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' PREFACE

This bulletin is a further compilation of the reports on completed re-

search done for the Iowa State Highway Research Board Project 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 Towa Engineering Experiment Station at Iowa State .

University under its project 283-S. The project was supported by funds
from the Iowa State Highway Commission.

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

1. To determine by means of bdth field and laboratory studies the areal

and stratigraphic variation in the physical and chemical properties of the ‘

loess and glacial till materials of Iowa.

2. To develop new equipment and methods for- evaluatlng phys1ca1
and chemical properties of soil where needed.

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

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 Wthh the loess and glacial till materials
of Towa. can be processed for optimum performance as highway embank-
ments, sub-grades, base courses, and surface courses.

" Many of the papers in this billetin were prepared originally as graduate
theses required for master or doctoral dégrees. 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 prev1ously The
title page for each manuscript identifies all 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 manuseript was
submitted. Much of the repetition of material has been ehmlnated and the
papers have been arranged by subject matter.

The hst of REFERENCES at the end of each manuscript gives only the
. first, or original printing, 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 L1brary are so indi-
‘cated, because only in the theses are all the data shown

1i




DISPERSION OF LOESS FOR' MECHANICAL ANALYSIS -

by

D.-T. Davidson, Professor, Civil Engineering
T. Y. Chu, Assistant Professor, Civil Engineering

!

(Highway Research Board Proceedings, 31:500-510. 1952.)

ABSTRACT

A special sfudy 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 Towa 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 loéss
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 increase). A stirring period of four minutes
with the high-speed stirring apparatus is adequate for Wisconsin loess
samples.




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, calecareous, 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 deposited 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 States® as
well as in other parts of the world’. 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
Towa 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 siple of the state, along the east
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 Towa 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 * ** recommend definite procedures 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
CaCO; by weight) of carbonates. (Carbonate contents are expressed as
percentages of calecium carbonate, CaCOj3;, by weight.) Many investigators
in the fields of agriculture, ceramics, geology, and engineering have studied
the problems of soil dispersion.




PRINCIPLE OF SOIL DISPERSION

~ An accurate and reproducible’ mechamcal analys1s depends on the com- .
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
prlmary 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 aggregatlon in soils but also those which

may cause the flocculation of primary particles once they have been sepa-
rated.

Causes of Aggregation

Soil aggregates are formed primarily as a result of the presence in soi}l
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 particles®. Such adsorption appears to be
stabilized by subsequent dehydration of the adsorbed colloidal organic
matter. 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 powders. 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 suspension 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-
¢iently 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) > potagsium (XK), and ammonium (NH,). 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. This treatment is highly effective and produces only carbon
dioxide and water as the byproducts of oxidation. The oxidation 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 soil-water mixture. (A deflocculating agent is added
before agitation.) The more important methods of mechanical agitation
are: stirring * '*, shaking', boiling'®, rubbing, and bubbling air through
the soil suspension'’. 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 soﬂ 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 dlspersmn 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 deéflocculating 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 electrolytes®. The complete re-
moval of chlorides is of special importance.

5




. 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).

TasrLE I. GENERAL PROCEDURE FOR DISPERSING SOIL FOR MECHANICAL ANALYSIS

Step. - Opération Principal Purpose ' Remarks
1 Hydrogen peroxide To remove organic May be omitted for
treatment matter ‘ soils having low organic
: matter contents
2 Acid treatment To replace basic cations Necessary only for
(followed by washing)  with hydrogen and to some soils with certain
remove carbonates deflocculating 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 the
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 agent'®. In the ASTM and
AASHO standard methods of mechanical analysis, 20 ml. of 3 degree
Baumé sodium silicate solution (prepared by dissolving sodium metasilicate
crystals (Na.SiO; ¢« 9H,0) in distilled water) is used for the purpose of
deflocculation.

Sodium oxalate (Na.C.0,) is a satisfactory deflocculating agent for
‘many types of soil®°, and sodium pyrophosphate (Na4P207 . 10H00) is the
best for dispersing several types of clay'®. '

- Sodium metaphosphate (Na,P,0:5) is an excellent deflocculating agent
for a wide variety of soils*®.- 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
so0il 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 calcium 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 counties®. 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 Towa 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 (CaCO, 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 depth 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 WISCONSIN LOESS SAMPLES FROM
SOUTHWESTERN Iowa

Sample Designation A B
Loca;cion of Sample 'RidB%(lelg.(‘; a‘g’eSt Hilllgtgl?nzzgast
Liquid Limit, % 309 483
Plastic Limit, % 25.2 ) 21.7
Plasticity Index, % 5.7 26.6
Organic Matter Content, 0.30 0.21

% by weight

Carbonate Content, % 15.0 - 1.6

CaCO; by weight




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. Particle-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 Wisconl
sin loess.
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Fig. 1. Particle-size accumulation curves for samples A and B.

Evaluation of Deflocculating Agents

Mechanical analyses were performeé 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 agents® ** ** **, The
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concentrations used in this experiment are shown in table III. The 3 degree . ’

Baumsé 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.

TagLE II1. EFFECT OF TYPE AND AMOUNT OF DEFLOCCULATING AGENT
ON THE EFFICIENCY OF DISPERSION N

Deflocculating Agent Sample A Sample B
Type ‘ Conc. of Amount* Percent Finer Than Percent Finer Than
yp Solution (ml)  .005 mm. .00l mm. .005 mm. .001 mm.
Sodium - 3° Baumé 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 N
.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. 36.6 24.0- R
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 " 346 20.2
Pyrophosphate - 20 16.0 10.0 36.5 23.5
30 17.1 10.8 38.2 25.2
40 174 10.8 39.2 26.1 .
50 16.9 10.5 39.6 26.6
60 16.0 10.1 39.6 26.9 T
70. 39.2 27.0 ~ : :
. 80 883 - 268 R
Sodium t 05 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
50 174 11.9 38.8 26.8
60 17.0 12.0 39.2 27.4
70 18.0 106 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.

+In 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 deflocculating 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. T




The disper sion procedure adopted in this experiment was the following:
-A 65 gram air-dry loess sample was soaked in d1st111ed wate1 for
. elghteen hours.

2. The deflocculating agent was a.dded 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
than 20.

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 dlrect 1nf1uence of the deflocculatmg agent
on the reading.

The effect of type and amount of deflocculating agent on the eff1c1ency
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 illustrated 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
deflocculating 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 deflocculatmg '
agents for sample A, sodium metaphosphate and sodium pyrophosphate
were superier to sodium oxalate and sodium silicate; the latter chemical

T I
E ‘ . s . I ,
£ ' ———o—— Sodium- Metaphosphate
gZO ——a— —Sodium Pyrophosphate
——x—-— Sodium Oxalate
c
pe ---~a—--— Sodium Silicate
=
15
[
[ = . -
£ .
¢ = b I
210 B/%/ \ a |-
E . e . 1
a & g s o
X ' :
%S o o
- . D""'_a—" o —f
3 5 oge 7
1~
QO
S _
o . o
O 20 40 . 60 80 100 120

Amounf of Deflocculating Agent in mi

Flg 3 Comparison of efficiency of deflocculating agents for the dispersion
of sample A.
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il_ ——x—— Sodium Oxalate
'2 —-@—-— Sodium Silicate
§ 4
5 10
a
5 : : '
0] 20 40 60 80 100 . 120 140

Amount of Deflocculating Agent in ml

Fig. 4. Comparison of efficiency of deflocculating agents for the dispersion
of sample B. - ' '

- 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.

' 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 (figure4). .

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 sodium metaphosphate solution was adopted as the deflocculating
additive for mechanical analyses of the Wisconsin loess (figure 1).
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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 peroxide 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
H.0,) for the purpose of aiding dispersion, rather than for the removal 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 8 degree Baumsé 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 mm. 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.

TasLE IV.. EFFECT OF HYDROGEN PEROXIDE TREATMENT ON DEGREE OF -
DISPERSION OF LOESS

SamrpLe B
Defloceulating Ageny  WIrogen Peroxide | Percent Finer Than
60 ml. 0.5 N Sodium Yes 38.6 27.2
Metaphosphate Solution No 39.2 274
20 ml. 3° Baume Yes 33.0 16.8

Sodium Silicate Solution No 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 (CaCOj; -
=15.0 percent) loess sample A. The purpose of the acid treatment has pre-
viously been discussed and is summarized in table 1.

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) (% CaCOs; in soil) (grams of soil). This
equation provides an excess of HCIl 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 removal 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*
. " Percent of Particles Finer Than
Acid Treatment 005 mm. . .001 mm.
Yes - 17.2 ) 13.0

No : 17.0 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 soil grains
in the soil water mixture. Frequent replacement of the paddle is necessary
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to insure a standard intensity of stirring. Because of the wear factor, the
soils laboratory of the Iowa State Highway Commission has for several
years been using a wear resistant rubber paddle with highly satisfactory
results. The square rubber paddle, cut from an automobile inner.tube, is
7 in. on each side and 14 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. '

Tabre V1. EFFECT OF TYPE OF STIRRING PADDLE AND LENGTH OF STIRRING
"PERIOD ON DEGREE OF DISPERSION*

Stirring , Sample A Sample B
Type of Stirring Paddle Period Percent ¥iner Than Percent Finer Than \
(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 37.4 257
Square Rubber Paddle -1 14.8 9.6 38.0 25.5
4 17.0 12.0 39.2 274
10 17.2 12.0 39.5 27.9
16 174 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 it'is 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 operation'’. The coarse sand fraction in
Wisconsin loess (figure 1) -is negligible; and since quartz is believed to be
the predominant mineral in the nonclay sizes, the soil particles 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 efféct of length of stirring 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
glight for increases in stirring time above four minutes. ’

35

o
o

o — &

000l mm

25 7

20

10

—Oo— Sample A

Percent of P,ar}ic_ies Finer than

0

5 ? ' —-A-—Sgmple B —
0

‘2 4 N ] 8 10 12 L 14 16 18
" Period of Stirring in min.

Fig. 5. Rélation 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 miner 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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CONCLUSIONS

1. The use of deflocculating. agents other than 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 comparcd experimentally,
sodium metaphosphate is the most efficient in dispersing the Wisconsin
loess. The amount of sodium 'metaphosphate adopted for dispersing Wiscon-
sin loess samples for mechamcal analysis determmatlons is 60 ml. of 0.5 N
solution.

3. Wisconsin loess samples having plasf1c1ty indices greater than 20 per-
cent do not need to be treated with hydrogen peroxide, pr0v1d1ng 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. 1958.)

ABSTRACT

The simplified air-jet dispersion apparatus is compared with three other
dispersion apparatus in current use. Results of mechanical 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 apparatus 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 samiple in a glass tube or jar is
one of the oldest methods for soil dispersion®. 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 dispersion 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 minute * “. 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 particles’. The stirring paddle
is usually made of metal, but rubber paddles have also been used®..

