0 

15-2 lS.6 20.4 lS.9 19.S 19.3 24 +4.7 

II-7 19.3 19.2 21.1 21.0 20.2 24.4 +4.2 
I-21 16.7 16.l 17.l 17.9 16.9 21.1 +4.2 
15-1 21.6 20.S 20.5 21.l 21.0 24.0 +3.0 
55-1 25.S 26.0 24.5 24.5 25.2 27.3 +2.1 

114-7 23.0 23.2 22.6 22.7 22.9 19.2 -3.7 
M25-1 35.S 37.2 36.5 31.3 -5.2 
M3S-l 31.S 33.7 32.7 27.1 -5.6 
MS3-1 32.3 33.6 32.9 34.7 +LS 

Average Deviation: 3.46 
Average Algebraic Deviation: -0.13 
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tion than in more plastic soils. The results of the check test for both silty 
clays and clays at the plastic limit appear to be quite satisfactory. 

TABLE VII. MOISTURE CONTENT FOR 415 INCHES WATER PRESSURE MOISTURE 

TENSION COMPARED WITH THE PLASTIC LIMIT FOR SILTY CLAY LOAM SOILS 

Soil Trial No. Average P.L. Deviation Designation 1 2 3 4 
117-7 22.7 23.l 23.3 23.3 23.l 20.3 -2.8 
48-2 . 20.6 20.0 21.2 20.9 20.8 19.7 -1.1 
I-16 23.4 23.4 23.8 23.9 23.6 21.2 -2.4 
IV-14 24.4 24.6. 26.8 26.6 25.6 22.4 -3.2 

47-1 18.9 18.8 21.8 21.8 20.6 25.1 +4.5 
IV-15 18.6 19.9 22.0 22.2 20.8 21.4 +o.6 
202-1 18.5 18.9 19.9 19.9 19.3 22.7 +3.4 
108-1 20.3 19.2 22.2 22.4 21.0 21.6 +o.6 

110-5 21.8 22.1 21.6 22.0 21.9 21.7 -0.2 
LF-3 15.3 15.7 18.9 18.6 17.1 24.6 +7.5 
108-4 24.6 . 24.7 24.3 24.7 24.6 19.9 -,--4.7 
207-1 21.0 21.9 23.3 23.1 22.3 29.0 +6.7 

Average peviation: . 3.14 
Average Algebraic Deviation: +0.74 

TABLE VIII. MOISTURE CONTENT FOR 913 INCHES WATER PRESSURE MOISTURE 

TENSION COMPARED WITH THE PLASTIC LIMIT FOR SILTY CLAY SOILS 

Soil Trial No. 
Designation 1 2 Average P.L. Deviation 

212-2 20.0 18.2 19.1 21.9 +2.8 
227-2 19.1 18.2 18.7 21.0 +2.3 
43-1 15.2 15.0 15.1 16.7 +1.6 
119-1 17.5 16.4 17.0 24.1 +7.0 
117-2 22.6 23.6 23.l 19.0 -4.1 

34-1 19.8 20.6 20.2 22.8 +2.6 
59-1 24.3 23.2 23.7 20.0 -3.7 
LF-4 17.9 17.9 17.9 22.4 +4.5 
V-1 17.5 17.2 17.4 20.7 +3.3 
108-2 21.7 21.6 21.6 19.8 -1.8 

IV-5 18.6 18.6 18.6 18.8 +0.2 
IV-1 22.1 22.0 22.1 22.4 +0.3 
119-5 17.5 17.1 17.3 17.2 -0.1 
37-2 17.5 18.6 18.1 19.5 +1.4 
217-4 19.1 19.6 19.3 22.3 +3.0 

Average Deviation: 2.58 
Average Algebraic Deviation: +l.29 

The consistency limits, determined by conventional procedures and used 
for comparison in this study, were determined by several different opera
tors. It should therefore be expected that there would be some variation of 
these limits from the actual ones. Table X shows the results of the Missis
sippi Valley Group Cooperative Test on the consistency limits for one soil. 
Carefully prepared samples of the soil were sent to the highway soil labora
tories of ten different states and the soil laboratory of the U. S. Bureau of 
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Public Roads. Each in turn determined the limits and reported the average 
of three trials. As noted in the table, the liquid limit varied from 26.2 to 
20.85, with an average of 24.3. The plastic limit varied from 16.0 to 11.56 
with an average of 13.8. 

TABLE IX. MOISTURE CONTENT FOR 1650 INCHES WATER PRESSURE MOISTURE 

TENSION COMPARED WITH.THE PLASTIC LIMIT FOR LEAN AND 

MEDIUM CLAY SOILS 

Soil Trial No. 
Designation 1 2 Average P-.L. Deviation 

84 21.4 21.3 21.3 21 -0.3 
61 24.9 24.9 24.9 24 +0.9 
89 21.4 21.0 21.2 22 +o.8 
65 28.8 29.0 28.9 27 -1.9 

62 21.3 21.4 21.4 20 -1.4 
94 27.4 27.4 27.4 25 -2.4 
43 17.5 17.7, 17.6 20 . +2.4 
46-1 24.0 24.7 24.3 22 -2.3 

LF-1 22.2 22.9 22.5 19.9 -2.6 
V-4 22.4 22.3 22.4 20.1 -2.3 
Gumbotil 29.0 28.6 28.8 21.9 -6.8 
43112 24.8 -.24.8 24.8 20.8 -4.0 

Average Deviation: 2.34 
Average Algebraic Deviation: -1.66 

TABLEX. NlrSSISSIPPI VALLEY GROUP COOPERATIVE TEST ON. BINDER SOIL 

Organization Liquid Limit Plastic Limit P.I. 

USBPR 25 13 12 
Nebraska 26.2 14.3 11.9 
Minnesota 24.9 13.1 11.8 
Missouri 24.6 13.0 11.6 
Wisconsin 26.2 16.0 10.2 
Illinois 20.85 11.56 9.29 

South Dakota 23.51 14.8 8.71 
Arkansas 25.0 13.6 11.4 
Michigan 23.3 13.9 9.4 
Oklahoma 22.9 15.1 7.8 
Iowa 24.5 13.4 11.1 

Casagrande1
, in discussing the accuracy of determinations using the liquid 

limit device, says : 

Increase in the colloidal content of soils tends to increase the difficulty of obtaining 
uniform mixtures. In such cases, the sides of the grooves were likely to contain 
streaks of soil whose true cohesion had not been entirely broken up. This condition 
appeared to be the cause of irregularities in the number of blows required to close 
the cut in successive trials, as well as a scattering of the points on the flow curve. 
Again, in discussing the effect of the character of the soil on the accur-

acy of results: 
Difficulties were encountered in determining the flow curve of non-plastic soils large
ly because of insufficient adhesion to the .cup and excessive permeability, the latter 
property causing excessive water content in the region of the groove. 
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It appears that there can be a variation of several percent in the con
sistency limits determined by standard procedure. The deviations between 
the limits determined by conventional methods and the method proposed 
here are, for the most part, within the deviations likely to occur using stand
ard methods. It should therefore be possible to speed up the determination of 
the consistency limits without serious loss in accuracy by using the method 
described herein. This is especially valid for the estimation of the liquid 
limit. 

Only a few fat clays were included among the soil samples used in this 
investigation. Indications are, however, that the moisture content corres
ponding to six inches of water pressure gives satisfactory results for the 
liquid limit. For the' plastic limit, however, tensions greater than 1650 inches 
of water pressure appear to be required to give satisfactory results. 

This study has· covered only a part of the texhiral groups ; others, such 
as clay loam, loam, and sandy loam, have not been inyestigated. Further 
research within the groups investigated as well as with a broader range of 
soil textural groups should be conducted to corroborate these findings. 

CONCLUSIONS 

1. If the textural classification of a soil is known, the consistency limits can 
be estimated by assuming them equal to _the moisture content corresponding 
to a certain soil moisture tension. 

2. Soil moisture tensions which give moisture contents approximating the 
consistency li~its are as follows: ' ' 

a. Liquid Limit: 
Silty loam and silty clay loam-60 inches of water pressure 
Silty clay -15 inches of water pressure 
Clay - 6 inches of water pressure 
b. Plastic Limit: 
Silty loam 
Silty clay loam 
Silty clay 

- 168 inches. of wate1~ pressure 
- 415 inches of water pressure 
- 913 inches of water pressure 

Lean and medium clays -1650 inches of water pressure. 
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FURTHER CORRELATION OF CONSISTENCY LIMITS 

OF LOWA LOESS WITH CLAY CONTENT 

by 

J.B. Sheeler, Associate Professor, Civil Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Iowa Academy of Science Proceedings,,64 :407-412. 1957.) 

INTRODUCTION 

Mixing and maninulation of s9il and water cause consistency changes 
at various moisture contents. These changes reveal important character
istics of the soil even though the condition of the soil-water system is not 
the same as that found in nature. The characteristics of consistency have 
been correlated with engi':neering behavior of soil. Together with mechanica_l 
analysis, these relationships provide a basis for the identification and en
gineering classification of soil and aid in judging its suitability for engi-
neering structures. -

Soil-water mixtures in various states are from a true liquid to a solid, 
depending on the amount of water in relation ·to the amount of soil. In 1911 
the S~edish scientist, A. Atterberg, suggested two simple tests for deter
mining the moisture content at the upper and lower limits of the moisture 
range in which a soil has the properties of a plastic solid. These tests for 
liquid limit and plastic limit are in use today. The num'erical difference be
tween these two limits is called the plasticity index of the soil, and its deter
mination is essential in judging an engineering soil. The plasticity index 
measures the cohesive proper.ties of a soil and indicates the degree of sur
face activity and bonding properties ·of the clay minerals present. 

The Atterberg limits are three of the many routine engineering tests 
being used to study the engineering properties of Iowa loess. Previous work 
has shown a linear correlation between the Atterberg limits and clay con
tent of soils. from southwestern Iowa. In this research loess ·samples were 
studied from the ~ntire state, which has been divided arbitrarily into five 
different areas to facilitate the study of the properties of the loess. 

The 223 samples of Wisconsin age loess used in this correlation study 
were taken at various depths (figure 1). A-horizon samples have been ex
cluded as well as sampl~s containing more than 5 percent sand. A-horizon 
samples contained considerable organic matter, arid the samples with more 
than '5 percent sand were from the basal portion of the loess sections. These 
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Fig. 1. Loess sample locations in Iowa. 
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samples tended to have erratic liquid and plastic limit values. Results from· 
such samples were considered unreliable and were not plotted. · 

The correlations were made by plotting the Atterberg limits against the 
clay contents or all material with an equivalent spherical diameter of 5 
microns or less (:figures 2, 3, and 4). Linear correlations between the vari
ables have been shown to hold for southwestern Iowa and were expected 
for the other areas. Subsequent plotting proved this true, and equations 
for the best straight line through the points from each area w,ere deter
mined by the method of least squares. Sihce the plasticity index is by defini
tion the liquid limit minus _the plastic limit, and the liquid limit and the 
plasticity index plots show the best relationships to clay content, the equa
tions for the plastic limit plots were derived from those found for the liquid 
limit and the plasticity index (table I). The equation of a straight line is 
y = mx + b, where .m is the slope of the line and b is the intercept. Here 
y represents the Atterberg limit and x represents the clay content. 
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The liquid limit equations are all essentially parallel except for the one 
for southwest Iowa loess. This exception is believed to be due to a much 
higher carbonate content in the loess of this are~, especially near the Mis
souri River where the clay content is low. Higher than normal liquid limits 
tend to reduce the slope of the line, but this is offset by the plastic limit 
equation. The resulting plasticity index equation exhibits a slope consistent 
with those of east-central and northeast Iowa. 

The slopes of the plastic limit lines for northwest and southern Iowa 
loess are different from those found in the other three areas. The discrep
ancy was due to poor operator technique. All Atterberg limits for these two 
areas were run by the same operator. The liquid limit results can be dupli
cated easily by ·different operators, since it is mainly a mechanical test. The 
plastic limit requires judgment and it is therefore more subject to error. 

In a comparison of plastic limits obtained by three different operators, 
the results of operator C agree quite well with those of operator A on the 
loess from southwest, east-central and northeast Iowa (table II). Operator 
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TABLE l. COMPARISON OF CONSTANTS IN THE ATTERBERG LIMIT EQUATIONS 

Atterberg limits.= mx + b 

Sample 
Liquid limit Plastic limit Plasticity index 

Slope Constant Slope Constant Slope Constant 
area m b m b m b 

Southwest 0.79 16.9 ~0.22 29.1 1.01 -12.2 
East-central 0.95 11.3 -0.09 20.2 1.04 - 8.9 
Northe.ast 0.93 10.0 -0.01 22.1 0.94 -12.1 

Northwest 0.98 6.3·- 0.22 18.7 0.76 -12.4 
Southern 0.99 5.2 0.25 13.2 0.74 - 8.0 
Overall* 0.91 10.9 -0.04 .24.7 0.95 -13.8 

*Equations derived from lines drawn by eye through the entire mass of 
points: · 

B obtained results that appear to be much t.oo high, especially in the higher 
clay content ·loess, for northeast and southern Iowa .. From this comparison 
the plastic limit results of operator B are unreliable, probably due to in-
sufficient training in the performance of this test. 

TABLE II. COMPARISON OF PLASTIC LIMIT RESULTS OBTAINED BY DIFFERENT OPERATORS 

5-micron P.L. by P.L. by Decrease Increase 

.Area· 
Sample clay operators operator A to C A to C 

No. content, A and B, C, or or 
percent percent percent B to C B to C 

Southwest . 55-1 13.4 A27,3 C23.8 3.5 
20-2-VI 19.8 A24.6 c 24.4 0.2 

" 25-1 27.8 A23.0 C22.9 0.1 
441h-1 42.0 A20.4 c 21.1 0.7 

East-central 122-10. 17.2 Al9.5 c 19.1 0.4 
116-6 23.4 A 19.5 c 19.6 0.1 
110-2 41.0 A17.1 ·c 19.3 2.2 

Northeast ' 227-5 14.5 A 21.0 c 20.5 0.5 
222-4 28.7 A20.9 c 19.5 1.4 
202-2 34.3. A21.4 c 19.7 1.7 

Northwest 300-8 25.4 B 23.7 c 23.3 0.4 
300-4 31.4 B 25.6 c 23.4 2.2 
308-3 37.6 B 26.7 c 22.7 4.0 
305-2\, 45.3 B 31.2 024.3 6.9 

Southern 513-4 39.0 B 21.3 C20.2 1.1 
508-2 46.6 B 24.7 c 18.9 5.8 
509~2 49.0, B 26.2 C20.0 6.2 
512-2 51.6 B 27.2 c 24.8 2.4 

A decrease in the plastic limit values that becomes larger with increas
ing clay content is indicated by the above comparison for the northwest 
and southern areas. Such a decrease would result in a flatter slope than is 
shown in Table I arid brii:ig the plastic limit and plasticity index results 
closer in agreement with the results from the other areas. 

The straight line relationships of the Atterberg limits and the clay con
tents of the loess in the five areas of Iowa, together with the similarity of 
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the slopes of these lines, offer 'further evidence of. the uniformity of the 
clay minerology of the foess. The correlations also indicat~ that differences 
in the Atterberg limits of the loess in Iowa are· primarily due to the amount 
of clay present. 
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(ASTM Symposium on Permeability bf Soils. 1954.) 

ABSTRACT 

,: .. 

Infm'mation on the· permeability ~f s~nd is often tequired in its utiliza
tion as an 'engineering material. A modification of Barber's· falling ·head 
permeability test for porous ·granular materials is presented. The modified 
method is simple to use and.gives reproducible results. 

· '· The modifications reco.mmended.include: 
1) A procedure for loading and compacting the sample in the permeameter · 

·tube, . 

2) a carbon dioxide treatment to remove air from the sample, and 
3) the repeated testing of the loaded sample ·until permeability values ob
tained are within a recommended range of variation. 

The suggested permeability test was used to measure the permeability 
of several Iowa sands at various de'n,sities. Compositional jnformation per
tinent to the permeability of the sands is alSo•presented. 

DEVELOPMENT OF TEST METHOD 
I , 

A falling head permeability test has been widely used for the laboratory 
determination of the permeability of sands2. This method is simple to use 

. and does not require complicated equipment. However, test results obtained 
may not be readily reproducible mainly because of the lack of a specific 

·procedure for loading the sample in '_the permeability tube. A ·modification 
of :the test method, as given in the Appendix, is simple to. use and gives re-
producible results. · ' 

In developi'ng the modified permeability test for' sands, experiments were 
made for the following purposes : 

1) To evaluate different methods of loading and compacting the sample in 
the permeameter tube, , 
2) to determine the effect of air entrapped in the loaded sample on permea
bility, 
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3) to determine the effect of soaking the loaded sample in water for varying 
periods of time prior to testing, and 
4) to compare the permeability values obtained by repeated tests on the 
same loaded sample. 

Loading and Compaction 

In the permeability test, t:he loa<:Iing is done by pouring an air-dried 
sample into a 2 inch diameter· permeameter tube to a depth of 6 inches. 
Since the tube is usually 48 inches long, the pouring of dry sand in this 
manner may cause appreciable segregation of coarse and fine parti~les. 

·Segregation can be avoided by loading the sample in a moist conditioJ]., but 
moist sand may be difficult to compact to a desired dens~ty. . 

A comparison was made of different techniques for loading dry sand in 
the permeameter tube, a:rid th~ procedure, called the "inverted' method", 
was fom;id to be satisfactory. In this· method, the permeameter tube is in
verted and the sample is loaded in what is then the upper 6 in. of the tube. 

TABLE l. COMPARISON OF REPRODUCIBILITY OF PERMEABILITY TEST RESULTS 

OBTAINED WITH SAMPLES* LOADED BY TWO DIFFERENT METHODS 

Method of 
.Loading 

Experiment 
No. 

Inverted 
method 

Sample :poured 
from top to bottom 
of perme~meter 
tube 

1.· 
2 
3 
4 

1 
2 
3 
4 

Coefficient of 
Permeability, 

ft. per day 

28.2 
29.2 
29.4 
30.9 

16.8 
25.3 
12.0 
19.6. 

*The· data are for Sample 77-S in Table III. 

After loading, the tube is turned right-side up for the permeability test. 
The details of the loading procedure are 'given in the Appendix. The typical 
test data illustrate the high degree of r~producibility in test results obtain
able by the inverted method of loading (table I). The low reproducibility of 
results obtained with similar samples loaded by the method of pouring the 
sample from top to bottom of the permeameter tube.are shown for compari
son. All samples were tested for permeability according to Barber's pro
cedure. 

The density of a sample loaded by the inverted metJ10d is close to the 
compact unit weight1

• Higher densities may be obtained by compacting the 
sarriple with a cylindrical weight as in the Appendix.' Sands can be easily 
compacted to Standard Proctor density by this method. 
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Carbon Dioxide Treatment 
I 

The perJeability test can be performed with the sample either in a 
completely skturated con!lition or iU: a partially saturated condition. The 
condition of testing usually depends on the purpose of the test. The simplest 
way to obtaih results on a comparable basis is to use completely saturated 
samples. ThJ permeability test for sands given in tlie Appendix wa·s de
veloped pri:darily for testing completely saturated samples. However, the 
procedure fo~ loading and compaction may also be used for preparing par-
tially saturatled samples for testing. · ' 

To obtainl complete saturation, the sample should be free from entrapped 
air before b~ing tested for permeability, and no air should be introduced 
into the sam:J)lle from the percolating water during testing. The entrainment 
of the air inJ the test sample can be prevented by evacuation methods5 or 
by passing carbon dioxide gas through the air-dry sample after it h~s been 
loaded in thd permeameter tube and before it is compacted. The air in the 
sample is di~placed by C02 which will be quickly dissolved by percolating 
water dudn~ the permeability test. The latter method is comparatively 
simple to us~ and was found satisfactory in permeability tests with many 
types of soil!- It was the only method studied in the ~resent investigation. 

The two !variables involved in the carbon dioxide treatment are the 
amount of C02 , used and the rate at which it is passed through the sample. 
Experiments! were performed with sand samples to determine a satisfactory 

am:~:::::r.::~:: ::e:,::e i:t ::::i:i~::: :·::: :: s:::,: 
of dissolved 

1
air as the water percolates through the test sample. The use 

of distilled water at a temperature 5 to 10° F. higher than room tempera
ture also se~ves to avoid the release of dissolved air. Because of its sim
plicity this method is recommended. 

. Experimjnts were made to determine the effect of air removal by the 
I , 

carbon dioxi<!le treatment on the permeability of several sand samples.-The 
samples wer~ loaded in the permeameter tube by the inverted meth~d and, · 
by the methbd described in the Appendix, were compacted to various d,en
sities prior ~o permeability determinations2

• Test data showed that the 
I 

carbon dioxicfte treatment results in a higher permeability regardless of the 
type of sandj and of the degree of compaction. The data also indicated that 
the lower the permeability of the untreated sample the greater the increase 
in permeability due to the carbon dioxid~ tr.eatment (table II)_. 
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TABLE II. TYPICAL DATA SHOWING THE EFFECT OF CARBON DIOXIDE TREATMENT • 

Soaking 

ON THE PERMEABILITY OF SANDS 

Sample. Carbon 
Coefficient Relative 

Porosity, of Permea- Permea-
No. percent Dioxide bilityt, bi!ityt, 

Treatment ft. per day percent 

No 29.4 76 
39.6 

Yes 38.8 100 
77-S 

No 12.0 49 
36.6 

Yes 24.6 100 

No 150.2 89 
89-S 33.8 

Yes 168.7 100 

*Properties of samples used are given in Table III. 
tData are the average of at least two tests. 
:j:Relative permeabilities are computed by taking the co

efficient of permeability obtained with carbon dioxide 
trea,ted samples as 100%. 

. After the sample has been loaded in the permeameter .tube, treated with 
carbon dioxide, and compacted to the desired density, the tube is immersed 
in distilled water jn a water bath (Appendix). The permeability determina
tion can be started eitl).er immediately after the water in the tube has ris.en 
to nearly the water level in the bath or after the sample has been soaked 
for an additional period. of time. Experimental results indicate that addi
tional soaking up to 48 hours does not appreciably change the permeability 
value. For this reason, a soaking period prior to the permeability deter-

. ruination is not considered necessary. ' 

CHANGE IN PERMEABILITY DURING TESTING 

·In the falling head method of test, the permeability is. deteriniried on 
·the basis of the time required for the water in the permeameter tube to' 
drop from level A to level C (figure 7) . Any change in the permeability of 
the sample during this time cann.ot be detected, since only one coefficient' 
of permeability is computed. If an intermediate level, level B (figure 7), 
is marked on the permeameter tube and the time intervals required for 
the water to di:op from level A to level B and from level B t'o level. C are 
recorded, two coefficients of permeability can be computed. If this is done, 
any change in the permeability o{ a sample during testing is indicated by 
the difference between the two coeffi<;:ients of permeability. 

To facilitate the comparison of the two coefficients. of permeability, an 
intermediate level can be selected' to conform to the following relationship: 
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·Where: 
I • 

ha = height of level A, 
I 

hb =.height of the intermediate level (level B), 
I , 

he -:- hei~ht of level C. . 

~.·.'..>,I· l i;, "' ,. 
·,,\ 

I , 

(1) 

Equation (11 and the form~la for computing the coefficient of permeability 
given in ther Appendix show that if the permeability of the sample is con
stant durin~ the test, the time intervals required for the water in the tube 
to drop fro~ level A to level B and from level B to level C will be the same .. 
For simplicity the time required for the water to drop from le~el A to lev~l B · 
will be refeJred- to as the first reading, and the time from level B to level C 
the second Jeading. Any difference between the first and the second -read
ings is an irldication of a change in the permeability_ of the sample during 
testing. : 

, I 

Test res~rlts indicate that, when a single permeability determination is 
made on a sample, the first reading is usually different from the second. ' 
It was also ifound that the deviation between the two readings often de
creases with repeated permeability determinations on the same loaded 

I . 
sample (figure 1). The deviation curve shows that after several successive 
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Fig. 1. Typila1 curves showing variation in permeability test results ob
tain~d by repeated testing of a sand sample (Sample ~o. 92-S, table 
III.)! 
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permeability determinations the amount of deviation between the two read
ings becomes relatively small and remains nearly constant. 

' The permeability ,increases with repeated testing but approaches a uni
form value as the deviation curve flattens (figure 1). The permeabilities 
obtained from tests having small deviations between first and second read
ings are, probably, mo,re representative of the test sample than the perme
abilities obtained from tests having large deviations. For this reason, it 
seems desirable in routine permeability tests to repeat the determination 
until the deviation between the first and second reading!'! is small and, then, 
to report the coefficient of permeability o_btained by this determination. 

To determine the permissible deviation of first and second readings, an 
analysis Of permeability and deviation data for several sand samples tested 
at various densities was made. As shown by the dotted lines, which show 

" ' I -

the relationship between permeability values and deviations, when the devi-
ation is less than_ ±2.0 percent, the permeability value is within almut ±5 
percent (95 to 105 percent relative permeability) of the value correspond
ing to a- deviation o{nea:rly zero (figure 2). Since a 5 percent variation in 

r--- ----...,. 
I o• I 

IQQ~~,_____,.,~·~·L4--'~-l-~~~-l-~~~-+-~~~-j 

I o :: •:~ •• 

Re.lative 
permeability, 

percent 

L ___ -- _ _g, 

0 

.. . .. 
0 . 

• 

4. 8 

. 

Deviation, percent· 

.. 
• 

12 16 

Fig. 2. Relationship between permeability value and deviation be
.tween first and !'!econd readings. 

the permeability value seems to be a reasonable. tolerance, ±2.0 percent is 
recommended as the allowable limit of deviation between first and second 
readings. In-many tests, this requirement was met in the second permeabil-
ity determination. · -
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TABLE III. MECHANICAL COMPOSITION OF THE F,OUR low A SANDS 
I 

Textural Composition:.!Sorting Ave 

N
Sample Sand, Silt, Clay, Coeffi- Sp. G. Sph.,'.,.- Surface Texturet Aggregation Characteristics 

o. ' o/o lo/o o/o cient icity Markings C~a~ings AmOunt Size,· mm Cement 

77-S 87.6 9.6 2.8 1.6 2.66 0.71 Dull and ~~~l~~ 
I 

rough calcareous 
· (faceted) clay 

1 
Pa'.rtially 

84.7 1 .0 4.3 1.4 2.65 · 0.73 Dull coated by 
and ferruginous 
smooth clay 

1 6 0.3 1.2 2.67 0. 75 Dull Partially 

J
. and coated by 

rough iron oxide 

.3 2.8 1.3 2.68 0.6,1 Dull ~~Je~y 

I 

and slightly 
rough calcareous 
(pitted) clay 

79-S 

89-S '98.1 

92-S 92.9 

Common 

Abun
dant 

Absent 

Common· 

*Sand - 2 to 0.074 mm silt - 0.074 to 0.005 mm clay - Less than 0.005 mm. 

1 - 3 
Calcareous 

. Clay 

Ferruginous 
~ -llh Clay 

1 - 2 
Slie;htly 
Calcareous 
clay 

tDescriptions api:)ly to most sand-size particles in the sample. 

I PERMEABILITY OF FOUR IOWA SANDS ' 

The modified test method was used in determining the permeability of 
four Iowa s~nds7 (figure 3, table III). The sorting coefficient, S0 is computed 
by the formbla": , · . . . 

I Q. 
So= v Qb 

The values of Qa and Qb are determined from the particle size accumulation 
curve: Qa is~ the maximum diameter of the smallest 75 percent by weight of' 
the soil particles, and Qb is the maximum diameter of the smallest 25 per
cent; A wellgraded sand will have a higher sort~ng coefficient and will usu-
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ally have a lower porosity than a. poorly graded sand. The average spheri
city values are fo_r sand size particles in the sample". A perfect sphere has 
a sphericity of 1.00. The predominant kind of clay mineml in each of the 
four sands is illite. -
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Permeabilities of the four Iowa sands at vari
ous. ~orosities. 

TABLE IV. COEFFICIENTS OF PERMEABILITY OF ,FOUR IOWA SANDS 

AT VARIOUS DENSITIES 

J?ry Density 
Sample Percent of Porosity, Coefficient 

Lb. per Standard of Permeability, No. 
'CU. ft. Proctor percent ft, per day 

Density 
77-S 100 92 39.6 39.5; 

105 97' 36.6 24.5 
109 100 34.5 18.4 

79-S 106 90 35.6 6.9,' 
113 96 31.5 2.4 
119 101' 27.8 1.4 -

89-S 103 96 38.1 258.5 
104 97 37.5 237.5 
108 100 35.5 199.4 
110 102 34.0 175.4 

92-S 97 90 42.0 77.1 
99 92 40.8 66.3 

103 96 38.3 54.5' 
107 100 35.7 34.1 
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The data for the permeability test results for the four sands at various 

densities stlow that the sands differ greatly in their coefficients of permea-
. I . 

bility and the coefficient varies with the density for each sand (figure. 4, 
table IV) . I · · 

I 
l \ 

The differences in permeability of the sands are related to their void 
characteristics. The term void characteristics as used here refers not only to 
the amoun~ of voids in a sample but also to other related variables, such as 

j ' . 

-the size di~tribu~ion and continuity of 'the voids. Th_e amount of voids in a 
sample canJbe easily determined and is commonly expressed in terms of the 
porosity ofl the sample. The other variables are difficult to measure quan- . 

I ' . 
titativ~ly, rut they ·can be evaluated qualitatively from compositional in-
formation. I . . 

Each cJrve in figure 4 shows the decrease in permeability ~hat accom- \ 
pahies a d~crease in porosity. The figure also iilustrates that porosity is 
not the onl~ important :(actor affecting per.meability. For example, Sample 
79-S at a *rosity of 35 percent ha:s a coefficient of permeability of about 
6 ft. per day, but Sample 89-S tested at a similar porosity has a coefficient 
of about 20;0 ft. per day. This great difference in permeability is largely due 
to the diff~rences in mechanical composition (figure 3, table, III). 

I 

I 

' j 
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APPENDIX 

METHOD OF TEST FOR PERMEABILITY 

OF SANDS 

I . -
This method of test determines the coefficient of permeability of san.ds. 

The term sknd refers to the granular cohesionless material identified.as sawI 
in the Bure~u of Public Roads textural classification system. 

I 

I 
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I. 

Apparatus 

The apparatus used in this test consists of the following: 
\ -

Permeameter Tube. A rigid transparent plastic tube approximately 48 
in. in length1and .about 2 in. in inside diameter (figure 7). 

Brass Screens. Two circular brass screens. One is of No. 200 sieve 
cloth, the other -of No. 10 sieve cloth. The diameters of the screens 
afe the same as the outside diameter of the permeameter tube. 

Screen_ Holder. A holder to attach the screens tightly to the perme
ameter tube. 

Supporting Device. A supporting device made of rubber stoppers, a 
brass tube, etc. (figure 5) .. 

Loading Funnel. A special funnel .(figure 5) . 

. Tamping Rod. A straight 1/8 in. round metal rod, approximately 8 in. 
long. · · 

Attachment for Carbon Dioxide Treatment .. An attachment made of a 
rubber sleeve, rubber stopper, etc. (figure 5). 

Bottle of Carbon Dioxide and Flow Meter. A 50 pound tank of liquid 
carbon dioxide with a flow meter, accurate to 0.01 cu. ft. per min., 
attached. 

Cylindrical Weight. A 4 pound steel or brass weight having a diameter 
of about 1 % in. · 

Balance. A balance of 1 kg. capicity and accurate to 0.1 g. 

Ruler. A ruler reading to Ys 2 in. 

Thermometer. A thermometer accurate to 1 F. or 0.5 C. 

Stop Watch. A stop watch reading to Yo sec. 

Water Bath. A water bath with attachments ·for holding permeameter 
tube (figure 7). 

Loading of Test Sample· 

A representative air dry sample of suffident quantity, usually 500 g., is 
prepared and its weight recorded. The sample is mixed until uniform. To 

.obtain the oven dry weight of the sample, the air dry weight is corrected 
for hygroscopic moisture. . _ . 

The sample is loaded in the permeameter tube in four layers, each ap
proximately 1.5 in. thick. The loading funnel and supporting device (figure 
5) is used in loading the sample by the following procedure: 
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r loading sample in 
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Apparatus for 
carbon dioxide 

treatment 
Fig. 5. 

I . 
Apparatus for preparing sample for permeability determination. 

! 
! 

l) Invert the permeameter tube and assemble loading apparatus as ·shown in figure 
5. For loading the .. first layer, the stem of the funnel rests on the top o.f the support-
ing devi~e. · 
2) Pour ,a portion of the sample sufficient to make a layer approximately 1.5 in. 
thick into the stoppered funµel. If segregation occurs ·as the sample is being· poured, 
remix to ;a uniform condition in the funnel. 
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3) Pull the stopper and allow the sand to flow 'down into the stem of the funnel. The 
small hole in the neck of the funnel permits the escape of air from the stem. 
4) Carefully remove the funnel. The resulting layer will usually be free from 
segregation. · 
5) Use the tamping rod to rod the layer five times. The rodding is 'distributed uni
formly _over the layer and extends through it. 

The above procedure is followed in loading each of the other three layers. 
After all four layers are loaded, a~y excess sand above the top of the per
meameter tube is removed ,and saved for weighing. The weight of sand in 
the permeameter tube is determined by subtracting the weight of all excess 
sand from the initial weight of the sample. 

Two brass screens are attached tightly to the top of the permeameter 
r 

tube, the one of No. 200 sieve cloth being in direct contact with the loaded 
sample. The permeameter tube is then turned right-side ·up and the support
ing device removed. In removing the· supportjng device, the following pro
cedure is used : 

1) Lift the rod inside the brass tube until the short cross bar is ~lear ~f the slots, 
and then rotate it about 90 degrees until the cross bar can be rested on the end of 
the brass tube. This step is necessary to prevent disturbance of the sample during 
removal of the supporting device. 
2) With the permeameter tube in a vertical position, remove the whole suppo;_:-t~ 
device slowly from it. 

Carbon Dioxide Treatment 

The sample in the permeameter tube is treated with carbon dioxide gas 
in the manner shown (figures 5, 6). The rate at which the ·carbon dioxide 
gas is pas,sed through the sample is 0.03 cu. ft. per min. During the first 
% min. of the carbon dioxide treatment, valve A is left open to permit the 
escape of air from the chamber below the sample. The valve is then closed 
and the treatment is continued for an additional 15 min. The amount of 
carbon dioxide passed through the sample is about 0.45 cu. ft. 

Compaction (Optional) 

After the carbon dioxide treatment, the sample is comp;:i,cted, if neces
sary, to the desired density before being tested for permeability. In com
pacting the sand, the 4 lb. cylindrical weight is placed on the sample in the 
permeameter tube. The portion of the tube containing the sample then is 
patted with the pal~ of the hand until the desired density is obtained. 

' ' 
Note: Since both the weight of the sample in the tube and the inside diameter of 
the tube are known, ,the depth to which the sample is compacted can be computed 
from the desired density. · 

Permeability Determination 
' 

The sample in the permeameter tube is immersed in distilled water at 
room temperature by one of the following procedures: 
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Method A: For samples loaded in the permeameter tube without additional compac
tion (figure 7). After the carbon dioxide treatment, the sample is gently immersed in 
the water bath. 

Method B: For samples loaded and further compacted in the permeameter tube 
(figure 7). The sample is very gently immersed in the water bath with the weight 
used for compaction on top of the sample to prevent expansion during immersion. 
The weight is removed when the rising water nears the top of the sample. 

After the water in the permeameter tube has risen to the level of the 
water bath, the tube is fi lled with distilled water, at a temperature between 
5 and 10° F. above room temperature, without disturbing the sample in the 

Fig. 6. Carbon dioxide treatment of sand samples. 
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Fig. 7. Arrangement of apparatus for permeability determination. 

tube. The time intervals required for the water in the tube to drop from 
level A to level B and from level B to level C are recorded with a stop watch. 

If the difference between the first and second time intervals is more than 
2.0 percent of the average value, the preceding step is repeated one or more 
times until the difference is less than 2.0 percent. The depth and the tem-
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perature of the sample in the permeameter tube is then measured. 
Note: Fig. 8 illustrates the assembly of apparatus for testing a group of samples 
simultaneously. 

Calculation 

The coefficient of permeability, k, in ft. per day, is calculated as follows: 

k __ 276 Cd l ha - --t-- og 
hc 

Fig. 8. Arrangement of apparatus for testing a group of 
samples. 
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Where: 

c' = temp'erature correction (viscosity of water at the temperature 
measured in the sample after testing divided by viscosity of water 
at 68° F.), 

d =depth of sample in inches measured after the test, 

ha = height of level A from the water level in the bath, 

he = height of level C from the water level in the bath, 

t =time in minutes required for water to drop from level A to level C 
during the last permeability determination. 

NOTE: For ha = 36 in. and he ~ 12 in., t)le above formula can be simplified to: 

k 
_ 131.7 Cd 
- t 
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SOME LAB.ORATORY TESTS FOR. ' 

THE EVALUATION OF _STABILIZED .SOILS -. -

by 

. t Y. Chri., Assistant Professor, Civil Engineering 

D. T. Davidson, Professor, Civil Engineering 

(Progress Report, 1955.) 

ABSTRACT 

The test methods presented in this paper include a tes~ for determining 
the moisture-density relationships of natural or stabilized soils; a flexural 
test; an unconfined compression test; and the Miniature Bearing Test. Soil 
spe'cimens used for the four tests are cylindrical in shape and two inches in 
diameter. The value of the small specimens is in the_ saving of time and 
material i1: making evalu~tion test~ of s.tabilized soils. 

The apparatus and procedure for each test given in the paper are for 
the testing of silty and clayey soils. However, it is believed that, with some 
modifications, the test methods may also be applied to the testing of sandy 
soils. 

INTRODJJCTION 

Various kinds of organic and inorgani_c materials have been investigated 
recently for use as soil stabilizing .. agents in the construction of highways 
and airports. Since the properties and environmental conditions of soil vary 
so g~eatly from place to pJace, a stabilizing ag~nt which is suitable for one 
type of soil may not be satisfactory for another type. Because of this, it is 

· often desirable to evaluate several stabilizing agents before deciding on a 
specific one to be used for a given type_ of soil. Tests for exploratory or pre
liminary evaluations for some soils are required for screening a-compara
tively large number ()f stabilizing agents; the most promising ones may 
then be selected for further investigations. Exploratory or p:reliminary 
evaluation tests are also useful in research work related to soil stabilization. 

Laboratory tests for the- purposes discussed above should be simple in 
procedure and should be applicable for the testing of soil stabilized with 
various kinds of additives. Four test methods were developed to meet such 
requirements. In the past four years, the test methods have been satisfac-
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forily used in soil stabilization studies conducted by the Iowa Engineering 
Experiment Station . 

. · In developing the test methods, experiments were made mostly with 
- silty and clayey soils, and the test procedures given in this paper are for 
these two types of soil. However, it is believed that, with some modifica
tions in the ·test procedures, the test methods are also applicable for the 
testing of sandy soils. 

DENSITY TEST·. 

i ·•· One of the common tests with stabilized soils is the deterrp.ination of 
·l 

their moisture-density relationships. The standard or the modified Proctor 
density test1

• 
4 using cylindrical specimens 4 in. diameter by 4.59 in. high 

may be used for this purpose. However, a test using smaller specimens is 
desirable for fine &"rained soils because of the savings in time and material 

5 lb. Compoction hammer 

Specimen mold 
(2-in. inside 
diameter, 5-in 
high) 

Temporary 
suppprts 

12• (di.st once 
through which 
the compaction 
hammer foils) 

~J_ 
Coll or 

Soil speci~n 

' Boi1om pluger 
- '3-in.high. 

Bose plote 

Fig. 1. ·.Apparatus for molding ~ in. diameter by 2 iii. 
high soil specimens. · -
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needed for molding soil specimens. In the soil stabilization studies conducted 
by the Iowa Engineering Experiment Station during the past four years, 
a density test employing 2 in. diameter by 2 in. high specimens has been 
used satisfactorily for the testing of silty and clayey soils (figures 1, 2). A 
5 pound hammer is dropped from a height of 12 in. to furnish the compactive 
effort. The procedure for performing the test is as follows: 

1. Prepare a soil sample at desired moisture content. 
2. Weigh out enough moist soil to make a specimen slightly over the 2 in. height 
after compaction. 
3. Pour the moist soil into the specimen mold which rests on two temporary sup
ports (figure 1). 
4. Give one blow to the seil in the mold, remeve the-tem~l'IHY sup-ports, and- give 
another four blows. 

Fig. 2. Molding 2 in. diameter by 2 in. high soil speci
mens. 
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5. Remove the collar and invert the mold. The top of the partially compacted speci
men in the mold becomes the bottom and is in contact with the bottom plunger. 
6. Complete the compaction by giving five more blows to the specimen. 
7. With the compacted specimen: in the mold and resting on the bottom plunger, 
push the mold downward until it is in contact with the base plate. Since the mold is 
5 in. high and the bottom plunger 3 in. high, the portion of the specimen in excess of 
2 in. in height is pushed out of the mold. Trim off the excess soil to make the speci
men exactly 2 in. high. 
8. Weigh the specimen and take a sample for moisture determination. The dry 
density of the specimen can then be computed. 
9. Repeat the procedure given above as the moisture content of the soil is increased. 