Compressed air directed through either jets or holes agitates a soaked.
sample in the Wintermyer soil dispersion cup’. 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 has
been adopted by AASHO as an alternate for soil dispersion®.

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 désign 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 ameunt 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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Fig. 1. Soil dispersion tube for mechanical agitation of soil
water mixtures. '
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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 perlod 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 materlal 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 evaluating 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 °. 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 I. SOURCE AND PROPERTIES OF SOIL SAMPLES*
Texturalt Plasticity

Sample
No. Source Classification Index Remarks
1 Towa Clay 51.7
2 Virginia Clay 35.3
3 California Clay 38.7 )
4 New York Clay 18.1
5 Texas Clay Loam ' 3.6
6 Towa Silty Loam 6.2
7 New York Sandy Loam NP
8 Virginia Sand NP High content of mica
9 Towa Sand NP )
10 Towa Sand NP Silt and clay removed
by washing -
11 Iowa Sand NP Silt and clay removed
. by washing

#*Only material passing No. 10 sieve was used in this study.
fTextural classifications are based upon the Bureau of Public Roads system except that
0.074 mim. 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 8 degree
Baumé 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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. TasLE II. MECHANICAL ANALYSIS OF ELEVEN SAMPLES DISPERSED BY
' DIFFERENT APPARATUS

Weight Type of Percent of Particles Finer Thant
Sample of test pigpersion 2:0 mm. 0.84 mm. 0.42 mm.’ 0.25 mm. 0.149 mm. 0.074 mm.
No. S(amp%e Apparatust (No. 10 (No. 20 (No. 40 (No. 60 (No. 100 (No. 200 0.005  0.001
. (gm. .

Sieve) Sieve) Sieve) Sieve) Sieve) Sieve) mm. mm.
1 50 A 100.0 1 97.4 57.0 34.8
B 100.0 98.6 57.7 33.4
- [¢] 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
3 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 89.8 563.7 40.8
4 50 A 100.0 99.0 98.0 97.1 96.2 94.0 55.3 217.3
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 98.56 97.7 96.9 94.9 656.9 29.8
5 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
] 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 !
6 50 A 100.0 99.3 11.3 4.2
B 100.0 99.3 13.6 7.3 ,
8] 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 8.7 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 99.1 1.4 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 34.1 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 79.1 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 38.9 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 3.4 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.
TAIll 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 of apparatus
can be obtained. The amount of degradation caused by the soil dispersion
tube 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 the purpose of general com-
parison, sample 8 is of special significance. Because of a high mica content,
it is quite susceptible to degradation. In the procedure for using the Winter- ' ~
myer apparatus®, an exceptionally short dispersion period is specified for ’
samples containing large percentages of mica. Data shown in table II indi-
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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 satlsfactory results even
for soils with high mica content.
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L CONCLUSION

1. The soil dispersion tube is a prom1s1ng dlspersmn apparatus for me- ‘:

chanical analysis of soils.

2. The comparative experiments presented 1nd1cate that the two disper- -~

sion apparatus utilizing compressed air, the tube, and the Wintermyer soil '
d1spers1on cup, give a comparatively high degree of dlspersmn W1thout

causmg significant degradatlon

3. " Since the tube is a simplified air jet dlspersmn apparatus, it can be bullt-
at-a relatively low cost. Because of the unique design of the soil. dispersion
tube, the procedure for 1ts use is much simpler than that for any other dis-

persion apparatus in current use.

'
\
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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 sufficient amount of distilled water
to make the resulting mixture approximately 250 ml.

(An alternate soaking procedure is to add the deflo¢eulating 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 t6 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
untll a pressure of about 1 psi is registered on the pressure gauge. (The
initial air pressure of 1 psi is required to prevent the soil water mixture
from entering the dispersion head of the tube.) Then, insert the tube into
hydrometer jar and increase the pressure to 25 psi. At this pressure, the
soil water mixture shall be agitated for five minutes.

At the end of the five minute dispersion 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 weighing 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, Prefessor, Civil Engiﬁeerin'g

(Highvifa'y 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 agen’cs are added to the s01l 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
suspendmg medium. The experiments discussed in this paper were conduct-
ed for the following purposes: .

To compare the effectiveness of several chemicals as deflocculatmg ‘

agents for the dispersion of soils ;

To determine the effect of .one of the deflocculating agents 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
experiments (table I).

Effectiveness

The theory of soil dispersion has been discussed®. 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 for Testing Materials and the American
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TABLE I. SOURCE AND SOME-PROPERTIES OF SOIL SAMPLES*

Organic Content
Sample Textural Plasticity Matter o

No. Source Classi- Index Content, Carbonates, pH

flcatlox.x'i‘ Percent Percent
1 "Towa Clay 517 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 New York Clay 13.1 0.6 14.9 8.1
5 Texas Clay loam 3.6 0.2 81.3 8.2
6 Towa Silty loam 6.2 0.3 11.6 8.3
7 Virginia Sand N.P. 0.3 40.8 Y
8 Texas Clay 42,4 0.3 13.6 75

*Only material passing No. 10 sieve was used in this study.
tTextural clagsifications 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-
sis* *. The S.D.T. apparatus and its use have been described®.

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 silicate is specified as the deflocculatiﬁg 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 soil* ™ °. These three chemicals were evaluated as
deflocculating agents for the soil samples listed in table I.

. 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 38° Baumé. The solution of
sodium pyrophosphate, also known as tetrasodium pyrophosphate, Na, P,
0. 10H,0, and of sodium metaphosphate was 0.5 N (table II).
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TasrLE I1.

Dispersion
Apparatus

Mechanical
Stirrer

Dispersion
Apparatus

Mechanical
Stirrer

COMPARISON OF EFFECTIVENESS OF DEFLOCCULATING AGENTS INSOIL DISPERSON

Deflocculating Agent

Type Coneentration Amount*
of Solution (ml.)

No deflocculating agent

Sodium

Silicate 3° Baumé 20

Sodium.

Pyrophosphate 0.5N . 40

Sodium :

Metaphosphate 0.5N 40
No deflocculating agent .

Sodium .

Silicate 3° Baumé 20

Sodium

Pyrophosphate . 0.5N 40

Sodium . i

Metaphosphate 0.5N 40

Deflocculating Agent
Type Concentration Amount*
of Solution (ml.)

No deflocculating agent

Sodium

Silicate 3° Baumé 20

Sodium i

Pyrophosphate 0.5N 40

Sodium

Metaphosphate 0.5N 40
No deflocculating agent

Sodium

Silicate 3° Baumé 20, -

Sedium

Pyrophosphate 0.5N 40

Sodium

Metaphosphate 0.5N 40

Sample 1
0.005 mm. 0.001 mm.
58.2 386
"63.1 51.1
62.7 51.5
63.7 53.3
34.0 13,5
57.0 34.8
59.6 48.4
62.8 51.0
Sample 5
0.005 mm. 0.001 mm.
Flocculated
28.8 7.1
30.1 7.4
30.7 8.8
Flocculated
201 - 2.6
29.6 7.5
29.4 " o1

Sample 2 Sample 3

Percent} of Particles Finer Than
0.005 mm. 0.001 mm. 0.006 mm. 0.001 mom.
54.9 34.6 - TFlocculated
58.6 45.9 53.7 40.8 ‘
62.4 49.6 53.5 44.1
62.9 50.6 56.0 52.1
35.0 9.8 Flocculated
51.8 25.4 43.9 '16.8
59.5 482 54.2 427
59.9 48.0 54.8 43.0

Sample 6‘ Sample 7
Percent} of Particles Finer Than
0.005 mm. .0.001 mm. 0.005 mm. 0.001 mm.
15.7 6.0 - Floceulated
17.8 104 48 2.7
20.6 13.6 5.5 3.6
18.8 12.7 6.6 4.0
9.4 4.1 Flocculated

113 4.2 3.8 1.8
17.9 10 55 3.5
16.2 9.9 6.0 3.8

*Refers to the amount of deflocculating solution used in dlspersmg a sample of 50g. or 100g. into a one liter soil suspensxon

+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
- b7.1 30.2
Flocculated
55.3 27.3
53.3 " 284
56.3 29.6
Sample 8
0.005 mm. 0.001 mm,
‘Flocculated
¥ ! F
65.6 50.6
. 850 52.3
Flocculated
Flocculated
63.6 4.7
64.6 » 51.3
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The degree of d1spers1on of a so1l sample usually variés with the amount_.

of deflocculatmg agent used. The trend of variation depends on the type of . g
"soil dispersed, the type of deflocculating agent used, and the apparatus and

procedure.of dispersion. Soils' samples 1-and. 6 were used to determine the

" relation between.degree of dispersion and amount of each deflocculating
- solution, Both the mechamcal stlrrer and the S.D,T, Were used i i dispersing
' the soils. '

The degree. of d1spers1on obtamed by dlfferent methods ‘of d1spers10n

can be compared by part1cle size measurements This was followed in com- |

parlng the degree of d1spers1on obtamed Wlth d1fferent amounts of the -
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Amount of 3° Baume sodlum

“silicate solutlon in: ml.

F1g 1 Relatmn between amount of sodlum s111cate solut1on and degree
‘ of dispersion obtamed with d1fferent d1spers1on apparatus
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and degree of dlspers1on obtalned Wlth dlfferent dlspersmn
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‘three deflocculating solutions. The relations between the amount of each
deflocculating solution and the degree of d-ispers’idn of the two .samples are
" represented by the percent.of particles finer than 0.005 mm. (figures 1, 2,
.8). The curves for percentages finer than 0.001 mm. are similar. For equal '
amounts of solution, the S.D.T. gave-a higher degree of dispersion than the
mechanical stirrer and the amount of deflocculating agent used in the
S.D.T. procedure was of less importance than in the mechanical stirré_r .
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. (flgure 3). As a contrast, when dispersed .. ' - Ty
with the mechanical stlrrer, the degree of dispersion change substantially. -~ - .
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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 IIT). 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 sodlum metaphosphate was chosen for more detalled
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 chemlcals is discussed
in the appendix.

TaBLE III. SOURCE AND STRUCTURE OF DIFFERENT VARIETIES
OF SODIUM METAPHOSPHATE

Variety of : :
~ Sodium Source’ R Structure*
Metaphosphate ) .

A ‘Made by Calgon, Inc., Pitts- © Partially
burgh, Pa., and distributed - Microcrystalline
under the trade name “Calgon”- -

B Made by Blockson Chemical Co., Glassy

Joliet,) Ill., available at
Fisher Scientific Co., St.
Louis, Mo., as sodium meta-
phosphate, C.P.

C _ Distributed by Fisher Scienti- : Crystalline
. fie Co., St. Louis, Mo., as
sodium hexametaphosphate

D : Prepared at Iowa Engr. Exp. Glassy -
Sta. Laboratory from sodium '
dihydrogen phosphate aceord-
ing to Tyner (5)

E Made by Rumford Chemical ‘Works, ' Glassy
Rumford, R. I., and sold under
the trade name “Quadrafos”

F l ﬁ\/[ade by Rumford Chemical Works, Glassy
- Rumford, R. 1., and sold under . -
the trade name “Metafos”

*Based on examination with,a petrographic microscope.