A comparison of the maximum dry densities and the optimum moisture 
contents determined by t):).e above test and by the standard Proctor density 
test with several raw and stabilized soils is shown (table II). The source and 

TABLE I. SOURCE A 

;~.:~%!~'~! .... 
D PROPERTi E'; OF SOIL SAtiPLES 

-...·~: 

Soil No. "k No. 2 No. 3 No. 4 No. 5 No. 6 
Source Iowa~ Texas Virginia Kentucky Iowa Iowa 

Soil series Hamburg Lake Davidson Melvin Marshall Webster Charles 
•' 

Horizon c .. C.: B c c A 
Engineering ' 

classification A-4.(8) A-7-6(20) A-7-5(18) A-6(8) A-7-6(18) A-7-5(15) 
(AASHO) 

Textural Sand !:).7 7.7 3.4 7.7 0.4 18.9 

composition,* Silt 78.3 48.2 12.0 55.7 60.2 37.1 
Clay 21.0 44.1 84.6 36.6 39.4 44.0 percent Colloids 15.8 36.8 72.9 19.4 29.8 28.0 

Liquid limit, percent 32 57 75 33 52 54 
Plasticity index 7 37 24 11 33 20 
Shrinkage limit, percent 25.2 14.4 27.3 22.9 19.l 20.7 
Centrifuge moisture 

equivalent, per cent 15.2 21.2 29.5 21.4 28.5 25.7 
Cation exchange 

cap., m.e./lOOg. 13.4 25.5 11.3 11.1 24.4 40.9 
pH 7.8 5.9 4.1 4.5 6.7 7.4 
Carbonates 10.2 2.7 1.0 1.2 0.5 4.7 
Organic matter, percent 012 0.6 0.5 0.9 0.4 10.0 

*Based on definitions of sand, silt, clay, and colloids given in ASTM test method D422-
54T. 

properties of the soils are given (table I). Note that for each soil, the maxi
mum dry densities obtained by the two tests are nearly the same and the 
optimum moisture contents obtained differ only slightly. The moisture
density relationship of soil No. 1, a silty soil, and soil No. 2, a clayey soil, 
are illustrated in figures 3 and 4. For each soil, the moisture-density curves 
determined by the two tests are similar in shape. The same holds true for 
the other raw or stabilized soils represented in table II . . 
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TABLE II. COMPARISON OF TEST RESULTS OBTAINED BY THE RECOMMENDED 

DENSITY TEST AND THE STANDARD PROCTOR DENSITY TEST 

Additive Recommended density test Standard Proctor density test 
Max. dry Opt. moisture 

Amount (,percent density, lb. content, 
Max. dry Opt. moisture 

Soil 
of dry soil) per cu. ft. percent 

density, lb. content, 
per cu. ft. percent 

K_ind 

Lime-fly 
ash (1 :1) 33 97.5 20.3 - 96.5 21.3 

No.1 Aniline-
furfural (2:1-) 5 103.8 17.0 105.4 16.5 

No 109.9 18.2 108.7 · 18.0 
No.2 No 109.2 18.9 108.3 19.2 
No.3 No 85.6 37.1 83.2 37.0 
No.4 No 108.6 17.7 108.2 18.1 
No.5 No 100.5 20.2 102.0 20.7 
No. 6 No 86.9 27.9 85.3 26.4 

112 

110 

108 

Dry density, 
106 

lbs./cu. ft. 104 , 

102 

100 

9812 14 16 18 20 22 

Moisture content, percent 

Fig. 3. Comparison of moisture density relationships for a silty soil, soil 
No. 1, determined by the recommended test and the standard Proctor 
density test. · 

Although a compactive eff~rt of :five blows of the hammer on each side 
of a specirrien·has been found satisfactory in all experiments· to date, a 
verification of this compactive effort is desirable for soils having properties 
significantly different from those shown'._ If necessary, the number of blows 
may be so modified that results of the standard Proctor density test can be 
closely duplicated. Similarly by varying the number of Olows, the test may 
be used 'for determining the moisture-density relationships of sandy soils. 

The density test discussed above requires only about one-tenth of the 
material and one-third: of the time needed for -performing. the standard 
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Fi,g. 4. Comparison of moisture density relationships for 'a clayey soil, soil 
No. 2, determined by the recommended test and the standard.Proctor 
density test. 

Proctor density test. The data from experiments performed indicate that 
r~sults obtained by the above test are more reproducible than those ob
tained by the standard Proctor density test. It is believed that results of 
the modified Proctor density test can also be dupliGated by a similar pro
cedure except that the weight of the compaction hammer, the' number of 
blqws, or the height of the drop should be modified to obtain the necessary 
increase in compactive effort. 

The suggested test is not intended to supplant the standard Proctor 
test for all moisture-density determinations in connection with the design 
and control of earth work or pavement construction. The principle use of 

· the test is in the evaluation of soil stabilizing agents. For example, lime 
and fly ash are to be investigated as stabilizing agents for a silty or clayey 
soil. Since the addition of lime and fly ash to a soil will usually alter the 
moisture-density relationship of the soil, it is desirable to determine the 
maximum dry densities and optimum moisture contents of several mixtures 
containing various proportions of lime, fly ash, and the soil. The use of the 

·suggested test for such purposes,' instead of the standard Proctor density 
test, will result in savings in time and materials. 

FLEXURAL TEST 
The flexural test, which is simple in procedure and ,requires only a small 

quantity of material, is suitable for exploratory studies of various stabiliza-
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tion methods. Those methods which appear to be promising may be further 
investigated by other types of tests. The flexural test is useful alsq for re
search in soil stabiliz.ation. For example, it is sometimes necessary to pre
pare test specimens from specially treated soils such as those having sodium 
or calcium as the ptedominant type of adsorbed cation. Since much time and 
expense are required for preparing large amounts of such treated soils, the 
use of snrall specimens is very desirable. 

Soil specimens used for the flexural test are 2 inches in diameter and 
a half inch thick. Specimens of this size may be prepared by using the com
paction equipment shown (figures l, 2), except that the compaction hammer 
falls o~ly 3 inches. The procedure for molding flexural test specimens is as. 
follows: 

1. Weigh out sufficient sample to make a specimen of a half inch ± 0.02 in height. 
2. Pour the sample into the specimen mold. The collar is not needed in molding' 
specimens for this test. , 
3. While the specimen mold is resting on tlie two temporary supports, give one 
blow of the hammer to compact the material in the mold. 
4. Remove the two temporary supports and give another nine blows. 
5. Extrude the specimen, then weigh it and measure its height. 

For the silty and clayey soils used in the experiments, the density of 
flexural test specimens prepared in this manner is very close to that ob
tainable by the use of the standard 'Proctor density test. 

_ Specimens prepared may be cured by any of several methods before 
being used for the flexural test. For example, soil-cement specimens are 
usually cured for seven days in a moist cabinet at a temperature near 70° F. 
and a relative humidity of, not less than 90 percent. To simulate the effects 
of ~dverse weather conditions, specimens may be immersed in water for 
24 hours before being tested for flexural strength: 

(a) 

Test 
specimen 

1". 1
11 

I 

:....----L------i__L , .. 

,.; 2. 

T 
5" 
8 

5" 
8 

Fig. 5. ·Diagram showing the application of load in the fl.ex-
. ural test. (a) Perspective_ of a test specimen. (b) 

cross-section through the center of the specimen. 
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The flexural test of soil specimens is made in the manner shown in figure 
5, and an apparatus which may be used for the test is shown in figure 6. 
The test loading may be either by the use of an ordinary testing machine 
or by a direct shear test apparatus capable of registering loads to the near
est pound. The rate at which the load is applied should be one-tenth inch per 
minute; the maximum load causing failure is taken as the flexural strength 
of the specimen. 

Although the modulus of rupture of a material tested may be computed 
from its flexural strength, it appears satisfactory to report only the flexural 

TABLE Ill. FLEXURAL STRENGTH OF SOIL NO. 1 * STABILIZED WITH VARIOUS ADDITIVES 

Additive 

Amount (percent Type of dry soil ) 

Portland 
cement, 10 
Type I 
Hydrated 3 lime 
Lime-fly 22 ash (1:3) 

Raw soil with no 
additive 

*See table I for properties of the soil. 

Method Flexural 

of strength, 
lb. (after curing 24-hr. immersion) 

7 days in 
moist cabinet 49 
at approximately 70 ° F. 

Same as above 7 

Same as above 17 

No curi ng Slaked during 
immersion 
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Fig. 6. An apparatus for the flex
ural test. At left. Two sup
porting bars, a test speci
men, and a loading bar are 
shown. At left below. The 
specimen is placed on the 
supporting bars. Below. Ar
row indicates the direction 
of load application. 
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strength values in using the test for preliminary evaluations of stabilized 
soils. The test data of a soil stabilized with various ·'additives are shown in 
table III. The effectiveness of the additives is indicated by the fte:kural 
strength values given in the table. 

In addition to the :flexural strength, the, water absorption and volume 
change of test specimens during the 24 hour immersioN period may be useful 
for the evaluation of stabilized soils. Such information can be obtain~d by 
weighing and measuring the specimens before and after immersion. 

' 
UNCONFINED COMPRESSION TEST 

The unconfined compression test, which is also simpl~ in proce~~fe :ind " 
requires no special equipment, has been used by ma:ny investigatoi_;,~;;ih the 
study of 'stabili~ed soils. Soil specimens of the size employed in the den.shy 
test may be used for this test. If stabilized soils at a· dehsity obtaillable by 
the standard Proctor density test are to be ev'aluated, test specimens may 
be prepared according to the procedure given for'the density test except 
that the trimming of 'a specimen to exactly 2 inches in height may be 
omitted. Specimens two inches + 0.05 inch in height were satisfactory for 
the unconfined compression test. 

Specimens having a height to diameter ratio of two or more are desir- · 
able for compressive strength tests. The use of 2 inch by 2 1inch specim~ns, 
with a height to diameter ratio of one, is ml:).inly for convenience in pre
paring the spedm~ns. Unconfined compression tests may also be performed 
by using cylindrical specimens having a convex or concave shaped top arid 
bottom2• ·The strength characteristics of such specimens differ from that of 
cylindrical specimens with flat top and flat bottom. For preliminary evalu
ations of stabilized soils, cylindrical specimens with flat top and flat bottom 
appear to be satisfactory. 

Specimens of stabilized soils may be cured by any of several methods 
as discussed previously. Cured specimens may be used for the unconfined 
compression'. test with or without further treatments. Common methods 
of treatment are immer.sion in water, wetting and drying, and freezing and 
thawing6

' 
7

• The simple procedure of immersing specimens in water for 24 
hours before testing was found satisfactory for preliminary evaluation 
purposes: 

The unconfined compression test is performed at a rate of qeformation 
of one-tenth inch per minute;: the maximum load causing failure of the 
specimen is taken as its compressive strength. Although tp.e strength of a 
specimen in pounds per square inch may be computed from the test data, 
it is convenient to report only the compressive strength in pounds. Data of 
the unconfined compression test with· a soil stabilized with several kinds 
.of ad,ditives are given in table IV. The effectiveness of the additives tested 
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TABLE IV. UNCDNFINED'COMPRESSIVE STRENGTH oF smL No. l* 
STABILIZED WITH VARIOUS ADDITIVES 

Additive 

Type Amount (percent 
of dry soil) 

Portland 
cement, 15 
Type I 
Hydrated 6 lime 
Lime-fly 
ash (1 :2) 
Aniline~· 
Furfural, 
(2.:1). 

18 

5 

'Raw: soil with .no 
· ·'· .additive. , 

'*See .table. I for·properties of-the· soil. 

Method 
of 

curing 

7 days in 
moist cabinet 
at approximately 70° F. 

Same as above 

Same as above 

7 days air drying 

No curing 

Compressive 
strength, 
lb. (after 

24 hr. immersion) 

1780 

250 

485 

1100 

Slaked during 
immersion 

is indicated by the compressive strength values shown in 'the table. Com
pressive strength requirements of Portland cement stabiiized soils have 
been studit::)d by previous investigators"· s ; more studies' are needed before 
specific values can be recommended as ·miniml).m requirements for all types 
of stabilized soils. 

Similar to the flexural test, the water:absorption.arrd·volume:change.of 
test specimens during the 24 hour iminersl.on ·period may-also be determined. 
Such information is often -helpful in . evaluating various .methods. :of.. soil .. 
stabilization. 

MINIATURE BEARING TEST 

The California Bearing Ratio Test3
• " using soil specimens 6 inches in 

diameter and 5 inches high, has been widely used for evaluating the sup
porting strength of materials to be used ·in subgrades, subbases, or base 
courses for highway and airport pavements. The main- objectforr. toe the. use 
of this test is the preliminary evaluations of stabilized soils appears to be 
the large amount of material and the comparatively long time needed for 
preparing the 6 inch by 5 inch specimens. To get around this objection, at
tempts were made to, use relatively small specimens in a test, of similar na
ture. For silty and clayey soils, specimens 2 inches in diameter and 2 inches . 
high were·found satisfactory. The. test using specimens of this size is called 
the Miniature B~aring Test. 

The Miniature Bearing Test may be used for testing either raw or stabil
ized soils. The 2 inch by 2 inch tes~ specimen can be prepared by using the 
equipment shown (figures 1 and 2). If a raw or a stabilized soil at standard 
Proctor density is to be evaluated, specimens may be prepared according tO 
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the procedure gh:en for the density test discussed previously. The specimen 
prepared isleft in the mold and is not extruded throughout the test. If cur
ing is desirable, the specimen ·is cured in the mold. 

The bearing test may be performed with specimens which have or have 
not been immersed in water. If a specimen is to be immersed, tl:~e immersion 
can be done with or without·an annular weight.above the specimen. In test
ing raw soils, it is desirable to use an annular ·iright similar to that used in 
the California. Bearing.Ratio Test3

' ".When the Miniature Bearing Test is 
used for preliminary evaluation of stabilized soils, the annular weight may 
be omitted to simplify.the test procedure. 

· The specimen without annular weight on it should be immersed long 
enough for. it to absorb as niuch moisture 'as it can in a reasonable period 
of time (figure 7) ."The rate of moisture absorption depends on the type of 
soil and the stabilizing agent used. The water absorption during immersion 
niay be determined by weighing the specimen together with the mold before 
and after immersion. The expansion of a specimen during .the immersion 
period may also be determined. This can be done by clamping the mold to ~ 
perforated base and measuring the expansion il). a manner similar to that 
of .the California Bearing Ratio Te.st3

• 
9

• · ' 

Porous 
stone or 
other 
permeable 
material 

Water level 

(a) 

Bross 
specimen 
mold 

Test 
specimen 
2-in. dio. 
2-in. ht. 

(b) 

Guiding 
device 

5" 
9 ¢Steel 
penetctio11 
rod 

Fig. 7. The miniature bearing test apparatus. (a) Immersion of a test speci
men in water bath. ,(b) Specimen in position for testing. 

Before an immersed specimen is tested for bearing strength, it is re
moved from the water bath ·and allowed to drain for five minutes. During 
draining, the specimen is placed in ari inv~rted position, i.e., the bottom of 

253 

'. I 

! . 

' ~. '. 

.. ··1 



Fig. 8 Apparatus for the miniature bearing test. At left, the apparatus is disassembled. 
At right, the apparatus is assembled and placed on the compression table of a 
testing machine. A specimen which has been tested and extruded from the mold 
is shown to the right of the apparatus. 

the specimen during immersion is kept upward. The bearing test is per
formed by using the apparatus shown (figures 7 and 8). In placing the pene
tration rod on a specimen, care should be taken not to disturb the surface 
of the specimen. The test load, which may be furnished by an ordinary test
ing machine, should be so applied that the rate of penetration is five hun
dredths inch per minute. The depth of penetration during testing is indi
cated by the dial attached to the penetration rod. 

The relationship between the test load and the depth of penetration is 
illustrated in figure 9. The data shown were obtained by testing an uncured 
soil-bituminous specimen after 7 days immersion in water. It may be.noted 

Lood, lb. 

I 
I 
I 

501--~~~-+-~~~~~:~~~~-t-~~~~+-~~~--i 

I 
I 
I 
I 

0.1 
' 

0.2 0 .3 0.4 0.5 

Penetration, in. 

Fig. 9. Load-penetration curve of soil No. 1 stabilized with eight percent of cutback 
asphalt (MC-2). The miniature bearing strength of the stabilized soil is 110 lb. 
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that the test-load i:ilcreased ·conti~uously.with the depth o;f penetration:.The. 
be!'lring- strength ·of soils tested may, therefore, be ~valuated on thebaf\iS 
of tfodest load at various. depths of penetration. A. tentative procedure for. 
reporting the toti;i.l load at two-tenths ~·inch penetration was found satisf~c
tory when the test was used for preliminary evaluati'on ofr s"tabilized· soils. 
This load is termed' the miniature bearing sJrenith~ The miniature bearing. 
strength of the· soil-bituminous m!xture is 1io lb:. _(figure 9). The test data 

. . . . . - . . ' . 

. 'T4BLE v. MINIATURE.BEARING STREN(;TH OF SOIL NO. l* 
.. STABiLIZED WITH VARIOUS ADDITIVES 

1' 

·Portland 
cement, 

Type I 
· Arquad 
2I!'l;'t . 
Cut-back 

'.asphalt 
(MC-2) 

Additive 
Amount (percent 

· of d:i;y soil) 

15 . ' 

0.5 

8 

. . 
Method'· 

of. · 
curing 

7, days in . 
moist caOinet J 

at ap(Proxim_ately 70° ~-

sa'.nie as ab9ve 

No cu:rin&" of s~~cimen . 

*See table I for properties of the soil. 
tA produc~ of Armour and Co~pany; Chicago, Illinois.-

Miniatur~ 
bearing 

s'trength, 
lb. (after . 

7 days immers~on) 

. 2020 

116 

.· .110 

of soil,Np ... l stabilized with sev~ral'kinds of additives_,are given in table V .. 
· The procedilre·-.of the.Miniature Bel:J,ring Test is not as simple as that of .. 

. th~· unconfined"~bmpress~on te~t,: The main advantage of th_e test is that it .·. 
can be used to ·evaluate the .. ,stahility of raw or ~tabilized soils which have· 
very low or no con':q~ressive strength when they,are tested by the· uncpnfiried 
compression tes(aft~r complete.iµmiersion in:water. The Miniature Bearing 
Test "was found very useful: in evaluating the effectiveness: of such water-· 
proofing agents as bituminous materiais .. for the stabilization of sjlty. and 
· dayey ~oil~. · · · -· · 

. '' 
SUMMARY 

_l. The four. test methods. present,ed were developed primarily for explora
tory- or preliminary evaluations of the effectiv~ness of various additives for 

. the stabilization of silty and. clayey .soils; The use of such tests makes it 
possible to screen a large riumber of additives economi~ally· and to select · 
promising ones. for further investigations. 
-2. The density· test using ·2 in. diim·eter by 2· in. high specimens gi.ves 
results fairly- dos~.to those obtahiable by.the ~tandard Proctor density test. 
It reqtli~es 'only about one-ten.th ·Jf:the material and one-third of t:h~ time 

. ~~eqed for. performing the standard Proctor density test. · -
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3. The flexural test is simple in procedure and requires only a small quan
tity of material. It is suitable especially for exploratory study purposes. 
4. The unconfined compression test may be us-ed for the preliminary evalu
ation of stabilized soils. The use of 2 in. diameter by 2 in. high specimens 
is mainly for convenience in preparing the specimens. 
5. The Miniature Bearing Test may be used to evaluate _the strength of, 
stabilized soils in a manner similar to that of the California b~aring ratio 
test. The Miniature Bearing Test requires only about one-twentieth of the 
material and one-fourth of the time.needed for performing the California 
bearing ratio test. 
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-RELATIONSHIP BETWEEN THE CALIFORNIA BEARING 

RATIO AND THE IOWA BEARING VALUE 

by ./ 

J. D. Lafleur, 1st Lt., Corps of Engineers, U,. S. Army 

D. T. Davidson, Professor, Civil Engineering 

R. K. Katti, Research Assistant, Engineering Experime11t Station ·· 

John Gurland, Professor, Statistics 

' (Progress Report, 1956) 

INTRODUCTION 

One of the difficulties in soil stabilization _studies is the inadequacy of 
testing procedures for determining an. exact performance rating of a soil 
- or an improyed soil - for highway pavement design purposes. A com
monly used procedure, which attempts to determine this rat_ing by testing 
the resistance of a soil sample to penetration, is the California Bearing 
Ratio (CBE) test. Though the CBR test for pavem:ent design purposes 
seems to be quite reliable, the test procedure is relatively difficult and time
consuming. Also, the test requires fairly large quanties of $Oil and stabiliza
tion materials. The Iowa Bearing Value (IBV) test, a miniature penetration 
resistance ·test, is being developed to overcome these disadvantages in test
ing fine-grained soils. 

Since the CBR test has been extensively correlated with the field per
formance of soils, it is desirable.to take advantage of thi_s and to determine 
the relationship between the California Bearing Ratio and the Iowa Bearing 

. \ 

Value. . 

REVIEW OF PREVIOUS RESEARCH 

Development of CBR 

A method of highway design, based on a penetration test, called the 
California Bearing Ratio (CBR) test, was adqpted in 1938 after extensive 
correlation between results of the test and-field performance of various 
California soils1

". The CBR was adopted for twcueasons: 
No other single test could be so easily correlated with s_oil performance for 
road building purposes. 
It was considered vital for highway design purposes to know. the penetra
tion resistance of the soil being tested, both in the original compaction con
dition and after saturation with water._It was also important to know what 
expansion could be expected in a soil during saturation. The CBR test was 
the only one which gave all of this. information. 
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During World War II, the U. S. Army Corps of Engineers adopted the 
CBR design procedure for all militarY: construction of flexible pavements, 
including hardstands, runways, and roads. The Corps of Engineers per-

. formed extensive tests, correlating field performance of additional soil 
types, refining the test procedure, and expanding the design method to· 
include the greater wheel loads and other special problems encountered in 
airfield design 1 • 

The CBR test and design method 

- The CBR test is performed by causing a flat-ended steel piston of 3 
square inch circular cross-sectional area to l.Je pushed into the top surface 
of a prepared soil specimen at a specified rate .. Load readings are taken on 
either a testing machine dial or some other load reading device at pene-' 
trations of 0.025, 0.030, 0.075, 0.10, 0.20, .0.30, 0.40, and .0.50 inch. The read
ings at these penetrations are then divided by readings taken on a standard 
"ideal" soil. The California Bearing Ratio is the ratio of the load for the soil 
being tested to the lo.ad for the standard soil at the same penetration, this 
ratio expressed as a percentage. The test can be performed in a laboratory 
on undisturbed specimens, or in the field on "in-place" soil. 

Details of the C.BR design procedure for flexible pavement design can 
be found in most highway ens-ineering texts": 12

• 
13

• In brief, the procedure is 
to select from empirical curves the minimum thickness of material which 
should be placed over the subgrade or base course material whose CBR is 
known. Design thicknesses for each layer are selected, starting a:t the lowest 
iimit of construction and working upward to the surface. The design curves 
are supplemented by tables of· minimum design specifications. These pro
hibit the use of soils of-low CBR immediately below the surface layer and 
establish compaction tolerances. During construction this system may be 
used as a simple standard inspection test. From the results of one CBR test
ing the inspector has a good rating of the quality of constructiOn, that is, a 
comparison: of the "in-place" penetration resistance of the .soil to that upon 
which the design was based. · 

Acceptance of the CBR 

. The CBR test is one of the most widely used of the common engineering 
soil tests, and the CBR design method is probably the one most commonly 
used in flexible pavement design. In 1953, 19 of the 48 states used the CBR 
in soils testing and classification for design of flexible pavements. Of the 27 
states which regularly make sop strength tests, 16 used the CBR as a 
strength standard10

• 

Variations in tlie CBR test method 

To this date, there is no universally accepted procedure for performa~ce 
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·of the CBR test. Each author gives a slightly different approach and testing 
technique. Several of the more important differences are as follows 2

•
4

•
6

;
12

•
13

• 

16,17°,19. . 

1) There' is so'me question conc~rning what the exact purpos~ of the test is, and liow 
this purpose affects the testing procedure. For example, some users say that the 
soaked test is far more important than the unsoaked. They reason that the-·'design 
should be based. on the presumption that the soil will eventually reach a state ap
proaching that of complete- saturation. Others say that the soaked test is too severe, 
since under a pavement soils seldom approach complete saturation. ' \. -
2) Most use· the test load at either 0.10 or 0.20 inch penetration for computing· the 
California Bearing Ratio. However, there is some disagre.egi.ent as to which of these 
two penetrations should be used. · · 

. 3) There is disagreement as to the best apparatus for performing the test. 

. .The American· Society for Testing Materials (ASTM) is now engaged 
· in a project which, it is hoped, will result. in the adoption of a standard test 
procedure. The ASTM manual Procedures for Testing Soils (1950) presents 2 
alternate procedures16

'
17

• TP,e first of these two methods, with exceptions 
listed uhder Laboratory Investigation below, is the one used in this sh1dy. · 

Need for a simpler test 
. .' . I ' . 

A research- project requiring from 50 to 100 CBR tests would require 
many man-hours of sample preparation, ~oaking, and testing times'~·'7 • The 

' penetration test itself requires the services of two persons for a minimum of 
ten minutes actual penetration time. The equipment is heavy, clumsy, space
consuming, and.relatively expensive, considering the large number of com
plete sets required in a well-equipped laboratory. But, since the CBR is a 
widely accepted standard, any detailed study of the highway and airfield 
construction characteristics of a soil should include many of the tests. In 
an evaluation study of soil stabilization, for example, to rate adequately the 
bearing characteristics oi the' ~oils after various curing arid simulated 

·weathering treatments, over 100 CBR tests might be required. This many 
CBR tests is· usually o,ut of the question ; for this reason, bea~ing capacity · 
tests are often either' inadequately covered or excluded altogether from 
stabilization studies. Such tests as the unconfined compression test give 
useful relative strength values but have no established relation to the· CBR 
or to field performance. 

Development of IBV 

To ove~ccime these disadvantages, the Iowa Bearing Value test is being 
developed at the Iowa Engineering Experiment StatiOn. This test is to be 
used with fine-grained soils'. Because of the small size of the specimen used, 
the test will probably not be usable with soils containing material coarser 
than the No. 10 sl.eve. However, since most stabilization work is concerned· 
with improving fine-grained .soils, this test should be valuable. The recom-
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mended procedure for performance of the IBV test is' presented in the 
Appendix. 

The relationship between the CBR and IBV has been determined and 
the CBR of natural or stabilized soils can be pr~dicted from the results of 
the IBV test. In addition to its potential use in soil stabilization research 

· and design, the IBV test may also be useful as a construction control test. _ 
For example, inspection can be more thorough and less time..:consuming if. 
the IBV is used instead of the GER in routine·checks on the quality of con
struction. 

Various other tests have been correlated with the CBR. For example, 
the Mississippi River Commission's. Waterways Experiment Station has 
correlated its own Corps of Engineers Cone Index with the CBR, and has 
made extensive studies on the correlatfon between CBR and moisture con
tent and density7

'
18

• 

LABORATORY INVESTIGATION 

General Procedure 

In the laboratory investigation for correlating results of the CBR and. 
IBV tests, the correlation tests had two objective.s: 
1) CBR load readings are used chiefly at either o .. 10 or 0.20 inch penet~a
tion in computing the CBR. Therefore, any system for predicting the CBR 
from another test, such as the IBV test, should provide for predicting both 
the unsoaked and soaked CBR at both of these penetrations. Results of the 
correlation tests must make it possible to decide which penetra~ions of 
the IBV test correlate best with those used in defining the CBR. 
2) Since both the CBR and IBV specimens are at about the same density, 
and therefore h:;we about the same permeability, it is to be expected that 
the IBV specimen, being smaller, will take less time to reach any given de:. 
gree of saturation than the larger (CBR) specimen. A suitable soaking time 
for the IBV soaking test must .be chosen. The soaking time of 96 hours is_ 
the most commonly us~d in the CBR test., Therefore, results of the· correla
tion tests must _make it possible to decjde· which IBV soaking time (pre
sumably less than 96 hours) yields results which best correlate with 'those 
of the 96-hour soaked CBR test. . 

Considering these goals, the following general investigation procedure 
was planned : 
1) U,nsoaked tests. For each ·soil, mix, at optimum moisture content, enough 
m::iterial for 2 CBR specimens and 3 IBV specimens. Mold these specimens. 
Make density and moisture c'ontent determinations on each specimen. Test 
each of these specimens as indicated in the CBR and IBV test methods pre
sented below. Determine the CBR at 0.10 and 0,.20 inch penetrations, and 
the IBV test load at 0.02, 0.0( 0~06, 0.08, 0.10, 0.12, 0.14, 0.16, 0.18, 0.20, 
0.25, 0.30, 0.35, 0.40, 0.45, and. 0.50 inch penetrations. 
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2) Soaked tests. For each soil, mix, at optimum moisture content, enough · 
material·for 2 CBR specimens and 9 IBV specimens. Mold these specimens. 
Make density and moisture content determinations on each specimen at time 
of molding. Soak all CBR specimens for 96 hours ; and soak three IBV 
specimens each, for 24, 48, ·and 72 hours. Make a determinatfon of the 
amount of moisture absorbed by each specimen after completion of its soak
ing period. Take expansion readings on all soaking specimens immediately 
after immersion, and _again at the end of each 24 hours during the soaking 
period. Test each specimen after completion of its soaking period. ~ecord 
CBR's and IBV test loads at the same penetrations used for the unsoaked 
tests, above. 

TABLE I. SAMPLING LOCATION OF SOILS 

Sample Iowa 
Township Range Section Reference No. County 

20-2-III 
R-44W and Harrison· T-78N S-15 9 

20-2-IV* 
100-8 Scott T-77N R-2E S-13 9 

'26-1 Shelby · T-81N. ~-40W S-21 9 
44-A-1 Page · T-68N R-39W S-21 None 

Luto:p. clay Missouri River Floodplaint 14 
411 Page T-69N R-36W S-27 None 
79-S Mahaska T-74N - R-16W S-25 21 
cs Story T-83N R-24W S-1 None 
S-26-1 Blended of CS and 26-1, in the ratio 9:7 by weight 
FS-26-1 Blended of 79-S and 26-1, in the ratio 2:1 by weight 

•:•samples 20-2-III and 20-2-IV were sampled in the same loca-
tion, 20-2-IV several months after 20-2-III. 

tNo other information available on this location. 

TABLE II. PROPERTIES. OF SOIL SAMPLES 

SAMPLE NUMBERS 

Property S-26-1 20-2-III 100-8 26-1 FS-26-1 44-A-1 
Luton 

20-2-IV 411 79-S cs clay 

L.L., % 29.5 33.2 27 .. 1 39.4 17.2 - 53.1 71.0 32.2 41.8 non-plastic 

P.L., % '19.2 25.6 19.8 26.9 13.2 25.7 24.5 23.0 14.9 

P.I., % 10.3 7.6 7.3 12.5 . 4.0 27.4 46.5 9.2 26.9 

C.M.E., % 13.7 13.1 8.7 19.5 7.1 15.2 38.4 19.6 21.7 1.4 2.0 

F.M.E., % 25.6' 30.7 27.6 32.6 26.~ 50.6 48.7 26 .. 0 31.8 23.1 20.5 

S.L., % 19.7 26.2 ' 20.6 23.3 14.3 19.9 10.2 24.5 12.3 12.6 0.0 

C.E.C. 
me/100 g. 7.3 12.6 15.3 6.8 28.2 39.4 13.4 20.0 1.5 13.4 

Std. Proctor 
den., pcf 127.8 108.4 110.6 107.0 127.0 104.0 90.8 108.4 115.2 109.3 113.3 
O.M.C., % 10.4 18.0 1.5.8 17.7 9.8 19.5 23.0 ' 18.0 15.5 12.7 15.6 

Mech. Anal.* 
sand, % 60.5 0.3. 2.8 2.0 63.0 0.2 1.5 0.4 32.7 95.6 92.5 
silt, % 28.0 82.2 85.2 70.6 26.1 58.0 24.2 81.2 30.8 - 0.7 4.2 
clay, % 11.5 17.5 12.0 27.4 10.9 41.8 74.3 18.4 36.5 3.7 3.3 
coll., % 8.7 15.0 8.9 20.0 8.7 31.0 55.5 15.1 26.0 2.6 2.9 

BPR Class. 
Engr._ A-4(1.) A-4(8) A-4(8) A-6(9) A-4(0) A-7:6(17.) A-7_6 (20) A-4(8) 

A-7-6(13) A-3(0) A-3(0) 
Textural sandy silty silty silty silty 

loam loam loam clay sl~~ ~y;; _ clay loam clay sand sand 

*Sand - 2.0 to 0.074 mm; silt'- 0.074 to 0.005 mm; clay - smaller than 0.005 mm; colloidal clay - smaller 
than 0.001 mm. 
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Soil Samples 

Samples of nine Iowa soils were used in this study. These were chosen 
to represent sandy, silty, and clayey soils (tables I, II). Two of the samples, 
S-26-1 and FS-26-1, are not naturally occurring soils; each is a blend of 
two natural soils. S-26-1 is a mixture of a coarse sand (CS) and a medium~ 
textured loess (26-1) in the ratio 9 :7 by weight; FS-26-1 is composed of a 
fine sand (79-S) and the same loess in the ratio 2 :1 by weight. These blends 
were used because the sands alone did not have enough cohesion to give 
consistent test results. 

Method of Testing 

CBR tests. The CBR test procedure used is one of the two procedures recom
mended in ASTM Manua.117· p. 386 , with the following exce~tions: 

All specimens were compacted using standard Proctor compactive effort: 35 
blows of a 10 pound hammer, with an 18 inch drop, on each of three layers. 

All soaked CBR test samples were soaked 96 hours. A 10 pound surcharge 
rested on each specimen duri~g the soaking period . 

. Surcharges were removed after soaking, before the penetration test was 
performed. The reason for this was as follows: The surcharge during testing 
is to simulate the confining effect of a surface layer. However, it is felt that 
confinement of the soil by the walls of the mold cylinder is at least as great 
as that which would result, in the field, due tQ the. total confinement of .sur
facing and adjacent soil. Therefore, no additional surface load on the speci
men is desired. 

All tests were performed on remolded ~pecimens. 

Bearing ratios were computed at both 0.10 and 0.20 inch penetrations. This 
was to allow comparison of IBV test results, since authorities disagree as 
to the exact penetration by which the CBR should be defined. 

IBV tests. Except as.indicated, the IBV test procedure used throughout this 
study was as given in the, Appendix: 

Presentation and Discussion of Test Results 

Results of IBV and CBR tests. Tables III and IV show results of IBV and CBR 
tests obtained as indicated above. In a typical plot of IBV and CBR load
versus-penetration curves the curves representing the three soaked IBV 
tests are -very close toge.ther, and the 72 hour curve .is above the 48 hour 
curve (figure 2). Such an arrangement of the curves was not uncommon. 
Strength tended to increase in several rather than to decrease with soaking 
time. 
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Fig. 1. 
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IBV test apparatus:- (A) Molding machine with extruding lever in upright position; (B) Molding machine with extruding lever in 
horizontal, working position; (C) Drop hammer; (D) Detail of head of drop hammer; (E) Soaking frame; (F) Annular weight 
assembly; (G) Specimen during soaking test with expansion dial in place·; (H) _Specinien_during penetration, test . 
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TABLE III. RESULTS OF low A: BEARING V ALtiE. TESTS -

Pe~etration 
·and 

soaking time 
(in.). (hrs.) 

0.06 00 

0.06. - 24 

0.06 48 

0.06 72 

0.08 00 

0 .• 08 24 

0.08 48 .. 

0.08 72 

0.10 00 

I 
· S-26-1 ·, 20~2-III 

23 90 
. 27 96 

. 103 

25 96.3 

1.3966 1.9831 

. 100-8 

57• 
57 
71 

61.7 

1.7877 

34 
30 

57 24 

'32 

1_.5043 

35 
35 

35 

1.5441 

25 
29 

28 

. '1.4,458 

20 

/ '· 
57 22 

~.7559 1.3406 

59_5· 

l.7719 

55 
65 

.' 60 

'1.7766 

26 
21 -

23.5 

1.3686,' 

7 
21 

ff 

1.0836 

33 105 72 
73 
86 

34 1i2 
120 

33.5' . 112. 

1.5250 ·. 2.0499 

·.n· 

1.8850 

44 
40 

66 28. 

42 

1:6228 

45 
45 

. ~ 45 

'1.6532 

33 
41 
39 

37.7 

i.5741 

43 
44, 

2~ 

. 66. 25.5 

. •1;8195: .- 1.4044 

63 
75 

69 

1.8372 

65 
.75 

-70 

1.8440 

119 
127 

30 
25· 

27.5 . 

1.4375 . 

11 
25 

18 

1.2196 

82 
90 

SAMPLE NUMBERS 

26-1 FS-26-1 44-A-1 

IBY. loads, ·1bs. * . 
59. 143 124. . 45 
60 ' 120 125 46 
58 . 128 120 52 

Average IBV loads, lbs. 
b9 . 126.7 . 47.7 

Average logarithms _ 
1.7708 2.1019 ' 1.67_73 ., 

IBV loaas, lbs. 

Luton 
clay 

42· 
'55 
48 

:48.3 

1:6816 

20-2-IV 

88 
90 
82 

86.7 

1.9375 

·37 87 109' 34 7 42 
36 83 98 37 7. 41 · 
36 83 . 

Average IBV loads, lbs. 
IL3 . u· · u~ 7 41.5 

Average-·logarithms .. 
1.5603 1.9613 1.5498 0.8"451 . 1.6180 

· IBV load~, lbs. 
37 100· 99 so 15' 
30 ' 104 107 . 38 - 2 
29 99 . . . 28 

Average IBV loads, lbs: 
32 101.8 -. 32 . 3.5 

Average logaritllms · 
1.'5026 . 2.00_75 - '1.5014 . . 0.5000 

IBV loads, lbs. 
43 105 . 106.. 37 . 3 
41 105 87 .- '32 3 
40 . -100 33 

Average·IBV loads, lbs. ' 
41.3 100.6 ·. 3·4 ; 3 

A 'veraie logarithms ·. 
.1.6161 2:0014' . 1.5306' 0.477i. 

· JBV loads, lbs. 
68 ' ~ 170 . 152 . ' 50 
6.7 '142 150 l\Q' . 
.65 150 . 148, ... , ,.57:., 

, Average IBV- loads,,Jbs. ·· 
66. 7 . . 152 . '52.3 

Average logaritlims 
1.8238 2.1812 . 1.7180 

IBV loads, lbs. 
42 103 100 37 
42 95 128 40 
42 118 

Average IBV loads, lbs . 
42 - 108.8 . 38.5 

Average logarithms · 
·1.6232. . - .. ,2,9339 1.Ji852 

IBV loads, lbs. 
44 - 117 119 33 
35 127 117 40 . 
34 ' 125 30 

Average IBV loads, lbs. 
. 37,7' 121 .. 34.3. 

. Average logarithms 
1.5730 . ". 2.0825 . 1.5~26 ' 

IB:V loads, lbs. 
49 125 . 116 38 . 
45 127 126 35 
43 102 35 

Average IBV loads, lbs. 
45.7 119:2 36 

Average logarithni's 
1.6590 2.07 48 1.5560 

IB:V loads, lbs. 
73 197 1.78 55 

. 72 163 175. 54 

48 
54 
5.4 

54.3 

1.7330 

7' 
7 

7 

o.s451-

5 
2 

3.5. 

0.5000 

3 
4' 

3.5 

0.5396 

58 
67' 

. ' 

35 
.47 

41 

1.6.0.81 

48 
48 

48 

1.6812 

1()5 

108 
100 

104.3 

2.0182 

.51 
49 

. 48.5 

1.6830 

57 
57 

. 57. 

1.7559 

120 
120 

·.: ,· 

411 

71 
68 
70 

'69.7 

1.8430 

14 
11. 
13 

12.7 

1.1005• 

11 
. 8 

14 

11 

1.0302 

11 
8 
8 

9 

0.9492 

77 
72 
7.7 

75.3 

i.8768 

.,_ 15 
13 
14 

14 

1_.1454 

13 
10 
17· 

13.3 

1.1148 

11 
10 
10 

I0.3 

1.0138 

81 
77 

*OD. the average, three teSt.s were pe_rformed on each soil; however, as explained iii' the test, soD:tetimes 
· fewer tests were performed due to Jimitatfons _in a vailabilitY of equipment. For soil FS-26"1, data from two 
sets of tests are included. · 
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TiBLE III. ( CONTINUED). ' 

Perietration 
and 

soaking tinie 
(in.) (hrs.) 

·0.10 24 

. -·. 

0.10 . 48 •. 

0.10 72 

0.12 00 

0.12 '24 

0.12 . 48 

0.12 . 72 

00 

0.14 24 

. S-26-1 . 20-2-III 

fag 

43.6 

1.61185 

'128 

2.1064 

.. 
100-8 

102 

91.:i 

1.9589. 

65 
51' 

. 75 " 32 
,27 

53 

1.7240 

'75. 29.5 

1.8751 1.4682 

56 
55 

'71 36 
87 27 

56 

1.7404 

79. 31.5 

1.8954· 1.49,38 
/ 

42 
53 
50 

4~.3 

1.6822 

53 
'54 

63.5 

1.7284. 

66 
60 

63 

1.7988 

66 
63 

64 

1.8061 

74 
86 

80 

1.9018 

136 
140. 
156 

143.3 

2.1.5,56 

85 

86 

1.9294' 

80 
97 

88.5 

1.9450 

49. . 85 

~~ : 97 

60.7 91 

1. 7784· 1.9581 

62 148 
'63 155 

' 169 

62.~ . 157.3 

,L 7958 2;1962 

77. 
66 

'. 94 

16 
33. 

94 
101 
'115 

103.3' 

2.0133 

35 
34 

34.5 

1:5378 

42 
32 

37 

1.56'12 

22 
42 

32 

1.4828 

106. 
116 
128 

116.7 

2.0657 

39· 
39 

"• 

SAMPLE NUMBERS 

26-1 FS"26-1 44-A-1 · Lcy~n. .20-2-IV. 411 

80 70 ' 1.75 '173 ' 60 ' 60 114 
Average IBV· loatls, lbs. 