Since the different varieties of sodium metaphosphate sold by chemical
supply companies may differ in their dispersing actions, experiments were
- made to compare six varieties (table III). Variety B was used in the previ-
ously 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 purposes’.
Soil samples 1 and 6-were ¢hosen for the experiments. The S.D.T, was
the only dispersion apparatus used. Since the amount of deflocculating solu- .
tion needed for maximum dispersiori may be different for different vari-
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TaBLE IV. COMPARISON OF EFFECTIVENESS OF DIFFERENT VARIETIES OF
SODIUM METAPHOSPHATE IN SOIL DISPERSION

Deflocculating Agent Sample No. 1 Sample No. 6

(Sodium Metaphosphate) Percent of Particles 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 19.1 117
40 63.7 53.3 . 18.8 12.7
50 61.7 52.0 184 © 119
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 . 182 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 51.8 191 - 12.2
40 63.0 51.6 18.7 14.3
50 62.2 50.8 184 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 13.0
50 61.5 51.6 18.5 13.4
60 64.4 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.

+All percentages are the average of results from duplicate
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
V). - '

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
significant difference in the effectiveness of the six varieties of sodium
metaphosphate, only two types, B and F, were used with the other six soil
samples. Sodium metaphosphates, B and F, were selected mainly because
of their comparative purity. The amounts of these two deflocculating solu-
tions to be used with samples 2, 8, 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 of 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.
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0 20 40 60 80 100 120

Amount of O0.5N sodium metaphosphate
F solution in ml.

TFig. 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 that 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 o

" 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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" TaBrE V. COMPARISON OF TWO VARIETIES OF SODIUM METAPHOSPHATE IN SOIL

. DISPERSION
Deflocculatil\'xg N .
Agent (Sodium Sample 1 Sample 2 Sample 3 . Sample 4
Metaphosphate)
. Percent of Particles Finer Thant
Variety Amount* 0.005 0.001 0.005 0.001 0.005. 0.001 0.005 0.001
(ml.) ‘mm. . mm. ‘mm. mm. mm. mm. mm. mm.
B 40 63.7 53.3 62.9 50.6 56.0 b52.1 57.1 302
) 100 63.0 52.0 62.5 52.9 55.2 482 57.0 303
F 40 63.4 52.0 59.0 46.0 56.83 48.1 56.6 32.0
100 622 53.1 60.8 50.3 55.7 51.0 57.8 30.5
Deﬂoccula.t:jng . -
Agent (Sodium Sample 5 Sample 6 Sample 7 Sample 8
Metaphosphate) : <y
. . Percent of Particles Finer Thant ’
Variety Amount* 0.005  0.001 0.006  0.001 0.005  0.001  0.005 0.001
. (ml.) ram. mm. mm. mm. mm. mm. mm. mm.
B 40 30.7 88 . 188 127 6.6 4.0 65.7 . 52.3 .
100 30.2 103 191 125 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.

+AIll 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 mechaniecal 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 Metaph()sphate B

Solution on Its Dispersive Action
. i

Sodium metaphosphate solutions may slowly revert or hydrolyze back
to the orthophosphate form with a resultant decrease in dispersive action”.
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 Wéeks had no appreciable effect on the
dispersing action of the sodiumi metaphosphate B solution (table VI). Be-
. cause of the limited extent of this 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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TasLE V1. EFFECT OF VARIATION IN AGE OF SODIUM METAPHOSPHATE B
SOLUTION ON ITS EFFECTIVENESS IN $OIL DISPERSION

Soil Deflocculating Agent Percent of Particles
(Sodium Metaphosphate B) Finer Than}
Amount* (ml.) Agef (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.b

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 18.5

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

. tAge refers to the time period after the solution is prepared.

TAll percentages are the average 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 equations. 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.

__ Ra '
P =—32—X 100 1)
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Where:
" P = percentage of originally dispersed soil remaining 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.

_ 30 nl,
' 4 =580 (G—G) T (2)
Where:
d — maximum particle diameter in mm.
n == coefficient of viscosity of the suspending medium in poises.
L = distance in em. through which soil particles settle in a given period
of time.

T = time in minutes, period of sedimentation.

G = specifice gravity of soil particles.

G; = specifie 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 R and a in equation (1) and of n, G, and G; 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 effects
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 added 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./100g. respectively.

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 hours, filtered, washed with distilled water, and then
dried. Results indicate that no significant change in specific gravity oc-
curred (table VII). ) -

TasLE VII. COMPARISON OF SPECIFIC GRAVITIES OF SOILS BEFORE AND AFTER
DISPERSION WITH 100 ML. 0.5N. SODIUM METAPHOSPHATE B SOLUTION

Sample ) Specific Gravity*, 20C/20C
No. Before dispersion  After dispersion
1 2.714 2.711
6 . 2729 ©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 8.4 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.
Viscosity at 68° F.

Liquid (centipoise)
A (Distilled water) ) 1.004
(20 ml. 3° Baumé sodium silicate
B solution mixed with 961 ml. distilled 1.018
water) .
(40 ml. 0.5N sodium metaphosphate B -
C solution mixed with 941 ml. distilled 1.025
water)
. (100 ml. 0.5N sodium metaphosphate B
‘D solution mixed with 881 ml. distilled 1.038
water)
- Soil suspension™ prepared from fraction .
finer than 0.001 mm. in sample 1 with ’
the following suspending medium:
Liquid A k . 1.026
‘Liquid B 1.031
Liquid C . 1.056 -
Liquid D : 1.097
Soil suspension* pfepared from fraction
finer than 0.001 mm. in Sample 6 with -
the following suspending medium:
Liquid A 1.116
Liquid B 1.195
Liquid C . 1.251
Liquid D 1.274

*The soil suspension prepared from the fraction 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 38 g. in 1000 ml. suspension.

Effect on Specific Gravity of Suspendiﬁg 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 determinations in two ways: The value of ¢ in equa-

tion (1) and that of G; in equation (2) may be significantly affected. The
hydrometer reading R in equation (1) is influepced 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 only, 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 mixed
with a defloceulating 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 deflocculating agent.

" The change in the values of ¢ and G, 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
approximately 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 defloceculating 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 contdining the amount of
deflocculating agent in the soil suspension. The correction constant can be
determined from the hydrometer reading (with the Bouyoucos hydrometer,
the reading is the constant). S '

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 :—LR(LVV— " (3)
For specific gravity hydrometer
\ C :ﬂRd_—\lN—) (4)
1000 -
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Where: o

C = correction constant.

m — amount of deflocculating solutlon in ml. contained in one liter of

soil suspension.

Rs = hydrometer reading of deflocculating solution at specified temper-

ature.

W = weight in grams of soil orlglnally 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 nientioned 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 (8) 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 with-

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 method® 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

44




1%

TaBLE IX. COMPARISON OF EXPERIMENTAL AND COMPUTED CORRECTION CONSTANTS FOR HYDROMETER READINGS

. Hydrometer Reading of Difference in hydro- Correction
) Deflocculating Agent Soil Suspension at meter readings of soil constant
Soil the elapsed time suspension with and determined by
indicatedf without deflocculating equation (3)
Type Amount* agentd.
(ml.) 15 min. 60 min. 15 min. 60 min.

Sample 1, No deflocculating agent 14.5 14.5 0 0
fraction Sodium meta- 40 17.0 17.0 2.5 2.5 2.5
finer than phosphate B 100 21.0 21.0 6.5 6.5 6.4
0.0005 mm.
Sample 6, No deflocculating agent 6.5 Not taken 0
fraction Sodium meta- 40 9.0 Not taken 2.5 2.5
finer than phosphate B 100 13.0 Not taken 6.5 6.4
0.005 mm.

*Refers to the amount of 0.6N 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.

IExample: 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. Thé 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
minutes 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 correction 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 chemlcals 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 d1sperswe 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
tested was found to be insignificant.
6. The viscosity of water is used as that of the c-‘uspendmg 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 adopted.
The followmg is one method of classifying the dlfferent sodium polyphos-
phates.

The sodium polyphosphates may be classified apcording to their strue-
ture into two groups, the crystals and the glasses. The crystalline sodium
polyphosphates include sodium metaphosphate, sodium pyrophosphate, 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

47




companies. The complicated properties of this group of chemicals have been
identified as follows® »- ™°:

Metaphosphorie acid, HPQ,;, 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 metaphosphates 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.

I -
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MATHEMATICAL ANALYSIS
~ 'OF A LAYER EXTRACTION METHOD ,
FOR SEPARATING CLAY-SIZE MATERIAL FROM SOILS
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_ " ABSTRACT
A layer extraction method has been developed for obtaining a represent-
ative sample of clay-size material from a soil suspension. This method is
especially advantageous in. preparmg a sample of relatively large size, and
‘the procedure is simpler than that of the decantatlon method, a comparab]e
" method of extraetion. .
In the layer method, the pos1t10n and the thickness of the layer to be
extracted from a soil suspension can be variéed, and one or more extractmns-
can be made. The effect of these variables on the size compos1t10n and the
aquantity of the extracted material is analyzed mathematically. Based upon
such an analysis, the proper pos1t10n and thickness of the layer and the
desirable humber of extractlons -can be determlned to suit the requirements
of a partlcular test. - -

INTRODUCTION

Propertles of common soils depend to a large extent upon the amount
and characteristics of the clay-size material contalned in the soils. For thig ‘
reason, it is often desirable to separate the clay-size material from a natural
soil and to study the characteristics of the material separated.

“Whereas different types of elutriators™ ° have been used for making the
required separation, sedimentation methods are in common use, especially
" for separating materials fmer than 0.002 mm. The procedure for making the

separation by sedimentation methods includes dispersion of a soil sam- -
ple* * *°, sedimentation of the suspended sojl partlcles by gravity or by cen-
“trifugation; extraction of the required clay-size material from the soil sus-
" pension® " ®® and drymg, if necessary, of the.extracted soil suspens1on 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
- materlal Whose component parts €¢an be dlfferentlated by sed1mentat10n
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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.

Decantatioﬂ Method

The method herein 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 dlstllled water and the resulting suspension
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 remov_ed“ from the container by decantation or siphoning. The con-
tainer is then refﬂled with distilled water to the original level, the diluted
s0il suspensmn allowed to settle after shaking, and the extraction process
,repeated. Th1s procedure is continued until the portion to be removed con- -
tains little or no suspended soil particles. 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 decantatlons
tend to magnify experimental errors. :

Other Methods

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 experlrnents requiring only a small amount of'
clay-size material.