71.7 176.8. . ·56.3, 61.7 118 79.3 

1.8994 
, Aver2.ge logarithms 

1.8552 1.2~68 1.7503 '1.7892 2.0718 

IBV· loads, lbs. .( 
47 118 .113 38. 
49 109 146 41 
50 137 

. Average IBV loads; lbs. 
' 48. 7 125.4 39,5 

' Average logarithms 
1.6871 '' 2.0957 1.596_3' 

IBV load~, :lbs .. 
5l 135 135 35 
40 148 135 40 
39 . 140 33 

Average IBV loads, lbs. 
43.3 138~6 36 

'Average logarithms 
1.6336 2.14.15 ' . 1.5549 

IBV loads, lbs. 
54 143 130 40 
50 14'9 145 40 ' 

.'46 ,119 35 
. Average·IBV loads, lbs. 

' . 60 137 .2 38.3 
· .Average.logarithms . 

' 1.6981 2.1359 1.5828 

IBV loads, lbs. 
80 223 205 58 
77 183 195. 57 
76. 196 197 . 62 

Average IBV loads, lbs. 
77 .7 199.8 59 

Average logarithms 
1'8901 '2.2999 1. 7706 

lBV loads; lbs. 
53 135 135 . 40 
54 121 . 163 43 
55. ' 152 

Average IBV loads, lbs. 
54 . 141.2 41.5 

· Average. logarithms 
'1.7324 . 2.1476 1.6178 

57 ' IB~2l~adsis\bs. 37 
45 166 -153. 42 
43 158 . 35 

4
s,t" verage i~i' .. loads, lbs. 

3
.
8 

· Ayerage logarithms 
1.6809 2.1929 1.5785 

55 lBJ,loadsi4~bs., 42 
55' 168 164 43 
51 135 38 

Average IBV loads, .lbs. 
53. 7 155.2 . . . 41 

, Average logarithms 
1.7295 2.1893- 1.6122 

IBV .loads, .lbs. 
85 247 225 60 
83 - 201 220 60 
82 ·218 . 222 66 

Average IBV loads, lbs, 
83.3 . 222.2 62 

Average logarithms 
'1.9208,, 2.3459 . 1.7920 

, IBV loails, lbs. 
57 ' 160 163 
.so 136 179 
64 .171' 

-265 

,,-, 
,/ 

43 
45' 

8 
·3· 

60 
55 

57.5 

0.9031·· ' i. 7693 

5. 65 
.2 61 

. 3.,5 58 

0.6000. 1.7628 

4 
5. 

4.fi 
q.6506 

63 
72 
65 

66.7 

1.8232 

8· 
8 

8 

0.9031 

5 
2' 

. 3.5 

0.5000' 

,4 
5' 

4.5 

0.6506 

66 
64 

,55 

1.8128 

134· 
·130 
130' 

131.3 

2.1183 

69 
63 

66 

1.8190 

67 
67 

67' 

1.8261 

74 
70 

72' 

1.8572 

15 
16'' 
18 

l.6.3 

1.2118 ' 

·14 
13 
20. 

15.7, 

1.1870 

12 
12 

· 11' 

11.7 

1.0666 

85 
·so 
85 

83.3 

1.9206 

15 
18 
18 

17 

i:2239 

15 
16 
20 

16.7 

1.2177 

12 
14 
12 

12.7 

1.1016 

68 146 ' 88 , 
'.75 146 83 

69 145 . 87 

70.7 ' 145.3' ' 86 

1.8488 ' 2.1624 1.9344 

8 
8 

79 
70 

16 
20 
18 
'/ 

: "· \" . 
.A---

'\ 

:!. 

" ._.,: 

1, 
/,' 

-,r, 
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. TABLE III. 
Penetration 

and 
soaking time' 

·'(in.) . (hrs.) 

0.14 

.0.14 

0.16 

0.'16 

0'.16 

0.16 

0..18 

I 
0.18 

·,' 

0.18 

72 

-00, 

24' 

48 

72 

. oo 

24 

' ' 

48 

'" 

·., 

(CONTINUE~) . 

71.5 94 

1.8530 ' 1.'973i 

72 
70 

56 
73 
,63 

6°5.7 

1.8147 

68 
. 69 

I 
'1.8356 

. f5 
'73 

79 

l'.8_964 

80 
.77. 

'78,5 

.. 1.8948 

64 
81 

''76 

' 7,3.7 

1.8652. 

76 
-76 

7~ 

. 1.8808 

92 
78 

85 ' 

86 

'90' 
f06 

98 

1,9_89_8 

93: 
10~ 

100;5. 

2.0010 

160 
168· 
183 

170:3 

2.2306 

104 

104 

2.0170 

100 
115 

101 
' 117. 

109 

2.0~62 

l72. 
,182 
198 

184 

2.2641' 

113 

113 . 

2.0531 

109, 

·,,,, 
~ ·. . . 

100-8 

39 

1.5911 

46. 
,37. 

41.5 . 

1.6155 

29 
46 

37.5. 
1.5626 

118 
• 130 
144. 

130.7 

2.-1147 

45 
46 

45.5 

1.6580 

55 
43 

49 .• 

1;6870 

35 
55 

.. I 

SAMPLE NUMBERS 

'26-1 FS-26ol '. 44-A"l:, . Luton 
·' . clay , 

-Average IBV loads,. lbs. . 
60.3 157.8 ' 44 ; 8 

Aver2~ge .logarithms , 
1. 7801 . 2.1960 . 1.6434 ' 0.9031 

· IBV loads, lbs. 
!~ ' 169-. . 169 40 

. 4·j" .• 183- "m ~i 
Average IBV loads. lbs. , 

' 53' ' 173.4 40.3 
A verag~ I_ogarithms · 

1.7205- 2.2389 :- '1.6046 

IBV ·loads, 1bs. 
53, . -183 161 45 
57 185 1 °o ' 45 
59 150 ' 40 

· , Average IBV loads, lbs. 
58 - ' 171.8 . . 43.3 

Average -logarithms 
· L7634 . 2.2336 " . 1'.6362 ,_ 

IBV loads, lbs • 
92 270 247 . 64 
87 - 223.- ·, 241 61 ' 
88 . . 240 242 69 : 

Average· IBV loads;. lbs. 
'89' ' . 243.8 ' . 64. 7 

Average. logar'ithms _ 
1.9493 2.3864 . 1.8~01 

IBV loads, ·lbs: 
. 63 .164 ' 171 

~~· . 148 . m-
Average IBV loads, lbs. 

45" 
46 

65 ' 173.6 ·, ' 45.5' 
. A;ve:r;age log-arithms · 

1.8125 2.2374 .1.6580 

'iBV.!o~ds, _lbs. 
4
.
3

. 
67 186 .. 188 
53 201 ' 188 46 
50 .· 190 39 

Average IBV loads, ·lbs . 
,M.7 :- ·.190.6 . 42.7· 

- Average lo!?.'arithms . 
T. 7 49.8 · 2.280'0 . 1'.6291 

IBV loads; lbs. 
66 . 198 . '175 " 46 
64 200 196 4!>' 
'55 ' . 164 ' '42 

4 

0.5396 

4 
5. 

4-5 

0.6506' 

74 . 
'77, 
; 74 

75 

1.875·0 . 

8 
8 

~ ' 

0.9031 

6· 
'3 

4.5 

0.6276 

Average IBV loads, Ibo. 
45. 65 ' · ·r8s.6 · · 44.3 5 

0.6,990 1.6422 .'. · '1.8129 ~vera~~2~09~~~ithms 1.6464 

129 
144 
159 

. .,. 

144 

2.1568 

52 
54 

1.7242 

'.55. 
I 

. \ . .-. 

-IBV loads, lbs . 
. 97 ' ' 294 ' ! 269 : 66 
90 242 '265 65 
94 .263 '266 72 

Average IBV loads, lbs .. 
9,3.7 ' 266.5 ' 67.7 

Ayerage logarithms 
' 1.9714 2.4250 ~-8.299 -

IBV loads, lbs. 
67 . ,. 175 189 48 

'66 161 210 49 
75 ,204 

Average IBV !~ads, lbs. , :· 
69.3 187.8 · · . 48:5 

Aver~.ge l<ili:aiithms · · 
1.8402, .. • 2.2716 - 1.6857-

IBV loads, lbs. 
70 205. 208 _45 

266_-

I'·· 

-78 
EO 
78 

. 7K7. 

1.8958• 

8' 
8 

8 

Q.9031 

20-2-IV 411 

74.5' 18 .· 

1.8714 1.2535 

72·' 

'1-.8572 

83, 
78 

80.5 

:1.9056 

160 
160' 
160 

160 

2.2041 

Sil 
79, 

' 

83.5 

1.9210 

80.5 

~.9054 

91 
85 

"175 
175 
173 

174.3 

2.2413 

97 
87 

92 

1.9632 

87 

·i . 

-·15 
'. 15 

. 20 

. 16.7 

1.2177 

·i3 
14 
13 

'l3.3 

1.1246" 

90· 
"85 
-90 

_88.3 

1.9459 

17 
·23 
18 

.19:3 -

i.2825· 

'15 
15 
20 

'}6.7 

1.2177 

·14 
14' 
14' 

14. 
1.1461 

·92 
87 
93 

90.7 

1,9573 

' '!9 
25 
'19 

21 

1.3185 

16 

/ .. 

1·., 

.·;1 

'.' 

' { 

'\. 

I" 

'_,_. 

I~ •. 

'-/·: 
'"· 

·. \ 
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TABLE III. (CONTINUED) . 

Penetration SAMPLE NUMBERS and 
soaking time S-26-1 20-2-III 100-8 26-1 FS"26-1 44-A-1 Luton 

20-2-IV 411 (in.) (hrs.) 1 clay 

85 124 48 57 218 204 49 94 15 
Average IBV loads, lbs. 

E5.5 116.5 51.5 61 ' 203.8 ' 44.7. 4.5 90.5 17 
Average _logarithms. 

1.9320 2.0654 1.7108 1. 7831 2.3196 1.6485 0.6276 1.9563 1.2271 
I 

IBV loads, lbs. 
0.18 72 70 109 42 70 214 189 46 7 101 15 

88 127 65 e7 214 210 46 7 91 . 14 
84 69 180 47 15 

Average IBV loads, lbs. 
80.7 118 53.5 68.7 201.4 46.3 7 96 14.7 

Average logarithms 
l.'9816 1.9046 . 2.0706 1.7180, 1.8367 - 2.3030 1.6659 0.8451 1.1661 

IBV loads, lbs. 
0.02t 00 51 24 33 70 55 30 28 47 50 

,53 12 31 63 53 30 39 48 48 
54 . 33 33 63 50 37 34 40 50 

IBV loads, lbs. 
26 0.02 24 12 31 13 19 40 35 4 18 6 

5 8 19 46 55 25 5 19 7 
16 45 5 

IBV loads, lbs. 
0.02 48 12 28 13 21 47 52 22 5 15 5 

12 36 11 15 49 .50 25 1 14 4 
15 53 20 8 

IBV loads, lbs. 
0.02 72 7 24 6 24 28 50 25 '1 26 10 

6 30 10 27 55 52 20 2 20 5 
7 24 45 27 7 

IBV loads, lbs. 
0.04 00 14 72 44 47 114 97 39 36 70 64 

17 73 dO 48 95 95 40 49 73. 60 
83 56 48 99 88 47 41 63 63 

IBV loads, lbs. 
0.04 24 20 46 20 30 72 63 31 7 32 10 

16 16 30 67 87 35 6 32 10 
29 75 10 

IBV loads, lbs. 
0.04 48 23 42 21 33 78 78 26- 5 26 8 

24 52 17 26 84 77 33 1 33 6 
24 89 25 12 

IBV 1001ds, lbs. 
0.04 72 15 34 7 37 84 82 35 2 40 11 

15 52 16 37 83 84 ' 27 3 38 6 
15 35 68 . 32 8 

IBV loads, lbs. 
0.20 00 84 - 186 142 102 316 289 68 83 188 93 

86 195 158 95 261 286 67 84 185 89 
213 173 93 28Q 287 74 84 190 95 

IBV loads, lbs. \. 

0.20 24' .100 58 74 187 208 50 106 21 
86 58 70· 169 225 51 95 25 
93 122 80 222 20 

IBV loads, lbs. 
0.20 48 99 118 59 73 226 228 49 6 98 17 

92 124 52 . 61 234 222 50 4 102 16 
63 224 43 20 

I 

/ IBV loads, lbs. "I 
0.20 72 79 117 46 73 225 202 49 8 108 18 

93 137 70 71 229 227 49 8 101 14 
91 70 196 50 18 

tLoads are given only for the penetrations 0.02, 0.04, 0.20, 0.30, 0.40, and 0.50 inch. Thes~ figures were re-
corded during testing, but were not used in. correlating results of the CBR and IBV tests. Loads at 0.25, 
0.35, and 0.45 inch penetration were recorded, but they are not needed to draw smooth penetration-versus-
load curves, and are not included. 
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TABLE III. ( CONTINUED). 

Penetration 
SAMPLE NUMBERS and 

soaking time S-26-1 20"2-III 100-8 26-1 FS-26-1 44-A-1 Luton 
20-2;IV 411 (in.) (hrs.) clay 

IBV loads, lbs. 
0.30 00 125 248 194 120 407 387 83 94 250 103 

130 259 222 114 348 386 76 100 250 101 
278 236 116 375 382 83 93 256 105 

. I 
1
162 ' 

IBV loads, lbs. 
0.30 24 140 99 ~3 244 277 65 9 150 33 

120 99 90 220 295 65 8 136 31 
100 294 35 

IBV loads, lbs. 
0.30 48 121 162 87 90 309 300 60 7 143 25 

126 182 82 85 306 290 59 5 152 24 
80 290 53 30 

IBV loads, lbs. 
0.30 72 106 159 79 94 289 257 63 10 153 25 

123 189 106 ~5 297 285 57 10 145 20 
121 ~3 260 59 24 

!- IBV loads, lbs. 
0.40 00 145 309 236 140 470 457 99 108 297 113 

152 320 254 136 423 456 85 107 300 110 
345 240 134 450 463 89 106 310 112 

IBV loads, lbs. 
0.40' 24 173 200 144 110 280 333 70 12 178 43 

149 154 110 260 351 72 10 178 43 
122 329 11 37 

IBV loads, .lbs. 

1 • 

0.40 48 148 202 120' 117 373 338 67 9 185 32 
152 227 120 100 337 325 67 6 210 30 

1 · 

95 342 63 35 

IBV loads, lbs. 
0.40 72 132 196 114 115 331 288 65 11 206 29 

155 232 147 112 351 324 70 10 182 30 
151 115 292 68 27 

IBV loads, lbs. 
0.50 00 168 368 237 155 528 518 100 112 355 123 

182 390 263 146 487 526 89 118 370 116 
416 240 152 513 532 96 115 396 122 

IBV loads, lbs. 
0.50 24 205 227 187 130 309 374 75 12 209 53 

185 .188 122 289 382 79 11 218 51 
142 • 366 51 

IBV loads, lbs. 
0.50 48 171 238 147 127 415 370 75 12 234 39 

179 263 152 112 383 352 73 8 ·254 38 
112 376 75 45 

IBV loads, 'lbs. 
0.50 72 158 228 138 125 370 317 75 15 256 40 

181 278 186 127 394 '350 74 15 214 34 
174 127 . 323 76 36 
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TABLE IV. RESULTS OF CALIFORNIA BEARING RATIO TEST 

Penetration SAMPLE NUMBERS 
and 

Luton soaking time S-26-1 20-2-III 100-8 26-1 FS-26-1 44-A-1 20-2-IY 
(in.) (hrs.) clay 

CBR values, %* 
0.10 00 4.20 15.37 8.47 10.83 15.30 11.53 12.67 8.49 

4.00 .14.17 8.20 10.50 .15.60 10.67 9.80 99.01 
Average CBR, % 

8.75 4.10 14.77 8.37 10.66 15.45 11.10 11.23 
Average logarithms 

0.6126 1.1690 0.9208 1.0279 1.1888 1.0450 1.0470 0.9418 

CBR values, % 
0.10 96 . 4.70 9.80 6.23 7.23 20.60 5.33 2.13 11.93 

4.27 9.60 5.63 5.30 20.60 4.67 1.53 7.20 
Average CBR, % 

4.48 9.70 5.93 6.26 20.60 5.00 1.83 9.56 
Average logarithms 

0.6512 0.9862 0.7725 0.7917 1.3139 0.6980 ·o.2566 0.9670 

CBR values, % 
0.20 00 5.49 20.55 11.35 10.90 20.60 10.00 12.00 11.50 

5.09 18,75 11.00 1_0.83 20.50 9.22 9.38 11.30 . 
Average CBR, o/o 

5.29 19.65 11.18 10.86 20.55 9.61 10.69 11.40 
A verag-e logarithms 

0.7232 1.29.29 1.0482 1.0360 1.3128 0.9824 1.0257 1.0569 

CBR values, % 
0.20. '96 5.94 11.00 8.26 7.06 27.25 4.67 1.55 12.70 

5.65 11.50 "7.53 5.21 27.00 4.00 1.49 9.37 
Average CBR, % 

5.79 11.25 7.89 6.14 - 27.12 4.34 1.52 11.01 
Average logarithms 

0.7625 1.0510 0.8968 0:7828 1.4334 0.6357 0.1818 1.0378 ,• 

*In all cases. 2 CBR tests were performed on each soil. 

TABLE V. COMPARISON OF COMPACTED DRY DENSITIES 

OF CBR AND IBV SPECIMENS 

Sample Specimens used' hi Specimens used in 

No. unsoaked tests soaked tests 
CBR IBV CBR IBV 

S-26-1 126.0 pcf 127.3 pcf _ i24.6 pcf 128.8 pcf 
20-2-III 105.0 104.1 104.6 105.4 
100-S 10.7 108.0 107.6 110.3 
26-1 io5.6 109.3 106.6 107.6 

FS-26-1 125.2 127.3 124.6 125.6 
44-A-1 100.5 104.0 99.9 105.4 
Luton Clay 87.9 90.7 89.3 93.0 
20-2-IV 105.8 106.6 105.5 106.7 
411 109.2 115.5 110.2 116.4 

411 

15.73 
15.00 

15.36 

1.1864 

2.67 
2.63 

2.65 

0.4232 

,13.10 
12.48 

12.79' 

1.1068 

2.62 
2.34 

2.48 

0.3940 

Density data. Table V shows densities of IBV and CBR specimens after com
paction. For several of the soils, notably those of high clay content (26-1, 
44-A-l, Luton Clay, 411), IBV densities are higher than CBR densities by 
about 5 percent. This is probably due to the plasticity of these high clay 
soils. The head of the drop-hammer used in preparing the CBR specimen is 
much smaller in cross-section than the CBR mold cylinder, but the hammer 
used in preparing the IBV specimen has practically the'same cross-sectional 
area as the inside of the-IBV mold cylinder. Therefore, while the CBR 
hammer is compacting the specimen, a considerable amount of kneading 
occurs ; this kneading action does not take place in preparing the IBV speci
men. As highly plastic soils are compacted in the IBV mold, plastic flow 
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Fig. 2. Typical CBR andIBV load versus penetration curves. 

compensates for the lack of kneading.· With less plastic soils less plastic 
Cow occurs and compacted density is less affected. The IBV compaction pro
cedure could possibly be changed to allow le_ss compactive effoi·t on soils of 
high plasticity. This subject will be mentioned again under Suggestions for 
Future Research. 

Remarks concerning require_d testing penetrat-:On. Very often, it is necessary 
to correct the CBR load-versus-penetration curve for irregularities in the 
penetration resistance at low penetration (figure 3) 15

• 
17

• This is done when
ever the lower penetration end of the curve is concaved upwards. As can be 
seen from this figure, the correction requires that the specimen be pene
trated deeped than 0.20 inch - even though for most tests, load readings 
beyond this penetration are not needed. In none of the IBV tests of this 
study was such a correction needed. Since the correction is not needed,' pene
tration of the sample to depths greater than 0.20 inch is not necessary. The 
IBV specimen may be'peneti•ated to only 0.20 inch depth, instead of rthe 0~50 
inch depth required for the CBR test. Since the speed of penetration is 0.05 
inch per minute, approximately six minutes of testing time will be sav,ed 
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'( 

0.1 0.2 . 0.3 0.4 0.5 

Penetratiop (in.) 
Fig. 3. Correction of CBR load versus penetration curve for surface 

· irregularities. T~ngent is drawn from s~eepest part of the curve. 
' ' , 

pe~· test, reducing penetration ti~e from 'ten to four ~inutes per IBV test .. 
Expansion data. Expansion data is given in percent of. original volume (vol
ume immediately after molding) _for CBR and IBV specimens after_ 24, 48, 
72, and 96 hours soaking (table VI). From this data all but two of the soils 
are relatively non-expansive: That is, expansion of both CBR and IBV speci-

. mens does not exceed 1 percent. The two soils in which considerable expan
sion occurs are Luton Clay and .411. In general,. the percentage expansion 
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TABLE VI. RESULTS oF 1Bv ANn.CBR EXPANSION TESTS 

Soaking SAMPLE NUMBERS 
time 

S-26-1 20-2-III 100-8 26-1 FS-26-1 44-A-1 Luton clay 20-2-IV 411 (hrs.) 

Expansi~n. of IBV specimens*, o/o 
24 0.09 0.52 0.61 0.96 0.04 0.65 7.50 0.51 2.70 
48 0.10 0.53 0.62 0.98 0.05 0.95 8.10 0.52 . 3.52 
72 .... t 0.54 0.65 0.99 0.67 1.05 8.52 0.52 4.10 

Expansion of CBR specimens, % 
24 0.00 0.39 0.13 1.00 0.02 0.54 3.55 0.22 1.35 
48 0.00 0.45 0.16 1.06 . 0.02 0.80 4.01 0.23 1.71 
72 0.03 0.45 0.18 1.10 0.02 0.82 4.26 0.24 1.93 
96 0.03 0.45 0.19 "1.12 0.02 0.86 4.39 0.24 2.13 

*All expansion data are expressed in percent of origin3..l height of specimen immediately after compaction. 
, tNot recorded due to an accident in handling. 
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Fig. 4. Transformation to logarithms. Upper graph shows relationship 
between CBR and IBV test results. Lower graph shows this rela
tionship with results of both:tests transformed to logarithms. 
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of the IBV specimens for these soils is roughly twiee that of the CBR speci
mens. Although this ratio might _serve as a rough guide to prediction_ of 
CBR expansion from results of IBV expansion tests, an exact correlation of 
the expansion of the IBV and CBR specimens would require additional data. 

STATISTICAL ANALYSIS 

Organization of the Analysis 

General. On plotting IBV.readings at a giv:en penetration versus CBR values 
for either 0.10 or 0.20 inch penetration, it is ;:i..pparent that there is some re,. 
lationship between the results of the two tests (figure 4). On this figure, a 
straight line seems to represent the approximate linear relationship. How
ever, to decide which combinations of IBV and CBR data are the best for 
prediction, and to know the error to be expected in a prediction of the CBR 
from a given number of IBV tests, a detailed statistical analysis is required. 

In this statistical analysis it is assumed that a true :;traight line relation-
ship exists. This line can be represented by the equation ' 

T' = a'X1
· + {3' 

w_here Y' is the true CBR value for a given soil, X' is the true IBV value for 
··the soil; a' is the slope of the line, and {3' is the Y' intercept of the line. How

ever, due to the inexactnes$ (lack of reproducibility) of both tests, it is im
possible to measure the true X' _or true Y' values for the soil without making 
a very. large number of tests - theoretically, an infinite number. Therefore, 
the observed measurement, x' or y', obtained from any single test, is the 
true value plus an error. Thus . - -

x' = X' + e' and y' = Y' + f' 

Transformation to logarithms. Before applying appropriate statistical tech
niques, a transformation of data is necessary. The only statistical proce
dures available assume a uniform spread of errors along the line, but the 
spread is not uniform (figure 4). It is much greater in the upper regions of 
the graph than in the lower. However, the spread does seem to be directly 
proportional to the x' and y' values, the points forming a cone with apex 
at the origi11.. If it is assumed: -
(1) th~t the errors in x' and y' are directly proportional to the magnitude 
of X'. and Y', ·and , , 
(2) that the line passes through the odgin (/3 = O), -
then x' = X + e' becomes x' = X + aX', 
and y' = Y' + f' becomes y' = Y' + bY'; 
'where a and b are random quantities which have expected value equal to 
zero. The equation for the line becomes approximately - ' 

Y'(l+b) =a'X'(l+a) 

Taking logarithms of both sides yields: 
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log Y' +log (1+ b) =log X' +log (1 +a) +log a' 

Now define: · Y = logY' · e =log (1 +a) 
X=logX' f :-log(l+b) 

Here, e and fare random quantities, which, it is reasonable to assume, have_ 
expectation zero. If we now define: 

x = log x' = X + e 

y = log y' = Y + f 

it is seen that the errors in ·x a-nd y are now uniform, in contrast to the 
errors in x' and y', which are proportional to the values of X' and Y'. 

In place of the linear relation Y' = a'X' + [3', we can now consider the 
relation Y = aX + [3, and attempt to estimate it by the observed trans
formed values x, y. Although theoretically, the value of a should be unity, . 
it is more appropriate here to regard it as an unknown parameter with 
value close to unity, since the various assumptions made may not hold ex
actly. (For instance, the tru·e relation connecting X', Y' may not be exactly 
linear, or perhaps the value of [3' is not exactly zero, or perhaps the errors 
in x' and y' are not exactly of the specified form.) Reference to the second 
graph (figure 6) in which y is plotted against x, indicates that the trans
formation to logarithms has been effective in making the spread of the 
errors about the line uniform. Further, it is seen that the slope a is reason-
ably close to unity. · 
Variances. Using least squares, the variances of x and y readings, about their 

TABLE_VII. STATISTICAL ESTIMATES* FOR IBV VALUES 

/\ /\ 

Penetration 
4.Sxyb 

/\ 2 2 
4.S.wb and 

"' (X1.-X .. ) 2 2 a a 
soaking time ..., (y at a" . (y at (y at (y at 

- (in.) (hrs.) 0.1 in.), 0.1 in.) 0.2 in.) 0.2 in.) 

0.06 00 0.3382 0.2336 0.0012 0.0143 0.0035 0.2709 
0.06 24 0.9044 0.7991 0.0017 0.0112 0.0225 0.9259 
0.06 48 1.5339 1.0219 0.0095 0.0148 0.0221 1.2079 
0.06 72 1.8034 1.0831 0.0088 0.0192 0.0365 1.2382 

0.08 00 0.3144 0.2000 0.0009. 0.0192 0.0052 0.2541 
0.08 24 1.0194 0.8419 0.0014 0.0128 0.0219 0.9853 
0.08 48 1.6678 1.0532 0.0089 0.0171 0.0235 1.2531 
0.08 72 1.7778 -- 1.0872 0.0055 0.0171 0.0304 1.2598 

-0.10 ob 0.2957 0.1703 0.0007 0.0233 0.0071 0.2380 
0.10 24 1.0228 0.8395 0.0015 0.0136 0.0208 0.9908 
0.10 48 1.7950 1.0819 0.0083 0.0190 0.0248 1.2935 
0.10 72 1.6545 1.0604 0.0046 0.0150 0.0246 1.2429 

0.16 ,00 0.3278 ----t 0.0006 ----t 0.0133 0.2207 
0.16 24 1.3014 0.0018 0.0182 1.1284 
0.16 48 1.9074 0.0051 0.0196 1.3594 
0.16 72 1.8459 0.0021 0.0187 1.3414 

*Formulae defining column headings appear in text. 
t "Jo 1ines of relationship were estimated for IBV at 0.16 inch vs. CBR at 0.10 inch pene
tration. 
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true vaiues (symbols ue and ut, ;respectively) were estimated. A variance 
may be interpreted as indicating a measure of the spread of observed values 
about the true value. Thus, for good prediction, low values ofue and ur are 
desired. An examination of the estimated values of u.,2 for the experimental 
conditions i:;hown reveals that there is a certain pattern in their behavior 
(table VII). If; for example, we consider the first four estimated u/ values 
(column 3),. it is apparent that the variance is lowest for the unsoaked 
treatment, increases somewhat for the 24 hour soaking period, increases 
tremendously for the 48 hour soaking, then decreases somewhat for the 
72 hour soaking period. The same pattern is repeated for the thre·e· sets of 
four treatments each, corresponding to 0.08, 0.10 and 0 .. 16 inch penetrations. 

The homogeneity of the variance corresponding to the first twelve treat
ments was tested3

• The results clearly reject the hypothesis that the twelve 
values of ue2

· are .,equal; we are on relatively safe ground in examining the 
differences-in the values of ue2 for the various conditions of testing. 

Due to limitations in available facilities and funds, the main part of the 
statistical study has been confined to studying the behavior of the first 
twelve treatments listed in table VII. The four treatments corresponding 
to 0.16 inch penetration were examined later to ascertain whether the same 

A 

trend in the values of ue" persists; and in, fact, the corresponding data re-
veals that this is the case. 

A similar analysis was performed on the four CBR treatments listed in 
A 

table VIII. Examination of the al values reveals that a pattern, analagous 

TABLE VIII. STATISTICAL ESTIMATES* FOR CBR VALUES 

Penetration 
and 

soaking time 
(in.) (hrs.) 

0.10 00 
0.10 96 
0.20 00 
0.20 96 

A 
2 

O"f 

0.0009 
0.0052 . 
0.0009' 
0.0025 

0.2615 
0.7847 
0.2415 
1.1058 

4.S yyw 

0.0009 
0.0052 
0.0009 
0.0025 

*Formulae defining column headings appear in the text. 

to that for the IBV treatments, persists. That is to say, the values corres- · 
ponding to the dry treatments a~·e substantially lower-than those corres

. ponding to the 96 hour soaking treatments. 

It is apparent from table VII, as well as from table VIII, that the vari-
A A 

ation in the values of ae2 and ut2 for different depths at the same soaking 
period is minor. as compared to the variation between soaking periods at 
the same depth. These sources of variation were examined objectively by 
means of an analysis of variance test applied to the CBR data, and it was 
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demonstrated that the variation due to depths was insignificant as com
pared with that of the experimental error, though the variation due to soak
ing· periods was highly significant. A similar analysis for the IBV data was 
not feasible due to the unequal numbers of readings on qifferent samples; 
bµt a similar conclusion that the variation due to depth is insignificant is 
reasonable. 

The relatively minor variation due to depth of penetration and the im
portance of variation due to soaking periods suggests that, in making pre
dictions of CBR from IBV values, the soaking perjod, and not the depth of 
penetration, is of major importance. 

Estimation of the Linear Relationships 

General. Various methods are used for estimating the parameters in a linear 
relationship where both variables are subject to error. The ordinary least-' 
squares method leads to biased estimations, since the assumptions underly
ing a valid application of least-squa1~es include, among others, that the in-· 
dependent :variable be free of error. Despite this, the least-squares line can 
be used for prediction purposes. 

Method I20
• Among the procedures for obtaining e_stimators which are con

sistent; (i.e., asymptotically unbiased), Method I assurp.es that the observa
tions can be separated into two groups according to the values of X, and 
independently of the errors e. The slope of the line is then determfoed from 
the means of the two groups, and the position is determined from the overall 
mean. 

·For each IBV determination on a particular soil, three tests were gen
erally performed. For the corresponding CBR determination, only two tests 
were performed. In attempting to estimate the linear relationship between 

· X and Y, it is therefore appropriate to consider means of the readings for 
each soil. · . 

Thus, in terms of the t~ansformed variables, X, Y, e, f: 

xii= X;+ eii 
Yii = Y; + fii 

i = 1, 2, 3, ... , n 

i = 1, 2, 3" ... , n 

j = 1, 2, 3, ... , ri 
j = 1, 2, 3, ... , rz 

That is to say, xii is the observed IBV value corresponding with the jth·test 
on the ith soil; and Yii is the observed CBR value corresponding·to the jth 
test on the ith soil. In these experiments, n = 9, r 1 = 3, and r 2 = 2. 

Actually, the value of r1 was not always exactly three due to limitations 
in availability of testing equipment. As can be seen in table III, on a few 
occasions r1 exceedea three, and a few times it fell below three; but on the 
average it was equal to three, and with no serious loss ·of accuracy it will 
be assumed ri = 3 throughout. 
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Fig. 5; 'Fitting line of Yelati9nship between_ typical CBR and_ :iBV _values. Lines 
' s}lown are _those estimated by methods I, II, and III.. 

- _ 1 r1 
. Let X; • -: --~ . . X1j, the mean value of the r\ iBV readings. corres-

. r1.j ·= 1. 
' " 

'. . . · . -
1
· _ 

1 
r2 

ponding to the ith soil. 'Similarly, let y; • =-~: .. Yii• the mean- of the r2 
· · · r2 j. = 1 · " 

CBR· reai;l.ings correspondi~g fo the ith .soii. . . . , 
-The points (xb y;) ·are now used in the estimation of the parameters a; '{3 · 

in the relation Y = aX-+ f3, usin.g the following formulae: 

Y<2i ··Y<11:-- - ,.--· . "--
a-:. /3·= y .. ...:..... ax 

. . Xc2J 0 X(l) _ · . ... . . . . 

.where x<2J, Y«~i ·and Xc1i, ~<1J: r~p~~se~t-the 'means of the ·~pper and._ lower 
groups, ·respectively. These upper and. 'lower groups wer~ obtained simply 

. I . . . . - ·-· -· , - , 
,by dividing the_ nine observed means X1 ._, x2 • , • , • , X9 ~into two groups 9f 

,_ 

four and five ob$erv.ed points respectively, such that each of the five num-
bel's X1 • in~the Second·g~oup e~·ceeded all-lhe four,.ri~~bers X1 • in the first· 
group. For th~se'two groups, the resp·e~tive means Y;ip,"Y(l.) were computed ... 
analogously. · · · , 
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The notation x .. signifies the mean of the nine soil means X1 • , X2 • , 

X3 . , ... , Xn. Similarly, y .. denotes the mean of the nine soil means Y1 . , 

Y2 · , Y3 · , · · · , Yn· 
The main objection to this method is that the separation of the nine 

soils into two groups should be effected on the basis of true values-Xi. X2, 
X3, ... , Xn; in practice, we are compelled to separate the soils according to 
the observed soil means xi. 

If we now define: 

_ 
1 

ri 
ei. =-~ eii 

r1j = 1 
then, if the errors e; are sufficiently small, the grouping according to the 
observed xi ... will be equivalent to the grouping according to the true 
xi ... It frequently happens, however, that the errors e;- . .. are not so small; 
consequently; the grouping is ineffective. In the unsoaked treatments, espe
cially, the errors were not small enough to permit a grouping on the basis 
of the observed means xi . . . ; this method was therefore abandoned. 

The plot of the relationship of a typical set of- IBV versus CBR values 
(transformed to logarithms), shows that the line estimated by Method I , 
does not fit the data as well as does the line estimated-by Method II (figure 
5). Along the x-axis of this figure are marked the _xi ... values of all ob
servations. From these, it can readily be seen why the fit is so poor. Method 
I is based on the assumption that the observations can be separated into two 
distinct groups in order of their x values, ;From the marks along the x-axis, 

TABLE IX. SLOPES OF LINEAR RELATIONSHIP ESTIMATED BY METHODS I, II, AND III ' 
Penetration :i.rethod I Method II Method III Method II 

and slope slope slope ·slope 
so..,hing time (y at (Y at (y at (y at 
(in.) (hrs.) 0.1 in.) 0.1 in.) 0.1 in.) 0.2 in.) 

0.06 00 0.6284 1.1035 0.6908 ·o.87.80 
0.06 24 0.867.0 0.9558 0.8836 1.1830 
0.06 ,· 48 0.7.080 0.7.47.5 0.6662 * 
0.06 7.2 0.67.7.0 b.7.053 0.6006 
0.08 00 0.4905 1.2891 0.6360 0.9360 
0.08 24 0.7.895 0.907.3 0.8259 1.1120 
0.08 48 0.67.17. 0.7.253 0.6315 
0.08 7.2 0.6960 0.7.026 0.6115 
0.10 00 0.4965 1.5135 0.57.60 0.9997. 
0.10 24 0.7.581 0.9098 0.8208 1.1060 
0.10 48 0.6213 0.7.060 0.6027. 
0.10 17.2 0.5940 0.7.204 0.6409 
0.16 00 .... t 1.1690 
0.16 24 0.9431 

*No correlation attempted between, 48 and 7.2 hour soaked.IBV 
arid CBR at 0.20 inch penetration, since 0.10 inch CBR studies 
indicated that 24 hour soaking period gives best predictions. 
See section entitled "Variances." ' 

tCBR at 0.10 inch penetration not related to IBV at 0.16 inch 
penetration. 
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r2 n - -
Syyb=--1 :S (y;.-y .. )2 

n- j = 1 

n 
S 1 "' YYW= '""' n (r2 - 1) 1· = 1 

rf 
::s (y;j-y;.)2 

1 =1 

r2 n 
Sxyb = 

1 
:S (x; - x .. ) (:y; - y .. ) . 

n- i= 1 
Note that the line estimated by method II seems, to fit the data quite 

.well (figure 5). Table IX also includes a list of slopes e~timated by method II. 
Method III (least-sqt.iares). Though the estimators obtained by the least
squares method are not consistent, the line estimated by least squares may 
be used for prediction purposes, by means of confidence bands enclosing 
the line (figure 7). The least-squares estimators are denoted by the· fol
lowing: 

n 

A A 
:s <xi . - x: .. ) <si - s . .) 

·i = 1 
a == -------------; {3 == y .. - ax .. 

:S (X1 • - X .• ) 2 

i = 1 
The slopes of the lines computed by methods I, II, and III may be com

pared (table IX). The slope by method III is less than that by method II. 
This is to be expected, since the ieast-squa~es estimator is not consistent; 
that of method II is. The bias in estimating the slope due to least-squares 
e$timation in this way should always be downward. 

An estimate of the variance of the residuals (deviations) from the least
squares line is given by: 

A 1 n A A 

u2 = --- :S (Y; . - aX;° - (3) 2. 

n-2 l=i 
A 

Since u
2 is an estimate of the '\Tariance of residuals of means y; . from the 
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/ 

/ 
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/ 

true CBR 

/ 
/ 

/ 

// 
/ 
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/ 

Prediction 
line 

0'--~~..1-'--~-'-~~-1-~~....i.~~.....1.__~~.._~ 

o.75 to 1.2s 1.50 1.15 2.0 2.2s 
X=Log IBV load (lbs.) 

Fig. 6. Prediction of CBR from three IBV tests. Dashed curves shown limits of 95 per
cent confidence bands estimated by methods II and III, and by modified method 
for prediction of true CBR. Prediction line is the line of relationship estimated 
by method IL · 

A 

regression line, therefore u 2 will be 1/r times the variance of residuals of 

- ---.---, 

single readings Yii from the same regression line. From this, it is seen that · 
cl -is ·directly proportional to 1/ r . It makes possible' a simple meth()d. of 
altering confidence limits to allow for a change in the number of IBV read
ings used in prediction. The estimate for u

2
, above, will be used with 'the 

formation of a confidence band about the least-squares line. 
Prediction of CBR from IBV 
General. Suppose a soil sample is to be tested for its IBV load at a given 
penetration and so4-king condition, and its corresponding CBR value is to 
be predicted. This soil sample, of course, is distinct from and independent 
of the samples which have been used in computing the estimated line, say 
by method II or III. For the new soil sample, let x be the IBV obtained as 
an average of r 1 readings, and y be the corresponding CBR value, which is 
an average of r2 readings. ' 
Method II. The limits of the confidence band estimated by Method II are as 
follows: · · 
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A A A 

y = a:X + f3 + 1.96 

A 

A 2 

(x - X . . )2 +-~a"~' --
nr1 · 2 + Ue 

~ (xj . - x . . ) - (n - 1rr:-;-
v_. 

1.96 is obtained from the normal integral. 
It can be seen that this formula is that of a hyperbola, whose transverse 
axis is coincident with the line of relationship estimated by, method II. In 
the plot of these _limits for another typical set of data not all of the observed 
points are enclosed (figure 6). 

The undue narrowness of this confidence band may be explained by the 
·following: First, the formula expressing the confidence limits is based on 
large sample· theory, that is. to say, the true values of a, a., ar, appearing 
under the .square root sign, are replaced' by estimates thereof; Second, the 
variances of a/, a/ are apparently small enough to detect a lack of exact 
linearity in the relationship connecting X and Y. Third, due to the fact that 
the same soil specimen is used for all penetrations corresponding to a given 
soaking treatment, the selection is not completely random; hence, the esti-

,. A 

rriateS Ue
2

, Uf
2 Will tend to be biaSed'dOWilWard. 

In view of the above, although the linear relationship estimated by 
. method II is satisfact?ry, the. confidence band, for reason stated, is too 
narrow. 
Method III. The limits of the 95 percent confidence band estimated by 
method III, the ·1east-squares method, are as follow: 

A A 

y == C\'.X + f3 ± 2.36 a 2 

2.36 is obtained from tables of the t distribution. 
This, again, represents a hyperbola, whose transverse axis coincides with 
the line of relationship .estimated by least-squares. However, as expected, 
these limit~ are excessive - that is, they more than adequately enclose all 
of the observed points (figure 6). 

Compromise. The approximately oriented m:ethod III confidence band ·is 
· actually plotted about the method II line; however, the width of the band 

measured in a vertical direction would be the same about the method III 
line. Since method II gives the better linear relationship, and since method 
III gives mor~ than sufficiently .wide ·confidence bands, a compromise is now 
in order, using the method II line of relationship and the method .III con
fidence band. Since the least-squares confidence band must be wider to com
pensate for a biased line, this band, when properly oriented about the 
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method II line, should provide conservative estimates of the predicted 
values. Hence, the confidence coefficient for this new band should be at least 
95 % . All observed points fall easily within the limits of the modified con
fidence band (figure 6). 
Modification to predict true CBR. The above confidence bands are based on 
performing exactly r1 IBV tests and exactly r 2 CBR tests. If more tests are 

2 2 

performed, that is, if r 1 and r2 are increased, !!!___ and ~ will decrease. Sup-
r2 r1 

pose we are not interested in predicting the CBR value obtained by 2 CBR 
readings, but rather as usually is the case, we are interested in the true CBR 
value or, in other words, the value which we would obtain by performing 
an infinite number of CBR tests. Since the confidence bands must take into 
account errors in results of both the IBV and CBR tests, and since we know 
that an infinite number of CBR tests would have zero expected error, then 
it should be possible to reduce the width of the confidence bands, if we are 
presumably predicting this true CBR. 