The extraction of clay-size material from a s011 suspensmn can be ac-
complished with a continuous-type supercentrifuge. The supercentrifuge
serves to accelerate sedimentation as well as to separaté the desired clay
fraction. This method is especially usefu] foruseparating" clay material into
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dlfferent particle-size range fractions. The use of the supercentrlfuge has
been discussed’. A

The prlnmple of the supercentrlfuge 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 clay-size
material from a large amount of suspension make the method time-consum-
ing. Except for those laboratories which do frequent testing, the expensive
and comparatively complex equipment requirements are a decided disad-
vantage in using the supercentrifuge method. ) ‘

LAYER EXTRACTION ME’i‘HOD

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 can be Used to fractionate further the clay-size material
separated, it probably is advantageous to use a supercentrifuge.

Surface of soil suspension

N . A s

. | B i—L ]
L L—L < /
A : A A . A
__ I ,
Layer method Deceantation method

22222 soil suspension removed T

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

Among the different extraction methods, the decantation 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 repeated removals are not re-
qu1red to obtain a representatlve sample; but if- the amount of materlal
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collected from' the first extractlon is. 1nsuff1c1ent addltlonal extractlons
from the remalmng soil suspension can be made. After the first extractlon,
the soil suspension remaining in the container is composed of the ‘portion
‘below level A-A and the portion above level L-L. This remaining suspen-
sion can be reshak_en and anothér layer removed after sedimentation.

Dopth of suspensnon removed
-in decunfuhon method

e o0 ;{:,;frk':z:-lsos:d -
RN - ) in layer method .
s o o O30 j,/ :
c 000 Legand: - A= ° - <A . C \
A 4 @ . SIze.I ‘. « o 9 O - ’ !

|]** e 0@ cdnZ .. .00 Sediments

| LA o - @ size 4 Jof bottom

(@) @ Size 5’ TS _ ’
Before sediméntation- After sedimentation

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

The diagrams in figure 2 illustrate 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 throughout the entire depth of the suspension before settling begins.

If size 8 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 sedimentatipn'and the position of
the layer to be extracted by the layer method are shown in figure 2(b).

Note that the.ratio.of-particle sizes 1, 2, and 3 in the layer is also 1:1:1. A

vrepresentativ'e sample can thus be obtained from a single extraction.’

¥

'Mathematical ’Analy51s

The theory of the layer method ‘of extraction can be verified either by .

" laboratory experlments or by mathematlcal analysis. The latter method. is
" ‘used in this presentation. To avoid complex'mathematical expressions, the
‘analysis is presented by numerical examples. All equations ‘used in the nu-
‘merical examples are derived in Appendix I, and their application in com-
puting the theoretical gradation-of materials obtained is demonstrated in

"Appendix I1. In these computations the material collected from an extracted
layer is assumed to be the same as the materlal contalned in the layer prior

to extractlon
T B2,




*» TaBLE I. GRADATION OF HYPOTHETICAL SOIL

, 0.002 mm. g
1.00 .100.0 - - ‘ v
0.074 96.0 -
0.005 ‘53.0 .
010025 48.1 )
0.00225 . C 420
0.00200 - 40:0 100.0 b T ‘
0.00175 - 382 ~ 955 o . !
0.00150 - 36.2 90.4 o : :
0.00100 30.7 76.9
0.00060 23.9 59:8 o \
0.00030 . 14.7 36.7 .- o o T
] 0:00010 0 0, - L -
. . : N ’ - I - [ ' Lo
‘ A ‘hypothetical soil with gradation as shown in table I, and figure 3'was
used in the niimerical examples In separating the clay-size material from
- this soil, it is assumed that a 150 g. sample is dispersed in distilled. water
~and the resulting suspension put in a container, shaken, and allowed to . _
settle by grav1ty It is further assumed that the depth of the suspensmn in -
. the container is 21.00 cm. ' ‘ A '
If the materlal finer than 0. 00200 mm. is the clay fractlon desn'ed com- '

]

Percent Finer - ‘ \ o
- On the basis of the [ ‘ o

'On the basis of . s .
fraction finer than . . J e

- Particle Size,. mm. the whole sample

putations can be made to determme level A-A (figure 1) above whichno . -
particles coarser than 0.00200 mm. will remain in suspens1on after a given = - '
period of sedlmentatmn Accordmg to Stokes’ law’,

. 80 - : / - .. , .
R ) - S ' - '
Percent finer ‘ ' ) . /
40— —F —

100

20

i

0
. 0000l -

‘0.0010 0.0020.

- 0.0100

0.1000

"Particle size, mm.

10000

. Fig. 8. Particle-size accumulation curve of hypothetical soil.
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980 (G—G;) TD? :
30n ’ . ] (1)

h =

where h = distance in centimeters through which soil particles settle
G = specific gravity of soil particles
G; = Specific grav1ty of the suspending medlum, in this case
water
T = time in minutes, period of sedimentation
D = particle diameter in millimeters .
n = absolute v1scos1ty of the suspending medium in poises
If G =2.730
G; = 0.998 (water at 67° F.)

T = .360 min.
n — 0.0102 poises (Water at 67° F.) '
thenh ='2.0 x 10° D? ' ' 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 soﬂ suspens1on

Among the assumptlons 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 CASES OF THE LAYER METHOD P

Position of Top of the Layer Bottom of the Layer Thick-

the layer hi¥,cm. Limiting he*, em. Limiting + ness of
with respect (Distance from  Particle (Dlstance from Particle the
to Level A-A%* surface of soil Size, surface of soil Size, layer,
suspension) mm. suspension) mm. *oem.
Case I Above level . 4,50 0.00150 - 8.00 - 0.00200 3.50
Case II Below level © 7 8.00 © 7 0.00200 12.50 0.00250 4.50
Case III . Partly above © 612 0.00175 10.12 0.00225 4.00
- and partly : .
below level
- A-A ‘
Case IV Same position . 4.50 0.00150 12.50 0.00250 8.00
as case IIT - ) .

*See figure 1.
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but the analysis is greatly simplified by using the hypothetical 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 cons1dered 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.

100 e
/ A\
/ s
80 /// Casae I __|
/ ,
Case I———p;/'
60
Percent »
finer Doslred grodat!
. 40
20 &
o}

0.0001 0.0003 0.0008 0.0020 0.0040
0.0002 0.0004 0.0010 0.0030 0.0030

Particia size, mm.’

Fig. 4. Particle-size accumulation curves showing differ-’
ences in gradation of clay-size material obtained
from layers pos1t10ned as in case I, II, and III -(table
ID).

" Position of Layer

" The gradation of the clay-size materlals obtained from layers positioned -
as in cases 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 I is closest to the desired gradation, but
the material obtained from this layer contains a small amount of partlcles
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 I material,
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v

on the other hand, meets the maximum particle-size requirément but is not
. as satisfactory with respect to overall gradation. Because both the thick-
_ ness of the extracted layer and the method of extraction affect the grada—
' ‘tion, it is 1mposs1b1e to select a layer pos1t10n Wh1ch will give the best re-
+ sults without consideration of them ‘ = .
Thickness of Layer :
If the position of the layer is properly chosen, the thmner the layer the
more closely will the gradation of the material obtained approach the de-
_ sired gradation. This is illustrated by comparing cases III and IV, (table II).
Figure 5 shows the desired gradation as well as the computed gradations of
materials obtained from layers positioned as in cases III and IV. Note that
" the material from the thlnner layer, case I11, has the more desu'able grada-
th"" , :

100 . — ,
o 1 ‘ , A I
. - . a — .

AT
s
y. AV \

' . 85— . P ) ‘
: | . / :
Desired qrudahon Thinner layer (Case IIT): ~
( . . 7 .
v \/ '
74 )

. %0
Percent : I . g
finer . /——— T'\'Ick_ef layer (Case IV)
' 85 /,/ .
. . 28
/ _
75 — :
+ 1.0.00100 0.00125 ', 0.00i50 ' 0.00175 0.00200 0.00225 0.00250
. -

Particle size, mm.

"~ Fig. 5. Upper portion of particle-size accumulation curves showing
\ the difference in gradation of clay-size material obtained from
layers of varlous thlcknesses
In practical application of the layer method, the choice of layer thlck- :
ness would also be influenced by the quantity of clay-size material desired..
If thmner layers aré chosen, more time and effort will be necessary to obtain
a sample of the desired quantity. -

Number of Extractions

Although repeated.extractions are not required in uéihg the layer meth-
. od, three or four extractions from a soil suspension may be necessary to
~ obtain a sample of larger size. The difference 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 .

100

co //
Percent finer /

40l o

-

20

c

[eXslele]] 0.00!10 00025 0CI00 01000 1.000

. " Particie size, mm.
Fig. 6. Particle-size accumulation curve of soil in the suspension after first

extraction. _ ‘
First extraction /
N\ yadl
‘d
95 ‘ w2
/’/
Second exfrucfion//’
N
Percent ;
. gradation

finer

75

0.00100 0.00125 0.00150 0.00175 0.00200 0.00225 0.00250

Pariicle size, mm.
Fig. 7. Upper portion of particle-size accumulation curves showing differ-
ences in 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 8.50 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 8.50 cm. layer
is withdrawn. By using the theoretical particle-size accumulation curve of
the soil in the suspension after the first extraction (figure 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 siniilar to the decanta-
tion method than to any other, 2 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 effoit heéded to obtain a desired quantity of the sample.

The representativeness of the material 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 8 is 1:1:1, 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_hypotheticall 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) is-removed: For the assumed conditions, level A-A .
is 8.00 cm. below the surface of the suspension (see-section on mathematical
analysis). The size composition of the extracted material can also be deter-
mined by use of the equations in Appendix I. .
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TaBrLE [1I. COMPARISON OF CLAY-SIZE MATERIAL EXTRACTED BY LAYER AND
' DECANTATION METHODS

) .
Particle Size, mm. Percent by Material Obtained Material Obtained

Finer Coarser Weight in by Layer Method* by Decantation
Than Than the Desired Method
Clay Fraction Weight, Percent Weight, Percent
’ 2. .

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 171 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 single 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 necessary to obtain a representative

saniple by the decantation method.

100 - >

80 i __/ :

Percent

finer ' ' /
// BE

4 R
) / Layer method
Decantation rethod \\“P/
60 / - -

40 A
' ‘ V Desired gradation

V¥4
20 7

' .
"

0.0001 0.0003 0.0005 0.0020 0.0040

’ 0.0002 0.0004 0.0010 ' 0.0030

Particle size, mm.

0.0050

Fig. ‘8. Particle-size accumulation curves showing differen'ce in
gradation of clay-gsize 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 the layer 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 container. 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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N ‘ - . . Particle diameter
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T T — (3 Iq b
2
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(a) . (b)

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 sedimentation period, and a given temperature dur-
ing sedimentation, Stokes’ law as expressed by equation (1) can be written
as

_ h = KD? v 3)
where h = distance through which soil particles settle.
D = particle diameter.
K is aconstant.

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 (38) (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 that
no particles with diameter greater than D, remain in suspension above level
B-B and none with diameter greater than D, 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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Equivalent spherical diometer in mm,

Fig.9. (b) Shows a curve representing positions of soil particlésl 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 equation of these segments is

P=mlogD 1+ R, (4)
where P — percentage of particles finer than D. ’
D = particle diameter.
m and K, are constants.

o R
5
- £
. P ' Pq .
(Percent finer)
p

Dy Dy D
— Increase

. Log D (Particle diameter)
Fig. 10. Particle-size accumulation curve of a soil sample.
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-Assummg the part1cle size accumulatmn curve of a- soil to be as shown 1n

e - . figure 10, the sectlon of the curve representlng part1cles with dlameters in 7

. ‘the range D,-D. approaches a stralght lme and can be represented by equa-
tion (4). . .
Before Sedlmentatxon

followmg equatmn

'-@;@EE

'3

w6

where W= Welght of soil contamed 1n the layer (1nclud1ng partlcles of

-all sizes). S -
, W — total weight of d1spersed sml o
h. — h, =thickness of the layer.. . S

H == total depth of the soil'suspension in the contamer

.can be determined from the equatlon PR

. wP '
Wfb’ =2
, where Wi, = welght of part1cles havmg d1ameter smaller than D, con-
VA ‘ B : , tained in the layer before- sedlmentatmn
' ' ' P, = percentage of particles having d1ameter smaller than: Db -in
the dispersed sample (figure 10).

If particles in the- size  range D,-D, (ﬁgure 10) are cons1dered thelr"

I '_ ‘_j L welght can be determlned from the equat1on, .

“ U - Lo o Wha,= ¢ 100
where whq = Welght of part1cles in the size range Db-D contamed in the
‘ " layer ‘before sed1mentat1on . -
P, = percentage of partlcles ﬁner than s1ze D[l in the d1spersed
' sample. - :
Substltutmg equatmn (4) 1n equatron (7 ) and s1mpl1fy1ng,

Equatlons (7) and (8) are valld ‘when D is. W1th1n the range Db-D becaase

size. range approaches a straight llne
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R } Since. part1cles of all sizes are: unlformly dlstrlbuted throughout the' '
LD © . suspending medium before’ sedimentation, the weight of - sorl particles con-
‘ Lo ’ tained in the layer between level B-B and level C- C can be computed by the' |

If part1cles with diameter smaller than D, are cons1dered thelr We1ght. '

7100 - A

o (P -Pb) N O

| _ D,
o o : Woa = 100 log—5 Db L : (_8)

only the segment. of the particle-size accumulatlon curve representmg thls .




'After a Given Sedlmentatlon Perlod

\

Flgure 9b shows. that those particles with diameter smaller than D,
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 D, are therefore still uniformly

" distributed throughout the layer at the instant of extraction, and equation

(6) can'be used to compute the weight of partlcles obtained from; the layer.

.The weight of particles in the size range D,-D, (ﬁgure 9). suspended in
the layer will be less than that computed by equation (7 ) because partlcles
in this size range are no longer uniformly distributed throughout the layer
at the end of the sedimentation period. The setthng distance of particles
of size D; is h; (figure 9). Therefore, at the end of the sedlmentatlon period
no particles of size D; remain in suspension above a level ‘which is h; belowi
level T-T. Particles of size’D; in the layer between. levels B-B.and C-C remain
in suspension only in the lower portion. The thlcknesslof this lower portien
is (he-h;), while the thickness of the layer is (h -hy)-

The weight. of soil partlcles of an infinitesimal size range embracmg size
D; which remain in suspension in the layer between levels B-B and C-C at
the end of the given sedimentation period will be . :

o hc-hi % WA Pi
heh, > 100

.where P is the percentage by‘weight of the particles within the infinitesi-
' mal size range in the dispersed sample By a process of summatlon, the fol-

lowmg express1on can be derived:

Wi _III;f)noo M heh waP
- 1Bk, T100 -
1 P, heh

or qu_lOOIth-hb w dP - . (9).'.
where Wy, = Weight of particles in the size range D,-D, contained in the
layer-at the end of the sedimentation period. In this analy--

A sis, wyy- is-also the Welght of particles in the size range

Dy-Dy obtalned from the layer.

From equation (4), N ) : N

m log e

ap =22

db . . (10)

‘,S_tvlbstituting‘equations (3)-and (10) in equation (9), - * -
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) f‘ wm log e -(hc‘— KDZ) 4D

n Wl =mf D, ~— .D 0

A

_ Intégrating

. Wmloge ‘ D, K (Dq2_bb2) '
Wi’ =150 100 (o) oL heln—p ————5— ]
. Subst1tut1}ng~ h=KD? vlog D=logelnD and simplifying - .

[y

o D, (h —hb) log e R
Wi = m[h log ! — 3 ] o
From equatlons (8) and (11) . ’ ‘
_ -- qu/ . 1 - - . (hq — hb) log e , ' 12
qu - hc '—'.hb hc .9 ].Og Dq i \ ’ ( )
' J ) D1

Equatlon (12) gives the ratio of the welght of partlcles in the size range
"Dy-D, obtained from the layer after a given sedimentation period to the’
weight of particlesin the same range prior to sed1mentat1on T

} "It will be noted that equations (11) and (12) are valid only when D, is

within the size range. D,-D,.and the segment.of the partlcle-s1ze accumula-
tion curve representing th1s» size range approaches a straight line. If the
segment of the curve differs significantly frem & straight line, a s1m11ar'
. approach for equation derivation ean-be followed except-that the segment
of the curve should be either approximated by a number of straight line
. segments or represented by a non- hnear equation

. APPENDIX -II -

EXAMPLE OF CALCULATIONS

The methods of calculation of the size composition of clay- s1ze materlal
obtained by, the layer and the decantation methods of extraction are prac- -
tically the same. In the example which follows only the computatlon relat-
ing to the layer method is presented

The gradation of a hypothetical soil has been shown in table I and figure
3. The soil is dispersed in distilled Water, and after a sedimentation period
of six hours a layer positioned as in case I (table II) is removed from the
" soil suspensmn The size composition of the materlal obtained from the
removed layer i 1s 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 em.

h, = 4.50 em.

h, = 8.00 cm. B .

D, = 0.0015 mm. ~
D. = 0.002 mm. : -
P, =36.2

P. = 40 0

The s1gn1ﬁcance of each symbol is given in Appendix I.

Before computing the weight of partlcles in any specific size range,
constants m and K; must be determined. [See equation (4).] From the
gradation of the hypothetical soil given in table I,

P—O for D = 0:00010 mm.
= 30.7 for D = 0.00100 mm.
Substltutmg in equation (4) and solving 51mu1taneous1y for the two un-
knowns m and K;, we obtain

= 30.7
K1 = 122.8
We then have for equation (4) '

P =30.71log D 4 122.8 ’ (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 combining equations (5) and (6) to obtain:

W = h1000 1};) WP,
aubstltutmg h. = 8.00 cm.
<hy'= 4.50 cm.
- H=21.00 cm.
W =150 ¢.
P, = 36.2

we get  wy = 9.05 g.
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The gradation of this material is the same as that of the fraction finer th'an :
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 0:001 mm. material = 9.05 X —gg-% —17.68 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 obtained from the layer can be computed and results are given
in table IV. The weight of minus 0.00010 mm. material obtained from the
Jayer will be zero because the hypothetlcal soil contains no particles finer
than 0.00010 mm.

Since D, = 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
gize range 0.002 - 0.0015 mm. obtained from .the layer can be computed
by combining equations (5) and (11) to obtain .

, D, " (hy — hy) loge
Wha = 100H|: h log % — 5 :l
Substituting m = 30.7 as given in-equation (13).

W =150 g.
H = 21.00 cm.
h, = h, = 8.00 cm.
Dy = D. = 0.002 mm.
h, = 4.50 cm.
D, = 0.00150 mm.
we get Wy, = 0.53 g.
Hence i
Weight of minus 0.002 mm. material
= Wi, -+ Wy = 9.05 + 0.53 = 9.58 g.
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 equatmn
(14). In this example,

(14)

D, = 0.00175 mm.
From equation (2), .
' = 2.00 x 10° D, ‘
=2.00 x 10° (0 00175)% = 6.12 cm.
The values of m, W, H, h,, D, hy, and D, 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. _
Welght of minus 0.00175 mm. materlal = 9.05 + 040 = 945 g.. From
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. Appendix I it will be noted that the weight of the material in the size ranges
0.002 - 0.0015 mm. and 0.00175 - 0.0015 mm. can also be computed by com-
i ' . bining equations (7) and (12). ,
‘ i “Tapri IV. SIZE COMPOSITION OF CLAY-SIZE MATERIAL OBTAINED FROM
~ CASEILAYER

Particle Size, ram. Weight of material finer Percent of material

than size shown, g. finer than size shown

0.00200 9.58 . 100

0.00175 945 ' ' 98.7

0.00150 * C9.05 -, 94.5

0.00100 7.68 . 1S 80.2 , ' , ‘
0.00060 " 5.98 62.5 i
0.00030 3.68 88.4

0.00010 _ 0 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 METHOD
TO SUPPLEMENT HYDROMETER TESTS
FOR PARTICLE-SIZE DETERMINATION IN SOILS

/

by .

R. L. Handy, Associate Pro'fessor, Civil Engineering

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 settling, 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 0.001.

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 elay 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 silt 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 method'* has been
adopted. Bouyoucos® ® * * ° 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 because of the long settling time necessary. A centrifuge
is generally used to speed up settling’®, and a centrifuge hydrometer method
has been developed® *°. In these methods the effects of 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 tube®°.
A two layer method involving two liquids in a centrifuge tube has also been
developed which, while shown to be accurate, is rather time consuming** *2.

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 Stokes’ law ; and from the velocity, the distance and
time of settling may be determmed In a soil suspension, the time is meas-
ured from when the suspension was last stirred, ard 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

oo 0-001 0002 0003 SURFACE OF
I | i SUSPENSION

BOYOUCOUS
" HYDROME TER
TYPE "A'

;

3' L
< . / N
Lot T T - —/——h—\—'—r[\
2 — CALCULATED SAMPLING DEPTH - - ——}——f\ +—a
__ ./
- T T = T T = ] /_/ 5-ml PIPETTE
g SAMPLE
x 15+ 25-ml- PIPETTE
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p s
-
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Scale: e 2 i |
25 | | 012 345cm

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'®.

Pipette

In the pipette test instead of measuring the spemﬁc 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 directed 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 have 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 hmlt to 0.0001 mm. in a study of collmdal suspensions of
goldm 17

Collmdal partieles in.a suspensmn 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 application 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

'Apparatus .