Careful comparison of the formulae for the method II and method III 
confidence bands suggests a method by which these confidence bands might 

A 
• 2 2 

logically be narrowed. Since the computed quantities ~and (n-1) ~"- are 
· ·nr1 ~ 

small, .the only difference in the terms under the radicals of the two for-: 
A A A 

2 2 2 

mulae is that in the method Ilformula the quantity !!.' + ~ replaces the 
. ~ ~ 

A 

(,.2 which appears in the method III formula. Though th!'l formula for the 
confidence bands by method I is not given, it too manifests· a very similar 
likeness t9 the method III formula. By analogy between the formulae, it 

A 

seems reasonable to assume that the method III a-2 can be broken dowri into . 
2 parts: one due to the variance of the IBV values, and the other due to 
the variance of the CBR values. By this reasoning, the following ratio seems 

. warranted: 

A 

a-2 of method III 
A 

a-
2 with r2 = oo 

A 

A A A 

A A 
2 2 

a O"e 

Using this new value of a-2 in the method III formula for confidence bands 
yields the limits shown (figure 6). These confidence limits, based on r1 
IBV readings, enclose the true CBR values with a probability exceeding 95 
percent. ' 
Choice of best prediction lines. The next step is to choose the four linear re
lationships which give lowest errors for predicting CBRs in both the soaked 
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100 

True relationship 

10 

Y=Unsoaked CBR at 
0.20 in. penetration 

Limits of confidence band 
using. results of three 
IBV tests 

0. I L--..L---l.....J.....J.....1....L.l.ll..----L-.1..-1-..1.....L..J...u..L.....-.J-.....1.......1.....J.....1..u..j.I 
I 10 100 1000 

X=Unsoaked IBV load at 0.06 in. penetration {lbs.) 

Fig. 7. Curve for prediction of unsoaked CBR at 0.10 inch penetration. Enter graph at 
x value corresponding to average IBV reading. Read up to the intersection of 
this x value and the "true relationship" line. The true CBR is the y value of 
this point of intersection. 

and unsoaked tests, and at both 0.10 and 0.20 inch penetrations. To make 
this choice, the· lines represented by each of the slo"pes listed in table IX 
were plotted. 

The confidence bands were estimated both by least-squares and by the 
modified method described above for each of these lines. It was then a simple 
mg.tter to choose the line which gives the lowest expected error, as defined 
by these confidence bands. By this procedure, the following lines were 
chosen: 

For predicting CBR at 0.10 inch penetration: 
Unsoaked: Use unsoaked IBV at 0.06 inch penetration .. 

y = 1.1035 x - 0.9675 
Soaked: Use 24 hour soaked IBV at 0.08- inch penetr'a

tion. 
y = 0.9073 x - 0.6287, 

For predicting CBR at 0.20 inch penetration: 
Unsoaked: Use unsoaked IBV at 0.06 inch penetration. 
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//// /// 

,/ ,,/ using results of three 

/
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0 
,,/ IBV tests 

,, 
0 

/// 

/ 

.·. 
··. 1.'-

0 .I L--..l-...l-..J.....:L.:....L.L.U.J.......-..L--'--1....J....L..u..IU......--1...........L.-'-......... ~~ 
I 10 . 100 1000 

X=24 hr. soaked IBV load at 0.08 in. penetration (lbs.J 

Fig. 8. Curve for prediction of. 96 hour soaked CBR at 0.10 inch penetration. Enter 
graph at x value corresponding to average IBV reading. Read up to· the inter
section of this x value and the "true relationship" line. The true CBR is the y 
value of this point of intersection. 

y = 0.8780 x - 0.516.0 
Soaked: Use 24 hour soaked IBV at 0.10 inch penetra

tion. 
y = 1.1058 x - 0.9737 . . ' 

. These four lines are plotted on a: logarithmic scale (figm".es 7, 8, 9, and 
10). Theoretically, to use these curves one should first find the logarithm of 
each of the indicated IBV load values, then average these logarithms and 
take the antilog of this average. This antilog is the abscissa to use on the 
appropriate graph in prediction. However, due to the relatively small dif
ferences between results of successive IBV tests, little error is introduced 
by merely taking the average of the test results as the abscissa on the ap
propriate graph. 

Although the _above choices of lines indicates particular combinations of 
penetrations and soaking periods, it is considered unlikely that the choice 
of slightly different penetq.tions wo1;1ld affect seriousiy the accuracy of pre
diction. The :reason for this is apparent from the remarks regarding the 
minor role played by the variations due to penetrations. This was borne out 
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Fig. 9. Curve for prediction of uhsoaked CBR at 0.20 inch penetration. Enter grapn at x 

value corresponding to average IBV reading. Read up to the intersection of this x 
value and the "true relationship" lihe. The true CBR is the y value of this point of 
intersection. · 

by an examination of the confidence bands estimated for different penetra-
. tions at the same soaking period. . . 

Reducing confidence bands . oy increasing nun~ber of IBV tests. We will now 
examine the effect which the number of tests used for a pre'diction has on 
the width of corresponding bands. In accordance with the "Prediction of 
CBR from IBV" above the formula for'confidence bands, for at least 95 per
cent confidence coefficient; is as follows: 

' A A A 
2 2 2 

a ere er 

.. :., .. :< r1 
y - ax + f3 ± 2.36_ 

v' r2 r1 
Substituting appropriate. values for the relationship: 96 hour soaked CBR 
:;i,t 0.10 inch versus 24 hour soaked IBV at 0.08 inch, ·the formula becomes: 

y = 0.90_ ~3x -~. o_.6787 ± _2.36 (0.~411) 'v'r l.1~11 + (x - 1.5309) 
2

. 

1.0194 
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I 10 100 1000. 

X=24hr. soaked IBV at Q.IOin. penetration (lbs.) 

Fig. 10. Curve for prediction of 96 hour soaked CBR at 0.20 inch penetration. Enter graph 
at x value corresponding to average IBV reading-. Read up to the in,te:rsection of 
this x value and the "true relationship" 1ine. The true CBR is the y value of this 
point of intersection. 

Careful examination of this formula indicates that the factor to the right 
of the -+- sign is equal to half the magnitude ~·f the y interval of the con
fidence band for a given value of x. 

The above formula is the type used to compute the confidence bands 
plotted as dashed curves (fig.ures 7, 8, 9, and 10). Actually it was. necessary 
to convert back to antilogs for these graphs to be able to plot the confidence 
bands on the logarithmic graph paper used. . 

Now ·suppose that instead of using r1 in the IBV tests, we wish to use 
r 1'. In the formula for ·the· confidence bands, the original r1 and r2 remain 
th~ same, since these relate to the original data used ·in formulating the 

A 

linear relationship. However, it is known that cr
2 varies inversely as r. There-

A . 

fore, for a new number of IBV tests, ri', we multiply cr
2 by the factor ri/r1', 

and the y interval enclosed by the confidence band is multiplied by the 

factor vri/r1< 
Thus, if 'we wish to reduce the expected error of prediction by using_ 
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nine IBV tests· instead of thr~e,, we ~-impiy multiply t:P,e y interval between 

the ¢onfidence limits by a facfor:of v3/9 = v'l/3. ' - ··. ' 
· ... The accuracy of predicting CBR from IBV by use Of the· linear refation
ship of figures 7 through lO i·s· .Ii:nlited only 'by ,the number of IBV tests 
which are u_sed 'in the' predictibn. If greater .accuracy' is desire9,,' a larger 
number of iBV tests i:nu.st be made. The· 95 percent confidence intervals; 

· ·: · · based on usin:g three IBV" tests. in prediction,: are as· plotted o~ the~e four 
prediction. grapl}s. These. provide sufficient accuh,tcy for. most routine labor.a-
fory irrvestigations. · -

'. . ' 
CONCLUSIONS 

' ' L' ·The. Iowa· Bearirig v ahre test,"in the· form ~ecommended in- the Append.i~ ' 
.. of this report, is a. satisfactor)'.". 'test fdr prediction of. Caiifor,nia Bearhi'g 
· . Ratios for soils of: the typ~s st,µ:died. The rnore important recomm'endations 

concerning· procedure for-,performing .the IBV test for making th~ predic- --
tion are as follows : ' ' ·. 
a~ .The:best Jinear relationslfips for 'prediction of the C:~R at vario,us con?i-
tions are as. follows : · , - · . : '· · -
. · .. For predicting. the unsoaked. CBR ~t 0.10 inch penetratio~; use the. un- <. 
soaked· IBV load read at 0.06 penetration. The- linear 'relationship .is-Y = -
l.1033X --'- 0.9673, where Y is th_e average logarithm of CBR,·values· arid X 
is·the average logarithm of IBV va:lue_s· (figure 7). 

For predicting th~ soaked. CBR at O.lOinch penetration,' use. the 24 hour 
'soaked IBV load read ·at Cl.08 inch penetration. 1The linear reiationship is ' 
Y~ 0.9073X1 

- O.!:)Z78 (figure· 8). - , : .· ·. . · . - · · 
' ' For' pr~dictirig the, umioaked .CBR at 0.20 'inch penetration, use the' 
· uhsoaked · IBV load· read at 0.06, inch penet~ation.: The lihe;=tr ·relationship · ' 
-i$ Y ± .0._8780X--;--- Q.51.60 (figure-9)'. - · 

For predicting the ~oaked C:BR af0.20 inch. penetrati~Ii;-use the 24 houi 
soaked IBV load fead at 0.10 inch penetration. The linear relati~nship .is 
Y = l.l058X --;--- o.9737' (figure 10)'; - · , . , ·_. , · · . , . . · ·. . - : 
b. Results of the. 24· hcrnr· soaked IBV test correl~te bettet with 9(;° hour · . ..... ' \ , . 
soaked CBR test results than do the .results. of either the· -48 or 72 hour. 
soaked IBV test's. 

· ~. In perforrning 'th~ IBV test;it is- n~t n~ces~ary to penetrate the s~ecin:ien 
to a depth greater than -0.20-foch. 
d,, C~nfid~nce band~ for at least 95 perc~nt prediction. prob~bility ·can be· · . ._ 
esti~ated .by the method outlined in .the S.tatistlcal Analysis sectfon above:- , . 

• . " I\ '\ 

. The exact relationship -betwe~n the reliability of prediction and the number 
of IBV tests .used 'for th~·prediction is .as indiqated· under reducin-g con:,..· 
fidence bands-by increasing number of IBV tests; ', .: 
2. ·Expansion data obtajried frqm the 'nine soi!. samples_ i:lsed in this study 
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are not considered adequate. to make an exact correlation between the ex~ 
pansion characteristics of. the IBV and CBR specimens. However, results 
of the IBV e?C:Pansion test do give useful information on the relative tend
ency of soils.to swell when immersed in water. 
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APPENDIX 

RECOMMENDED PROCE:QURE FOR PERFORMANCE 

OF THE IOWA BEARING VALUE TEST 

· This method of test, as herein outlined, is· intended to determine the 
following: 
1. The relative bearing capacity of soils compacted to near standaFd Proctor 
density (ASTM design~tion: D698-42T). The bearing capacity of the speci
men can be evaluated in the "as molded", condition' and/or after any subse.: 
quent treatment such as immersion in water, air-drying, freezing-and-thaw
ing, etc. 
2. The extent to which subgrade or base materials will swell and absorb 
water during a soaking period of 24 hours or any other desired soaking 
period. 
3. The estimated California Bearing Ratio of the 'soil from a given number 
of IBV tests pe;rformed as indicated below. 

Apparatus 

The apparatus for performing the IBV test is the following (figure 1): 
Cylindrical.. mold. A cylindrical mold is 2 in. in inside diameter and 5 inches 
in height. The mold shall be fitted with a steel penetration piston % inch 
in diameter, mounted to slide in a brass guide which fits as a cover for .the 
cylinder during the actual penetration test. 
Moldi~g machine. The molding machine used for preparing the IBV specimen 
consists of a steel pedestal on a steel stand, above which is mounted a steel 
yoke which serves as a guide for the 5 pound' drop hammer. The hammer. 
slides on .a steel shaft which is inserted into the upper end of the cylindrical 
mold. At its upper end the hammer shaft fits into a guide slot in the yoke. 
The hammer drops 12, inches, striking a cap attached to the lower end of 
the shaft. This cap bears against the soil in the mold. The machine is also 
equipped with a lever for forcing the cylindrical mold down over the pedestal 
after the compaction is complete. This allo:ws the excess soil to be struck 
off with a straight-edged blade, insuring a test specimen exactly 2 inches 
high. 
Soaking frame. The soaking frame is a brass platform on 3 or 4 short legs 
.which allow water to circulate under the entire soaking assembly; Perfora-

. tions in the base of the platform allow entry of water into the lower end of 
the specimen. The frame has a top hold-down ring which is tightened against 
the platform by means of two bolts and wing nuts .. The top ring is recessed 
slightly to allow an easy, plumb fit of the mold (which contains the speci
men during soaking) inside the frames. The top surface of the hold-down 
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ring is accurately machined to allow an exact, unchanging fit between this 
device and the stand of the expansion gage device. 
Scales. A scale or balance of 750 gram capacity, sensitive to 1 gram, is used. 
Dials. A dial or other suitable gage is used for measuring the penetration of 
the % inch piston. A second dial .or gage is mounted on the expansion gage 

·device. 
Water tank. A suitable water tank or vat is necessary for immersing the 
specimens during the soaking period. 
Drying oven. A suitable drying oven, with forced ventilation, is used for 
determining moisture cont~nts. 
Miscellan~ous apparatus. Mixing bowl, spatulas, a straight-edged striking off 

·blade, spoons, etc. are also needed., 

Sample 

A representative sample of sufficient size (about 200 grams required per 
specimen) is air dried, then separated by screening tp.rough the No. 10 sieve. 
Only material passing the No. 10 sieve is used in preparing the test speci
men. 

Compacted Test Specimen 

The sample is mixed at optimum moisture content, and about 200 grams 
is weighed out in the preparation of one specimen. The procedure for pre
paring one specimen is as follows : 
1. Weigh out enough JI?.Oist soil to make a specimen slightly over 2 inches 
high after compaction. · 
2. Pour the moist soil into the mold, which rests over the 3 inch pedestal 
and is supported on temporary supports. The mold is fitted with a brass 
collar which prevents the loose soil from overflowing the apparatus. 
3. Insert the hammer into the upper end of the mold ; then raise and drop 

·the hammer weight once in order to give the specimen enough lateral pres-
sure so that the temporary supports may be removed. , 
4. Remove the temporary supports, and-give the specimen 4 more blows of 
the hammer. · 
5. Remove the collar and invert the mold. The top of the partially com
pacted specimen in the mold becomes the bottom and is in contact with 
the top surface of the 3 inch pedestal. 
6. Complete the compaction by raising and dropping the. hammer 5 more 
times. This compactive effort is equivalent to that used in standard Proctor 
compaction. 
7·. With the compacted specimen in the mold and resting on the pedestal, 
push the mold downward, using the extruding leyer device, until the lower 
end of the mold contacts the base of the pedestal. Since the mold is 3 inches 
high and the pedestal 5 inches high, the portion of the specimen in excess 
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of 2 inches in height is thereby pushed out of the mold. Strike off the excess 
soil to make the specimen exactly 2 inches high. 
8. Weigh the specimen and take a sample of the unused soil for moisture 
content determination. The dry density of the specimen can be computed, 
since the exact dimensions of the specimen and its weight are known, and 
its moisture content can be determined. 
9. After weighing, the sample can be· used either for immediate "as molded" 
penetration testing, or can be placed in the soaking frame and immersed in 
water before the penetration test. 

Penetration Test 

The compacted specimen in the mold is_ placed' in the testing machine 
and' tested by penetrating it with the % inch piston. Before ,starting the 
penetration test, the mold cover-piston guide device is placed over the mold 
and the piston inserted and lowered carefully until its lower end rests on 
the upper surface of the specimen. The penetration gage is ·then calibrated 
either mechanically by adjusting the dial reading to zero, or by simply re
cording the registered reading, which is the zero penetration reading to be 
subtracted from later readings. During the penetration test, the head of 
the testing machine is operated at the rate of 0.05 inch per minute, and.the 
total load in pounds is recorded at penetrations of 0.02, 0.04, 0.06, 0.08, 0.10, 
0.12, 0.14, 0.16, 0.18, and 0.20 inch. 

Expansion 

The IBV expansion test is performed on prepared specimens as follows: 
1. The mold, containing this specimen, is inserted irito the soaking frame. 
The upper and lower surfaces of the soil are covered with a single layer of 
coarse filter paper. The filter paper at the lower surface acts as a porous 
membrane between the soil a~d the perforated base of the soaking frame; 
the paper at the upper surface separates the soil and the surcharge weight 

· device which rests on the soil during soaking. The stem of the surcharge· 
·weight device is of the correct length for measurement of specimen height 
changes by means of the expansion gage device. After the entire apparatus 
-mold plus soaking frame and surcharge weight device-is assembled, it is 
immersed.in a tank of water which is of such depth that the water surface 
is about 1 inch over the top edge of the cylindrical mold. 
2. The specimen is soaked for a period of 24 hours. Expansion readings are 
taken immediately after immersion and jgst prior to removing the specimen 
from the water. 
3. After the 24 hour soaking period, the specimen is removed from the tank 
and with surcharge weight device held in place the mold is tipped U]), allow
ing excess water to run out of the top of the mold. Then the surcharge 
weight device and filter paper are removed and the specimen inverted and 
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allowed to drain for a period of 5 minutes. 
4. After draining, the mold is removed from the soaking frame, and the 
filter paper is stripped off the lower. surface of the specimen. ·Then the 
soaked specimen plus mold is weighed to. determine the increase in weight 
due to absorption. · 

Penetration Test of Soaked Specimen 

The soaked specimen is tested for pen~tration resistance as specified 
above for the unsoaked specimen. 

Moisture Content 
After any penetration test, the specimen is removed from the mold and 

a moisture content _determination is made of a· sample cut from the speci
men. The moisture 'sample is dried to constant weight in accordance with 
the standard moisture content determination procedure. The calculated 
moisture content is recorded. 

The specimen may be extruded from the _cylindrical mold by simply, 
pushing the mold down over a metal rod slightly less than 2 inches in di
. ameter and at least 5 inches high. If the specimen is then sliced as one would 
slice a pie, a good representation of the entire sample is obtained for mois
ture determination. 

Prediction of California Bearing Ratio 
. If it is desired to predict the CBR value of the soil from IBV results, 

this can be done as follows: 
1. To predict the unsoaked CBR at 0.10 inch penetration, enter the graph, 
figure 9, at the x value corresponding to the average unsoaked IBV load at 
Q.06 inch penetration. Read up to the intersection of this abscissa and the 
correlation line, then across to they interc~pt corresponding to this inter
section. This y value is the CBR of the soil. If an average of the loads of 
three IBV tests is used, the maximum probable error of prediction (95 per-

. cent probability) will fall within the confidence bands whose boundaries are 
indicated by the dashed curves on the appropriate graph. 
2. To predict the 96 hour soaked CBR at 0.10 inch penetration enter the 
graph, figure 10, at the x value corresponding to the average 24 hour soaked 
IBV load at 0.08 inch penetration~ From here, follow instructions in 1, 
above, which begin "Read up to the· intersection ... ". 
3. To predict the unsoaked CBR at 0.20 inch penetration, enter th~ graph, 
figure 11, at the x value corresponding to the average unsoaked IBV load 
at 0.06 irich penetration. From here, follow instructions in 1, above, which 
begin "Read up to the intersection ... ". 
4. To predict the 96 hour CBR at 0.20 inch penetration enter the graph, 
figure 12, at the x value corresponding to the average 24 h.our soaked IBV 
load at 0.10 inch penetration. From here, follow instructions in 1, above, 
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which begin "Read up to the intersection ... " .. 
If it is desired to determine the confidence bands for prediction using 

. more or fewer than two IBV tests, these can be estimated as in "Statistical 
Analysis," above. 

Determination of Percent Expansion 

Percent expansion is determined by dividing the total expansion (in 
inches) after 24 hours of soaking by the original height of the specimen 
(2 inches). This is a method of obtaining an estimate of the expansion to 
be expected under field conditions. It has several obvious weaknesses. For 
example, expansion during this test is somewhat·restrained due to friction 
between the soil and the rigid walls of the cylindrical mold. Therefore, ex
pansion data obtained by this method should be supplemented by 9,ata from 
other expansion tests. Several are in common use in most testing labora
tories. However, the percent expansion obtained by this method does rate 
the tendency of .the soil to expand on soaking, and can be used as such. 
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CORRELATION OF THE CALIFORNIA (\EARING RATIO 
, 

AND THE ·IOWA BEARING VALUE 

by " 

D. T. Davidson, Professor, Civil Engineering 

R. K. Katti, Research Assistant, Engineering Experiment Station 

M .. E. Kallman, 1st Lt., Corps of Engineers, U. S. Army 

John Gurland, Professor, Statistics 

(Progress Report, 1957) 

ABSTRACT 

Curves for the prediction of the California Bearing Ratio of sandy, silty, 
and clayey soils from the more easily and quickly obtained Iowa Bearing 
Value are presented. A statistical approach is used in the correlation. 