With the pipette apparatus, the lower 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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arrangement permlts the.settling of 'up to 12 'suspensions at one time. The
soils to be tested were dlspersed according to the ASTM standard method.-
(ASTM Designation: D422- 39) as modified®, using sodium ‘metaphosphate
as the dispersing agent. Standard 1000 ml. glass graduates are used, and
the air jet dispersion apparatus is'well adapted to the method"

. Settling Time and Sampling Depth

" The time of settling for spherical partlcles of any diameter ‘may be cal—l'
culated from Stokes’ law, expressed as : -

_ T 30yL
' ) 980 d} (G Gy’ .
where T is the time in minutes, » the viscosity of the setthng medlum in
poises, L the depth in centimeters, d the particle diameter in mllhmeters,
and G and G; the specific grav1t1es of the patticles and the setthng medlum
respectively. : :

The specific gravity of the soil particles, G, should represent material
in the s1ze range being studied. Since only the spec1ﬁc grav1ty of the minus
10 s1eve portion of the soil is usually determined in engineering laboratorles,
" this value is used in the ASTM standard hydrometer test.- It may be used

in the supplemental pipette test, and the error will probably be in keeping
with the limitations of Stokes’ law. In working with the clay fractlon, the
_error will vary with the types of clay mmerals present. ’
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Since », 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 temperature
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F1g 8. 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
T— 30,L

— 980 &*(G—Gy) ' .
the average temperature throughout settling is 67° F. (19.4° C), 7,_0 0102
poise. If d=0.002 mm., L=5 em., G= 2.60,

_30(0.0102) (5) . . o .

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).

B

TaBLE I. A SAMPLING SCHEDULE FOR PIPETTE ANALYSIS

Bquivalent Ay age
spherical tempera- Sampl;lng Settling time

particle ture dept]

diameter
mm. C. cm.
0.002 20 5.0 3 hr. 46 min.
0.001 20 30  9hr. 5min.
0.0005 20 2.0 24 hr. 10 min.
0.0002 20 1.9 6 days

The Automatic Pipette

Before using the pipetté 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 procedure'™ *°,

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 are 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 reusing.

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 y 19.0722 gm.
Wt. of oveﬁ-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 - 0.0922—0.0159=0.0763 gm.
Oven-dry wt. of soil particles finer than 0.002 mm. :
. 1000
in the whole suspension : (0.0763) 5025 — 15.19 gm.
15.19

Percent by weight of the soil particles finer than 0.002 mm..... . (100) 17;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 the 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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TasLE 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.{
0.002 0.001 0.002 0.001 0.0005 0.0002
mm. mm. mm. mm. mm. mm,
55-1 12.0 114 . 10.5 . 8.6 6.5 - 3.8
20-2 16.0 14.5 154 12.7 9.3 4.0
61-2 - 19.6 18.0 18.8 15.7 11.2 6.9
26-1 224 20.0 21.5 18.1 14.2 8.3
26-2 28.1 19.8 23.4 19.8 15.1 7.8
29-1 ©25.0 22.2 24.0 20.7 16.6 114
36-1 28.9 25.0 28.4 24.6 20.5 14.3
431%-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
49-3 314 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.
+AIll 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 curves in figure 5 illustrate the effect the kind of clay

on
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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.made
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 probably illite or a mixture of illite and
montmorillonite. 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 samples 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 I11. PROPERTIES OF SOILS TESTED WHICH MAY AFFECT MECHANICAL ANALYSIS

Engineering
Sample . Location (All gampling Cation  Qrganic CaCOs Classifi-
o Material Age m SW Jowa) “pepth P,I Exchange Matter Content cation
- (County) Capacity (AASHO)
ft. % me./100 gm. Y %
55-1 Loess 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 Loess Wisconsin  Audubon 5-6 18.0 19.5 0.25 2.9 A-6 (11)
36-1 Loess Wisconsin  Montgomery 516-61%  20.8 21.0 0.21 1.8 A-7-6 (13)
431%4-1  Loess Wisconsin  Fremont 414,51  33.4 24.4 0.37- 0.5 A-7-6 (18)
46-1 Loess Wisconsin Page -6 32.7 22.6 0.30 1.5 A-7-6 (19)
49-3 ‘Weathered Loveland Pottawattamie 55-56 24.6 22.7 0.19 1.2 A-7-6 (15)
Loess Soil :
49-4 Loess Loveland Pottawatiamie 65-66 15.3 16.6 0.11 7.0 A-6 (10)
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CALCULATION OF STANDARD PROCTOR DENS:ITY
AND OPTIMUM MOISTURE CONTENT FROM MECHANICAL
‘ ANALYSIS, SHRINIKAGE FACTORS, AND PLASTICITY INDEX
‘ ' . by
D. T. Davidson, Professor, Civil Engineering

W. P. Gardiner, 1st Lt., Corpé of Engineers, U. S. Army
(Highway Résearch 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 (maximum 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
when a wet soil is allowed to shrink under natural forces to the shrinkage
limit. They calculated this density in pounds per cubic foot from the mechan-
ical analysis and shrinkage test data of the soil. The density formula used is

D

Calculated Density = 14 DO . D-C 1)

) 62.5G
‘Where:
C=625R
R = Shrinkage ratio

B

D=0C+ —

A= Percent of soil passing U. S. No. 4 sieve
B = Percent of soil passing U. S. No. 40 sieve
G = Approximate specific gravity as calculated from the shrlnkage
limit and the shrinkage ratio
Formula (1) may be written in more convenient form as

6250
_ 1) 4 100 100

Calculated Density = (2)

S(A

S = Shrinkage limit

*Rowan, W. H. and Graham, W. W. Ploper Compactlon Eliminates Curmg 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 (-E-) (3)

The results of experiments on ten soils indicated that the calculated
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.

Tesﬁ 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 localities 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 Jowa soils and one Virginia soil. Test data on 92 soils representing
28 Jowa 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 PRCGCEDURE

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 correla-
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:

Calculated Density — Laboratory Density

Percentage Error = Calculated Density

X 100

These figures were plotted graphically agalnst those for the plasticity 1ndex
(figure 1). '
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IFig. 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 x is 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

_2x _ .
Yy =% 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 determine the density correction
factor K; by means of the formula

100 —y
K= &)
which, when expressed in terms of the plasticity index, becomes
: 312 — 2x -
K, =300 (7)

The value of K; may also be taken directly from the dashed line curve in
figure 1.

The modified dens1ty formula is obtained by multlplylng formula (2)
by the correction factor K;. It may be written

6250 K,
100
S (R0 +5-

Calculated Density = (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 dlagram graph against those for plas—
ticity index (figure 2).

The data of this scatter diagram showed a linear relationshii) 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 x is the plasticity

Deviation

(optimum moisture)
=z !

‘ o
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Fig. 2. Correlation between calculated and standard Proctor optimum mdisture

contents.

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

—_ __X
zZ = 3 + 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 K, by means of the formula '

Kg:,—-Z

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

Kg :—}z)){“—' _— 4:

(11)

(12)

" If desired the value of K, 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, to formula (3). It may be written

Calculated Optimum Moisture = S (—E—) + K, (13)

LIMITATIONS

On the basis of the limited experimental 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 should be used. The data obtained from experiments on eight
soils in the Soils Laboratory at Iowa State University illustrate the results
obtalnable with the modified formulas (table I).

TABLE I. ReSuLTS OF PERSONAL LABORATORY EXPERIMENTS

Sample - . 1 2 3 4 5 6 1 8
Location Jowa Towa Towa Iowa Iowa Towa Iowa  Virginia
P.R. Classification A-4 A-6 A-7-6 A-6 A-T-6 A-7-6 A-8 A-2-6
. Mechanjcal 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 13.5 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 18.1
Soil Constants:
Liquid Limit, % 29.5 34.8 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 .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. 107.5 107.2 108.6 119.1 103.2 127.1 118.9 118.5
Opt. Moisture, % 18.1 16.9 15.1 11.8 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 absorptive,
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 muéh movre 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 this
accuracy is needed since the majority of
construction 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 ecalculation 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 116.1 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 ecalculate 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 VERSATILE RUBBER B‘AL.I.OOE;‘I APPARATUS
FOR MEASURING IN-PLACE DENSITIES 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 basement excavations, and in other like
places deep in the soil section. Additional requirements 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 result of two years of use of the new ap-
paratus in Towa and Alaska, various modifications and improvements have
been made.

INTRODUCTION

During the past several years, soils investigations by the Iowa 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 extend 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" * * “—are all adapted to meas-
urements on a level surface. On a vertical face or a steeply sloping face, this
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 development 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 various
soils in Towa and Alaska. It is now used by the Experiment 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
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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 folding template and a small
balloon holder, the holder being connected by a 34 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 given in Appendix I.)

dien 10 R

Fig. 2. For a rapid zero check, pressure is Fig.3. Apparatus assembled

5

applied to draw the balloon up in- for carrying. The bal-
to the holder. A flow valve is loon holder and loose
turned, and the graduated cylin- hose fasten onto the
der is held vertically while the graduated cylinder sup-
water level is read. port, and (right) the

folding template fits in-
to the sample bag for
carrying.
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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. Breaks 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 {fow is obtained by changing the head, so pumps or suction de-
vices are unnecessary. For example, after running a test a flow 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 flow valves are opened, and the water fows back into the graduated
cylinder. ‘
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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 point 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 eylinder 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 bag 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 the 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 714 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 APPARATUS;

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 development 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 114 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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APPENDIX I ;

SUGGESTED PROCEDURE FOR USE
OF THE IOWA DENSITY APPARATUS

Apparatus

1. Towa 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 méthod for drying®.

/

Testing

1. Prior to testing, an average zero volume reading is obtained by in-
flating the balloon with the holder pressed against a flat 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 balloon holder.
This is done by opening the flow valves and raising the holder four or five
feet above the eylinder (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 sbaken 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 flat 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 samplé 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 sée irtegular contacts.

8. The test hole is dug through the hole in the témplate, and the ex-
cavated soil placed in the sample bag and/or on the template (figure 1b).
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 Temoved 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 expaﬂnds 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 lést 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 holder 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 eylinder. 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 necessar
to re-zero after this operation. '

15. Replacing 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: F1A-1, Fairbanks, Alaska..
Material: Very dry, buff-colored friable silt.
Compaction: None.

Depth of Test: 2'7” to 211" (vertical roadcut)

Hole: Final reading 0.0336 cu. ft.
Zero reading  -0.0171 cu. ft.

"Hole volume 0.0165 cu. ft..

Moisture Content:

Wt. can 4+ moist soil  149.8 gm. Wt. can 4+ dry soil 144.3 gm.
Wt. can - dry soil 144.3 gm. Wt. can ' 30.0 gm.
Wt. moisture 55gm. ' Wt. dry soil 114.3 gm.

. Moisture Content — —5-;15-—- (100) = 4.8%

Density: - ‘ )

Wt. sack - moist soil 729.5 gm.

Wt. sack © 40.6 gm.

Wt. moist soil 688.9 gm.