INTRODUCTION 

The present road building programs require that many investigations · 
of the bearing capacity of ·sub-grade, sub-base, and base course materials 
be made in a short time. A rapid method for determining the bearing value 
of materials is needed. The Iowa Bearing Value test, developed by the Iowa 
Engineering Experiment Station under the sponsorship of the Iowa State 
Highway Commission, is a rapid method for determining the bearing value 
of sandy, silty and clayey soils. 

A widely used· method for determining the necessary thickness of base 
materials for flexible pavements uses the California Bearing Ratio. The U.S. 
Army Corps of Engineers11 has adopted the CBR method of design for air
fieldi;;_ a~ well as roacJ.s. ExJ>erience with the method has proved that it is 
sound. However, the testing procedure for determining the CBR of a soil 
has several disadvantages. A relatively large soil sample is necessary. At 
least two persons are required to conduct the test. The testing procedure re
quires an excessive amount of time. The IBV test was developed to overcome 
these disadvantages. 

The IBV test is somewhat similar .to the CBR test (figure 8). The speci
men is compacted into a two inch diameter mold and struck off to a height 
of two inches. The specimen remains in the mold during testing with a five
eighths inch diameter penetration rod.-The test requires one-twentieth of 
the amount of material required for the CBR test and can be made by one 
man. The test takes less than halt the time of the CBR test, and the smaller 
specimen requires a shorter soaking period than for the large CBR specimen. 
I_n its present state of development the IBV test is used with materials finer 
than the No. 10 sieve which do not contain more than 80 percent of sand. A 
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limited amount of research indicates that materials containing up to 25 per
cent gravel of'o~e~quarter inch maximum size also may be tested2

• 

Since the CBR design curves have been service correlated, it was decided 
to correlate the IBV with the CBR to take advantage of these design curves. 
Curves correlating the IBV and the CBR of natural soils and soil-aggregate 
mixtures were developed2

• 
5

• 

Though the accuracy of curves for higher CBR values is not as great as 
desirable, a relation between the variations in density of the IBV specimens 

-from that of the CBR specimens and the sand content of the material was 
determined2

• A continuation of this investigation showed :that more accur
ate predictions of the CBR could b~ made if separat~ curves were developed 
for two groups of materials, one with less than fifty percent sand, and the 
other with greater than fifty but less than eighty percent sand. The curves 
developed enable the prediction of the CBR based on _the IBV and a routine 
mechanical analysis. 

MATERIALS AND MET.HODS 

The soils selected for this study are -all from Iowa. The selection \YaS 
made to give a sample from as many of the soil textural classes as possible. 

////////// -

0 10 

Line of separation 
of soil textural 

class groups. 

20 . 30 40 

0 
100 

Clay 

Sand size particles· 2 - 0.074 mm. 
Silt size particles ·o.074·- 0.005 mm. 

90 Clay size particles less than 0.005 mm. 

70 

: 60 

B-YI, .. 
Silty 40 

30 

Silt % 

Fi~. 1. Distribution ori textural classification chart of soils tested. 
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Mfa:tures of available soils were made when the natural,soils ·did not have 
the desi~ed gradation (figure 1 and table I).. , 

' 

TABLE I. PROPERTIES OF SOILS 
I 

Properties 
· Sample Mech. Analysis* O.M.C. % Textural 

Number % sand %. silt % clay Standard Modified Classificationt Proctor AAS HO 
A-1 ,72.5 16.7 10.8 7.2 Sandy loani 
A-H'° 24.7 43.5 31.8. ;16.4 Clay 
A-V' .76.5 9.5 14.0 .9.4 Sandy loam 
A-VI 52.0 20.8 24.2 12.8 Sandy clay loam 
B-II 67.3 7.8 . 24.9 11.5 10.0 Sandy clay loam . 
B-III 58.0 10.1 31.9 14.5 12.5 Sandy clay 
B-IV 71.8 15.0 13.2 10.5 9.5 Sandy loam 
B-V 58.2 28.6 13.2 12.0 10.5 Sandy loam . 

B-VI 25.3 32.1 . 42.6 15.5 12.8 Clay 
B-VII 14.1 26.8 59.1 19.0 16.0 Clay 
B-VIII 45.0 46.0 9.0 9.0 8.0 Loam 
B-rx· 24.2 51.0 24~8 12.5 10.0 Silty clay loam 
B-X 3.6 83.2 13.2 16.5 14.0 Silty loam 
C-I 3.0 86.0 11.0 15.5 13.0 Silty loam 
C-II 0.9 69.7 29.4 17.7. 11.6 Silty· clay 
C-Ill 0.2 58:o 41.8 19.5 '15.8 Silty clay 
C-IV 1.5 24.2 74.3 23.o 19.l Clay 
C-V 60.5 28:0 11.5 10.4 Sandy loam 
C-VI 63.0. 26.l . 10.9 9.8 Sandy loam 

*Sand size ·particles ·are retained on the No. 200 sieve; Silt size particies 
pass the No. 200 sieve and are larger than 5 . microns; and clay size 
particles are smaller than 5 microns. 

t(Figure 1). 

To attain high CBR values as well as low ones, CBR and IBV specimens 
were.molded at both standard Proctor density and modified AASHO density1 

for most of the soils .. 
F~ur standard CBR specimens and six two inch diameter· by two inch 

high IBV specimens were molded for each test at the optimum moisture 
content for· the desired density. Tw.o of CBR specimens and three of the. 
IBV specimens were tested immediately after molding. The other two CBR 
specimens were immersed in water for a period of four days before testing, 
and the other three IBV specimens were immetsed for a period of two days 
before testing. · ' · 

The CBR tests were performed in· accordance with the procedure set 
forth in ASTM manual "Proce~dure for Testing Soilsm with the foll?wing 
modifications:· 

1. Specimens were compacted at the proper optimum moisture content · 
to either standard Proctor density or modified AASHO density. 
2. The immersion time for soaked specimens was four days, and the 
surcharge weight during immersion ~as 10 pounds. 
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3. No surcharge was used during the penetration test. A preliminary 
study showed that use of comparable surcharges on CBR and IBV speci-
mens during the. penetration test does not significantly affect correlation 
data. 

4. Bearing ratios were computed at 0.1 inch and 0.2 inch penetration. 
The IBV tests were performed in th~ manner set forth in Appendix A. 
The results of these tests were analyzed statistically (Appendix B). "" 

This analysis was performed on the logarithms of the CBR and IBV values 
for reasons pointed out by Lafleur and Arpacioglu. From the statistical 
analysis the selection was made of the penetration at which the IBV is most 
closely related to the CBR. The slopes and intercepts of the regression lines 
were then determined. Finally the regression lines were plotted on log-log . ' 

paper for use in predicting the CBR. 
.. 

TABLE IL RESULTS OF CBRAND IBV TESTS ( UNSOAKED) .. 
IBV Sample CBR 

Number 0.1" 0.2" 0.04" 0.06" . 0.08" 0.10" 

A-I 122 122 402 522 613 693 
A-V 28.3 28.6 163 198 . 230 260 
A-VI 16.0 14.7 96 110 121 127 
B-II 11.9 14.7 82 98 106 125 
B-II 41.l 54.4 226 281 314 340 .· 

B-III 9.2 8.6 47 54 58 63 
B-III 22.1 21.0 138 152 167 181 
B-IV 2.4 3.0 19 21 37 44 
B-IV 3.4 4.2 24 38 52 68 

I. B-V 5.3 6.1 24 34 46 55 
B-V 5.8 8.9 55 85 109 139 
C-V 4.1 5.3 15 25 34 44 
C-V 15.4 20.6 98 127 152 177 

A-III 79.0 68.9 355 412 452 474 
B-VI 20.3 17.7 65 76 88 93 
B-VI 77.2 64.6 255 281 317 336 /·. 

B-VII 12.2 12.2 62 73 79 89 
B-VII 58.2 48.5 220 228 239 267 

B.-VIII 66.6 64.7 79 ' 90 110 119 
. B-VIII 150 167 382 467. 490 

B-IX 35.4 42.8 81 101 121 139 
B-IX 138 156 315 395 502 532 
B-X 35.9 41.2 65 91 99 120 
B-X 93.0 111 262 320 363 413 

C-I 8.4 11.2 47 62 77 . 91 
C-I 87.4 106 278 335 367 355 
C-II 10.7 10.9 48 59 67 72 
C-II 77.6 70.1 368 433 488 535 

C-III 11.1 9.6 42. 48 52 56 
C-III 47.0 39.0 238 265 287 302 
C-IV 11.2 10.7 42 48 54 62 
C-IV 45.1 37.3 160 177 190 198 
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-TABLE III. RESUJoTS OF CBR AND IBV TESTS (SOAKED) 

Sample CBR. IBV 
Number 0.1" 0.2" 0.04". 0.06" 0.08" 0.10" 

A-I 80.5 83.5 365 448 510 565 
A-V 14.2 12.1 60 70 74 78 
A-VI 2.4 2.5 39 42 46 48 ~ 
B-II 7.4 9.5 66 72 77 95 
B-II 17.0 18.2 39 57 80 85 
B-III 5.6 5.1 16 16 20 24 
B-III 6.5 6.6 15 19 24 27 

B-IV 3.0 4.6 46 56 79 88 
B-IV 3.4 5.3 31 62 98 127 
B-V 3.2 3.8 13 17 21 . 25 
B-V 4.4 5.6 30 40 54 66 

C-V 4.5 5.8 23 35 46 .55 
C-VI 20.6 27.1 81 102 122 139 
A-III 3.1 3.1 12 16 18 21 
B-VI 'l.3 1.1 7 7 9 8 
B-VI 3.2 3.0 8 9 9 11 

B-VII 1.0 0.8 7 8 9 9 
B-VII 2.0 1.8 7 9 9 10 
B-VIII 2.6 3.6 -8 10 15 15 
B-VIII 32.4 40.8 84 74 95 101 

B-IX 1.8 1.6 6 5 12 14 
B-IX 46.2 52.0 88 91 93 115 
B-X 18.5 26.6 12 13 17. 36 
B-X 38.4 53.6 77 153 147 .183 

C-I 5.9 7.9. 19 24 28 32 
C-I 67.7 70.5 111 122' 128 138 
C-II 6.3 6.1 28 32 38 43 
C-II 2.5' 3.0 8 10 12 12 

C-III 5.0 4.3 28 . 32 34 36 
C-III 6.7 6.8 17 21 26 31 
C-IV 1.8 -1.5 3 3 ,4 4 
C-IV 1.0 1.1 . 13 15 15 16 

RESULTS 

The lower and upper limits of IBV penetration for use in the statistical 
analysis were set at 0.04 inch and 0.20 inch respectively. The lower limit 
was chosen because surface irregularities in the specimen at lower pene
trations lead to erratic results. The upper limit was chosen because many 
specimens -show evidence of progressive shear failure at greater penetra
tions. This condition results in increasing pen~tration with an unchanging or 
decreasing load (tables II and III) . 

In both of the previous cor'relations2
• 

5 variations of the IBV soaking 
periods were studied, and two soaking periods were selected for prediction 
of CBR. This doubled the number of IBV specimens necessary for the pre
diction of the soaked CBR. In the continuation study a single IBV soaking 
period that would give good results in predicting the CBR at either of two 
penetratfons was desired. The two day IBV sqaking period selected for this 
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~tudy does give good results in predicting the CBR, and specimens soaked 
for two days absorb water more uniformly than those soaked for a shorter· 
period. 

The stati$tical analysis showed that for the prediction of the CBR of 
unsoaked specimens the IBV at 0.08 inch penetration gives the best results. 
For the prediction of the CBR of soaked specimens the IBV of 0.10 inch 
penetration gives the best results. The IBV penetration to be used is inde
pendent of the percent of sand in the material and of the penetration at 
which the CBR is desired. But separate curves for the prediction of the CBR 
at each of the penetrations stqdied and for each of the two soil textural class 
groups studied were necessary. 

· The equations of the curves for the prediction of the CBR from the IBV 
-of a soil are as follows : · ' 

Unsoaked CBR at 0.1 inch penetration 
Under 50 % sand Y = 1.3151X - 1.6015 
50 % to 80 % sand Y = 1.2333X - 1.17 41 

Unsoaked CBR at 0.2 inch penetration 
Under 50% sand Y = l.2234X -1.3567 
50 % to 80 % sand Y = l.2807X - 1.2758 

---CBR at 0.1 in. penetration 
1 

- - - CBR at 0.2 in. penetration 
100 

a: 
CD 
0 

'O 
Q) 

.ll: 
0 
0 
Ill 
c - 10 

:::> 
II 

)-

Confidence 

bands 

X=·Unsoaked IBV 1.oad at 0.08 in. penetration (lb.) 

Fig. 2. Prediction of unsoaked CBR of soils with less than 50% 
sand. 
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Soaked CBR at 0.1 inch penetration 
Under 50 % sand Y · l.6554X - 2.2088 
50 % to 80 % sand Y = l.3467X - 1.1532 

Soaked CBR at 0.2 inch penetration 
· Under 50% sand Y = l.4110X - 1.6899 

50 % to 80 % sand Y = l.4293X - 1.2354 

In each of these equations Y is the logarithm of the desired CBR, and X is 
the logarithm of the IBV at the proper penetration, 0.08 inch for unsoaked 
specimens and 0.10 inch for. soaked specimens. These equations are plotted 
on a log-log scale in figures 2, 3, 4 and 5 to facilitate prediction-of the CBR. 

Also shown in these figures are the confidence intervals which accompany 
the prediction curves. These confidence intervals were determined from 
equation 2 in Appendix B so that ninety-five percent of the points plotted 
'would lie within theintervals. · . 
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Fig. 3. PrediCtion of unsoaked ·cB'R of soils with 50% to 80% 
sand. 
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Fig. 4. Prediction of soaked CBR of soils with less than 50 % sand. 

The widths of the confidence intervals were in all cases reduced from 
those for previous correlations which did not separate the soiJs into textural 
groups2

• The amount of the reduction ranges from 16.8 percent to 72;8 per
cent of the previous values. 

SUMMARY 

For predicting the CBR of a soil or soil-aggregate mixture it is necessary 
to determine the textural class group of the· material arid the IBV at 0.08 
inch· penetration for unsoaked specimens and 0.10 inch penetration for 
soaked spedmens. The proper graph is then selected. The graph is entered 
at the IBV of the soil which should be the average of three determinations, 
and the CBR corresponding to 0.1 or 0.2 inch penetration is read directly. 
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Fig. 5. Prediction of soaked CBR of soils with 50% to 80% sand. 
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APPENDIX A 

~ETH OD FOR THE IOWA BEARING VALUE TEST 

Scope 

This method covers a procedure for determining the supporting strength 
of soils and soil-aggregate mixtures which pass the No. 10 (2 mm) siev~ 
100 percent and do not contain more than 80 percent of sand-size material. 

Apparatus (figure 6) 

Mold-A cylindrical metal mold having .an internal diameter of 2.0 + 

0.001 inches and a height of 5.0 + 0.005 inches is used. The mold is pro
vided with a detachable collar of approximately 2 inches in height. 

Base-The base is ~ylindrical with a diameter of 11% 6 inches and a 
height of 3.0 + 0.001 inches. 

Temporary Supports-Temporary supports, approximately 2 inches in 
' height, hold the mold above the bottom of the base until after the first blow 

with the hammer. 

Frame-A frame of two steel rods, a base plate, and a cross-member 
having a semi-circular notch guides the hammer during compaction. The 
frame has a lever for forcing the mold to the bottom of the base after 
molding. 

Hammers-Two_ metal hammers, one 5 lb. and one 10 lb., drop 12 inches. 
The 15 lb. hammer is used for standard Proctor density; the 10 lb. one for 
modified AASHO. 

Penetration Rod-A steel penetration rod % inch in diameter indicates 
depth of penetratfon with a dial. / 

Guiding Device-A metal .device fits over the mold during testing and 
maintains the penetration rod in a vertical position. 

'Testing Machine-A machine capable of constant movement of the test-
ing head continuously indicate~ th'e load. · 

_Soaking Frame-A frame with perforated base holds the mold during 
immersion. 

Annulai: Weight-A weight with perforated base and spacer ring weighs 
550 grams. · 

Balance-A balance with a capacity cif 1000 g sensitive to 0.1 g is 
required. 
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Fig. 6. IBV test apparatus. (A) molding frame, front view; (B) molding frame, side view; (C) drop hammer; (D) drop hammer head; -(E) soak
ing frame; (F) annular weight assembly; (G) specimen during soaking with expansion dial in place; (H) specimen during penetration test. 
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Straightedge-A rigid steel straightedge with one beveled edge is re
quired. 

Mixing Tools-Miscellaneous tools include a mixing pan, spoon, trowel, 
spatula, or a suitable mechanical mixer for mixing the soil thoroughly with 
water. 

Container-A suitable container is used for immersion of specimens. 
Sample 

Prepare the sample by breaking up soil aggregations to pass the No. 10 
(2 mm) sieve in such a manner as to avoid reducing the natural size of the 
individual particles. 

Weigh a representative sample large enough to form three 2 inch di
ameter by 2 inch high specimens from the soil prepared as in paragraph (a) 
above. 

Pouring soil into the mo ld. Compacting the specimen . 

Fig;. 7. Preparation of the IBV specimen. 

Procedure 

Extruling that part of the speci 
men in excess of 2 inc hes . 

Add the required amount of water to the soil and mix thoroughly. 
Form a specimen in one layer by compacting the soil in the mold, which 

has the collar attached and is supported on the temporary supports (figure 
7) . When compacting to standard Proctor density use the 5 lb. hammer and 
compact the specimen with five blows on each end. When compacting to 
modified AASHO density use the 10 lb. hammer and compact the specimen 
with ten blows on each end. Remove the temporary supports after the first 
blow with the hammer. After compaction force the specimen to one end of 
the mold by pushing the mold down around the base with the lever. With the 
straightedge strike off the excess portion of the specimen. 
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If the specimen is to be soaked, place the mold in the soaking frame 
with the specimen at the bottom, place the annular weight assembly on the 
specimen, and immerse the entire assembly in the soaking container for a 
period of 48 hours (figure 8). Before testing permit the specimen to drain 
for five minutes. 

IBV and CSR s pecime ns pre pared fo r i mmer
sion with expans ion reading devi ces in place. 

Penetration test of IBV specimen ; the 
CBR speci men is re ady f or testing . 

Fig. 8. Comparison of IBV and CBR specimens. 

To test the specimen place the guiding device over the mold and insert 
the penetration rod, being careful not to disturb the surface of the specimen. 
Apply the load so that the rate of penetration is 0.05 inch per minute. 
Record the load at increments of 0.02 inch up to a penetration of 0.20 inch. 
The Iowa Bearing Value of the material at any penetration is equal to the 
mean of the loads on three specimens at that penetration. 

Report 

The report shall include the following: 

Moisture content at which specimen was molded ; 

Density of specimen; 

Absorption data; 

Load at each increment of penetration. 
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APPENDIX B 

STATISTICAL ANALYSIS 

The purpose of the statistical analysis· iI\ this work was to determine· 
the IBV-CBR relationship for the- desired CBR penetrations, soaking peri-

.. , • I 

ods, and sand contents of the samples, and also to determme 95 percent 
confidence intervals for predicti_on of the ·cBR fr.om the IBV. 

As pointed oµt by both Lafleur5 and Arpacioglu2 the tange of IBV pene
trations from which the relationship can be determined is very narrow. 

Since the linear relationship between the logarithms ·of the CBR and 
IBV values had been established, the relationship .could be expressed by 
the equation: . 

Y=aX+f3 
c 

where X and Y are the logarithms of the IBV and CBR values respectively. 

The method used to determine the parameters a and f3 was chosen be
cause this 'method gave the most satisfactory results of any of the four 
methods used in the prev;ious correlations. In this method the parameters 
'Were estimated from the following equations: 

where 

A 

a_==1 
SyyB -SyyW 

· SxyB · · 

A - -

J3=Y .. -ax .. 

S 2 1 1 r2 
yyw.=ar= ::S ::S (yij-y;.) 2 

n(r2 - 1) i = 1 j = 1 

ro n - -
S<YB =--· ~-- ::s (x;. - x .. ) (y;. - y .. ) 

n-li=l 

(1) 

and r 1 and r 2 are the number of IBV and CBR readings, respectively; taken 
at each treatment; and n is the number of tests. 

The limits of the confidence intervals were estimated from the equation: 
in which the number 1.96 is taken from the normal integral. 
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(2) 

, . The accuracy of prediction of the CBR may be still further increased ·by 
increasing the number of IBV tests used to determine the IBV of a material: 
All of the work to dat'e has been done by using the mean of three IBV trials. 
If the number of trfals were increased the width of the ·Confidence intervals 

. wo~ld be decreased by. the square root or the ratib of the u~.ual number of 
trials ri to the new number of trials ri'· 
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