. 688.9 - ‘
Wt. dry soil =100 1. 48 (100) = 657 gm. = 1.45 1b'.
Dry density = 1:4810. __ g7.91p/cu. £t.
) 0.0165 cu. ft.
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CATION EXCHANGE CAPACITY
OF !.OESS AND ITS RELATION TO ENGINEERING PROPERTIES
by
D. T. Davidson, Professor, Civil Engineéring
J. B. Sheeler, Associate Professor, 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 depesits in southwestern Iowa is be-
lieved to have accumulated during and immediately following glaciations
of the Wisconsin glacial stage which invaded northern Jowa 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 flood 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 erosional'!.

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'®. 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
becoming 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 mto 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 thicknéss 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 Marshall**. The thicknesses.of the solum on ridges and hilltops vary
from zero or a few inches in depth at the west boundary to around three
or four feet near the east. Solum includes both the A and B seil horizons
where both.are in place or one only where the other is missing.
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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 data'®. The depth measure-
ment at the east valley wall is the estimated maximum thickness
of the loess in the general vicinity of the traverse origin.
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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 River.
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 reasonable 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:

98




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 ’
18. Textural and engineering classification
14. Hydrogen ion concentration, or pH |
15. Organic matter content
16. Carbonate content, expressed as percent CaCO;
17. Sulfate content, expressed as percent SO;-
18. Cation éxchan;ge capacity -
'19. Differential thermal analysis , )

[\
=

. 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 slopes’. 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
loess®, 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 VARIATIONS IN WISCONSIN LOESS ALONG TRAVERSE 3 . i o . . -
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Fig. 4. Particle size accumulation curves for samples obtained at west
(22-1) and east (80-1) 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 along 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 80-1 in table I).-Wisconsin loess in the
southwestern Iowa area is classified into Bureau of Public Roads system
groups? (figure B) ; the Bureau of Public Roads group boundaries as shown
should be considered 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 scientists™. It can
be measured qualitatively and’is‘closely 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 cations® and lime®. 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 to 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 primary 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
appears to be the principal exchangeable cation associated with the clay
material. Further studies are now in progress to determine more definitely
the mineralogy of the Wisconsin loess in southwestern 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-
equivalents 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 cati’on
valence of cation X 1000

For example, a soil having a cation exchange capacity of 20 m.e. per 100 g
is capable of adsorbing

grams adsorbed per 100 g of soil=m.e. per 100 g X

1.008

40.08 ,
or o

17.03

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 proposed*?. 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 givenr salt, the cation ex-
change capacity may be significantly less than when determined with an
alkaline (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 (NH.4) that has been
taken up by exchange. The test methods used in measuring the cation ex-
change capacity of the Wisconsin loess samples are 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 theloess
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 amount 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.

1
24

n
=]

@

LEGEND
o Sampling depth 24-—36 in.
A Sompling depth 90—102 in.

QO Sampling depth 96-108 in.
X Sampling depth 348—360 in,

Cotion Exchange Capacity, m.e.per 100g
\E
>

D

) 5 0 %6 30 0 50 50 70 80
Distance from East Valley Wall, Miles
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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 carbonates 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 modified®)
2. Liquid limit (ASTM Designation: D 424-39)
3. Plastic limit (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)®
10. Field moisture content (The method for material that does not contain

aggregate larger than 0.25 inch was used®.)

AComplete details on the tests may be obtained from publications
cited™ * *°,

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 was 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
ethange capamty

| ,
Amount of 0. 002 mm. clay (ﬁgure 7 A
* Liquid limit (ﬁg-ufe\S)_\ ; o !
. Plastic limit (figure 9)
Plasticity index (figure iO)
Shrinkage limit (figure 11)

Centrifuge moisture equivalent (figure 12)

:QP‘P‘P.“.L\"!"

Hygroscopic 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 100 g,
which, as 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
“wholé” 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 samples®. The engineering properties which
show a curvilinear relationship to cation 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 m01sture equlvalent and clay content in previous _Jinvestigations
have shown that the F.M.E. varies slowly as clay content increases and
even for a given type of soil exhibits considerable variability® **. More
plotted points in the cation exchange capac1ty range above 16 m.e. per 100
g are needed before a significant curve can be fitted ; for thls reason no curve
is shown.

On the basis of the data plotted both. the 1n-p1ace density, prov1d1ng in-
place density measurements are made in similar stratigraphic positions,
and the field moisture content of Wisconsin loess appear to be directly
proportlonal to cation exchange capamty, showing an increase in value with

an increase in cation- -exchange capacity (figure 15, 16).

CONCLUSIONS

1. The quantitative measurement of the amount of ammonium (NH4—}—)
adsorbed upon leaching or 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 carbonates present.

3. The variation of cation exchange 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
engineering properties needs additional study.

-8.  Since the determination 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 quantltatlve 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 d1rect1y
related to conventional engineering propert1es of s01ls

o APPENDIX
TEST METHODS USED FOR MEASURING CATION
EXCHANGE CAPACITY

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

" 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 sample 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 1n1t1a1 pH. In
the second method, the exchange was accomphshed by shaking a mixture
of s0il and ammonium acetate solution in a bottle. Instructlons for using
the leaching method are presented first.

N 500 ml Volumetric Flask
Leaching °

Solution

500 ml
Erlenmeyer

Leachate

L

Fig. 17 Leaching apparatus
for catlon exchange
capac1ty 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 should 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 ml. 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 appears 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 leached 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
quantitatively the amount of ammonium ions held by the sample.

Shaking the loess sample with neutral normal ammonium acetate solu-
tion will also bring about 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 loéss 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 until 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 methyl 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 flask 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 Kjeldah! flask. The transfer of soil from

the Buechner funnel used in the shaking method is best accomplished by
+ rolling up the loess sample in the filter paper and transferring paper and
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Kjeldan!
connecting
bulb

glass

Y AN
H,0
outflow = B H30 + MgO

condenser

Fig. 18. Distillation apparatus for-
cation exchange capacity
determination.

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:
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‘100

where:

~ 00+ p

(1)

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 =

where:

A—B

100 (2)

¢ = cation exchange capacity in m.e. per 100 g
A — (ml. of HCl used) (normality of HCI)

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 CAPACLITY
OF THE CLAY FRACTION OF LOESS
IN- SOUTHWESTERN IOWA

by
D. T. Davidson, Professor, Civil Engineering

J. B. Sheeler, Associate Professor, Civil Engineering ’

(Jowa Academy of Science Pfoceedings, 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
Jowa area (figure 1) have been discussed® * *. 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 section®.
The -other Wisconsin age loess samples are undifferentiated because the
buried (Brady) soil**, 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 Towa is not as yet known. The
Loveland soil had a higher clay content than the underlying loess, and both
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Symbols

Wlsconsm Loess Samples -
( Undifferentiated)

Bt Upper Wisconsin Loess }
Sample -

26-2 Sample Num be‘rs'.

YN

Wlsconsm

[Carroll . Drift
L—Border

T - - n a e C
a- Augganu htle _

, tl.z.g—l l/_; ~

v ... | Coss, { Adair -

Pottawattomie | . . f| . /-\l'blfrcry
U T East Boundcry

Mills - {Mont- | Adams|

- ‘gomery / b

e36-if

‘F\remom Page

45%*'-] 246- l]

~ Fig. 1 Dlstrlbutlon of .sampling locations .in southwestern Towa loess area.
- ‘Symbols indicate age classification of loess- sampled '

Loveland samples had lower clay contents than some of the more plastlc :
Wisconsin loess samples.

Sample 26-2 is from the same locatlon as sample 26-1 but was taken
. at a greater depth in the Wisconsin loess section. Both samples contain
. -practically the same amount of clay.' However sample 26-2 is unoxidized -
and unleached and sample 26-1 is oxidized and leached.’ Sample 26-2 was
included to. determine what effect oxidation and leaching ‘might have on
the clay mineral-in the loess. Thls was the only un0x1d1zed sample used in
the study.
. The organic matter content of all samples was low, and for- thls reason
“the.inorganie clay minerals are considered to be largely responsible for ca--
tion exchange. Carbonate contents were variable,. being relatively high for
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TaBLE I. LLOESS SAMPLING LOCATIONS IN SOUTHWESTERN JTowa

Location
. . . Sampling R Town- .
- ‘SaI{InoI.)le Material classﬁt‘li’:;xtion : d(?t)‘t)h ' County . Section I\?grl'?h %gfte Ssel?ills !
55-1 Loess Upper Wisconsint  21%4—3%% Harrison SW/e,S-8 81 44  Hamburg
- 20-2 ” Wisconsin 39—40  Harrison S-15% 78 43  Hamburg
(Undifferentiated) | )
61-2 » » 17—18 Ida NwW1,S-9 87 40. Monona .
26-1 ” ” 45 Shelby SE%,S-21 81 40 Monona - <
26_2 ” ” 10_11 ” I » ” . k24
29-1 7 ” 5—6  Audubon NW/c,SW%,5-13 78 36  Marshall
36-1 - » ” 5%—-—61% Montgomery SE1% ,NE%4,S-14 72 - 38 Marshall
431%-1 7. » 5—6 Fremont - NW/e,S-86 - 68 40  Marshall
46-1 ” : " -5—6 Page NW1,5-30 .67 87  Marshall
49-3 Soil§ Loveland 55**  Pottawattamie SE/e,NW1,S-8++" 77 44  Hamburg
65:!:3: 1 ” »» - »” 2

49.4 Loess. ”

* Measurements are from earth’s surface. .
+ Also called Cary-Mankato loess and Bignell loess. Sampled from Pisgah.road section (4).
1 Sampled from bluff behind third ward school in city of Missouri Valley.
~ § Sangamon soil profile on Loveland loess.
*kSampled from about middle of 10 =+ ft. Sangamon soil profile.
++Sampled from type section of Loveland loess at northeast edge of town of Loveland (5).
" $ISampled in Loveland loess about 3 ft. above slump. - '
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TaBrLE II. SOME PROPERTIES OF WHOLE LOESS SAMPLES

55-1

20-2
61-2
26-1
26-2
29-1
36-1
431451
46-1
49-3
49-4

Sample

Age
Classification

Upper
‘Wisconsin
Wisconsin

(Undifferentiated)

Loveland (soil)
Loveland

Sand
(%)

4.0

Textural Composition..

Silt
(%)
82.6

78.8
70.8

70.6

69.8
67.9
632
" 60.2
55.7
61.1
65.9

13.4

19.8 -

24.0
27.4
29.3
31.1

36.0 -

39.4
43.5
36.2
28.8

Clay (%)
—2p

12.0

16.0
19.8
22.4
23.1
25.0
28.9
33.0
36.2
31.4
24.6

:

Orgémic Carbonates

te
m(a%)r (% CaCOs)

0.24 11.0
0.17 10.2
0.15 11.5
0.18 1.4
017 . 87
0.25 2.9
0.21 1.8
0.37 0.5
0.30 15
0.19 1.3

0.11 7.0

*Sand—2.0 to 0.05 mm., Silt—0.05 to 0.005 mm. One micron equals 0.001 mm.
tBureau of Public Roads Soil Classification System. Also referred t> as the Highway Research Board System or the American Associa-

tion of State Highway Officials (AASHO) System!.

Oxidation

Oxidized

Oxidized
Oxidized
Oxidized
Unoxidized
Oxidized
Oxidized
Oxidized
Oxidized
Oxidized
Oxidized

Cat. Ex,
Cap
(m.e./100g)
11.2

13.4
14.2
18.2

19.5
21.0
24.4
22.6
22.7
16.6

1

- Plas-

e B.P.R.}
Helty  Glassific

(%) cation
2.3 A-4(8)
6.2 "A-4(8)

10.8 A-6(8)

12.5 A-8(9)

17.8 A-6(9)

18.0- A-6(11)

20.7 A-T-6(13)

33.4 A-7-6(18)

32.7 A-7-6(19)

24.6 A-7-6(15)

15.3 A-6(10)
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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
loess was 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 presented*. 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 and place in a 300 ml. centrifuge bottle. (A similar sample should be
weighed out for the hygroscopic 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. (Ottéwa
sand is inert and increases the permeability for the purpose of filtration in
Step 7.) ' :

3. Add 250 ml. of neutral normal ammonium acetate to the contents of the
centrifuge bottle and shake for three minutes. (Higher normalities and .
increased shaking times were experimented with but did not s1gn1ﬁcantly
‘affect results.)
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4. Centrifuge at 2000 RPM for ten mihutes.
5. Decant the clear supernatant liquid.
6. Repeat step 3. '

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

8. Wash the material retamed 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 determmatlon

10. Calculate the cation exchange capamty in milliequivalents per 100 g of
oven dry clay®. .

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 substantlate this®.

TaBLE ITI. CATION EXCHANGE CAPACITIES OF

MINUS 2 MICRON CLAY FRACTIONS
Cation Exchange

Sample - ; A ;
No.  ~ Material c1asgf%§aﬁon A
pper
55-1 Loess ‘Wisconsin 59.3
‘Wisconsin :

20-2 » (Undifferentiated) 58.6
61-2 » » 52.5
26-1 » » 62.8-
26-2 ” ” 59.0
29-1 ” ” 62.2 N
36-1 » » 63.1
4815-1 » »o 59.9
46-1 ” ” 574
49-3 Soil ‘Loveland : 63.4
49-4 Loess ’ o 54.4

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

Slight variations in the cation exchange capacity values in table IIl may
or may not be significant. Further studies are in progress to determine
whether they are due fo 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 estirhate roughly the predominant kind of clay mineral present.
The estimation can be made by comparing the determined value with the
exchange capacities of comparatwely pure clay minerals. Cation exchange
capacities of the common clay minerals are given® as:

Montmorillonite 60-100 m.e./100g
Attapulgite 25-30
Illite 20-40
Kaolinite 3-16
/ Halloysite o 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 illite*. This mineral is
often associated with montmorillonite in soils, and its presence would tend
to lower the exchange capacity®.

Montmorillonite .can develop from illite by weathering®, which may be
why the Loveland soil has a higher exchange capacity than the loess on
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 ANALYS!S OF TOTAL IRON

AND MANGANESE [N SOILS
- by

R. L Handy, Associate Professor, Civil Engineering

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

(Iowa Academy of Sg:ience 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 emit 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 quantitative 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 Fe,O; and/or MnQO, are added to the original
soil and X-ray intensities are obtained. Analysis of an unknown then 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 aralyzed 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 utilizing 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 the 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 6 angle at which diffraction will occur appears in the Bragg
equation

n\x = 2d sin 6
where n = a whole number, indicating the order of diffraction
A = X-ray wavelength
d = interplanar spacing in the crystal
6 — the angle between the X-ray beam and the reflecting planes in the
crystal.

Fig. 1. Schematic arrangement for X-ray fluorescence 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 6 is measured, then the equation
is solved for A. This is in contrast with X-ray diffraction analysis, where A
is known and 6 is measured, and the equation is solved for d.

For qualitative identification of elements in the sample, the 6 angle may
be scanned while diffracted intensities are continuously measured with a
Geiger-Muller or scintillation counter and the counting rate recorded on a
strip chart recorder. Each peak intensity then indicates a 6 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 6 angles.

For quantitative measurement, the 6 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 mlsahgnment 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 ¢ angle which does not coincide with the ¢ for
other wavelengths emitted by other elements in the sample. .

Unless objectionable overlapping of wavelengths from different ele-

. ments oceurs, the radiation usually selected for measurerent 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 Tlevel results in fluorescent . -

emission of X-rays. Ka results from vacancies in the innermost K shell
being filled by electrons from the next outer shell, the L shell. Radiation
designated K@ is emitted when vacancies in K shell are filled from- the
third, or M shell. Since this involves a greater change in energy level, Kg
has .a higher energy, i.e., -a shorter wavelength. However, since filling of
the K from:the neighboring L is statistically more probable, K« 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 concentratlon may. be found.

TaABLE I. MASS ABSORPTION COEFFICIENTS
OF DIFFERENT ELEMENTS FOR
Fr Ko aAND MNKa RADIATIONS

Atomice iL/ P
Element Number FeKqy* - (2M1r(1)13{%
(1.9878 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 Physiecs, Chemical Rubber
Publishing Co., 356th 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 coefficients of different common' soil elements for iron Ke and
manganese Ko radiations are shown in Table 1. As an example, the pres-
ence of calcium in. a sample will reduce the fluorescent iron Ke 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 K« radiation ordi-
narily will mean disproportionately high iron K« 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 problem. 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 MnQ. were added to samples of the loess and the fluorescent intensities
were measured ; an equation relating 1nten51ty to MnO, content was then

found by the method of least squares. : .
4 Another method is to add a measured amount of a reference standard -
to a sample and calibrate oh the basis of emigssion 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 atoinic number. For example, for measurement
of iron, a caréfully measured amount of a cobalt compound might be added
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 aboéut proportional to the absorption of iron K«. However,
notable exceptions occur for elements near the absorption edge, which
ordinarily occurs about two atomic numbers below the emlttlng element.
That is, cobalt Ka (at. no. 27) is greatly absorbed by manganese (at. no. 25) .-
Similarly iron Ke (at. no. 26) is most strongly - :absorbed by chromium (at.
"no. 24). Therefore presence of variable amounts of manganese in a soil
Woulq strongly influence iron K« 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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Because 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 two-point method. So far the
method has been used only in the linear response range (i.e. less than about
10% Fe,03), 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. Carefully weighed
increments of Fe,0; or MnO, 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 rotary mixer for a minimum of
one hour. ‘

Samples were packed dry into 1”7 x 17 x 14, bakelite holders and sub-
‘jected 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 counts. A General Electrlc XRD-5 unit was used
for the analysis. '

RESULTS
Manganese

Calibration daté from the. prepared MnO., reference samples are in
Table I1. Conversion of percents added to total percents requires some alge-

TaBLE IT. MANGANESE K« CALIBRATION DATA FOR FRIABLE LOESS SOIL

%% added Total % MnKgq, cpst
MnO-: MnO.* (2 = 43.79°)
0 0.1536 57.8
0.05 0.204 7.1
0.10 ) 0.253 . 102.0
0.15 0.303 110.7
0.20 0.353 135.0 i
0.25 0.403 - . 150.6 ;
0.30 0.453 169.3 :

*09, value from equation 4; all others from column 1 and equation 1.

+Corrected for background of 14.7 eps (29 = 47.0°), and to reference count of 28, 200 cps
on pure powdered MnO..

braic. gymnastlcs, 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 MnO, (for convenience expressed as a
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fraction), 1f X, is the concentratmn in the orlglnal sample, and if X is the
total concentration, X at any pomt equals C plus XO corrected for the change

+ inbase, or - AR Fl e e -
, o X=01X (120, e
. Xy may be evaluated from the plot of 1ntens1ty vs. added concentratmn,
Whlch W1ll take the form : T o
' : .. 5 N ,_,n+s’C Co S (2)

' Where N is 1ntens1ty in counts pet second 1 is the counts per second for the
‘original’ sample, s’ is slope of-the graph and C is-the added concentratmn .

From ﬁgure 2 and equatlon (2) When N-=0, C b and

R b:——;l— P € )5

correctlon of b to the X scale to. g1ve a value for Xo may be done by sub- ’
,A'.stltutmg in equatlon (1) ahd substltutmgX O C b )

'_—b—|—X0(1—b) _ Lo
204 '
: !_N,‘-."coun'r‘s I T ‘
“‘per second 1 )
1o+
: ' e ) .
' ! o 0 '6-| ~b ."n.‘v";‘ 0 . ‘. :-:‘, ,Qil 'l U ‘0.32. o C
" . . “ - x -A T -". T T _’ = — ) T ' 1 =
= A Vo2 0.3 x
Fig. 2. Change of scale of absc1ssa from C concentratmn added to X, total
concentrat1on S L -




Xo=_=b __mn - = 4) .

*TI-b  n+¥ g @
Either b or s’ and n may be evaluated from a least squares fit of the data.
Similarly the slope, s/, may be corrected to the X scale by equating the ex-

pressions for N and substituting for n from equation (3) :

N=sC+n=sX

8’C —bs’ =sX
\ | s=y —Ub ] - ®
Combining equations (1) and (4), o
—c__b _
x_cfl_ba 0)'»
CA—_—b» —-bA—C)
I—b » _
_C—b ) :
=413 ‘ (6)

Substituting this value in‘ equation (5),

s=¢ (1—b),or

) s=s-+n - o (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 MnO, in any sample
is then -

-

XN
. S ’
or expressed as a percent,
P = 100N . : (8)
8

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 Ke (table I).

Iron

Calibration tests similar to those performed for manganese were run
for iron with both Ka and Kg radiations (table III and figure 4). Ordinarily
determinations on unknowns would be by measurement of Ke, but Kg may
be used as a further ¢heck. 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. 8. Calibration curve for mang-a:mese'.K& 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 fluorescent method to a wider . .
range of samples without.repeating the calibration curves. For this purpose Co -
a two-point method was devised. A sample is tested for an élement, thena - - T
known amount of the element is added to the sample, and the sample is re-
tested. If a linear response is assumed, the two counting rates should be
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TaBLE III. JTRON CALIBRATION DATA FOR A FRIABLE LOESS SOIL

% added Total % FeKg, cpst,i FeKﬂ,gcé)sT&

Fe.0s Fe.0s% (210 = 4018b) (26 =
0 © 7 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
9.001 12.58 10,085 2,343
13.043 1 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 FeKy count of 43,419 e¢ps on pure powdered Fe:0,.
IBackground counted at 2¢ = 438.0°, varies from 19 to 27 cps.
§Background counted at 29 = 35.0°, varies from 46 to 55 eps.

140004 T 1 \' T ] T
12000} i
//
10000} s 97 i
Y%
Urrd
L
X -
N, 8000F 00//;
cps 19”4
12 dS@
6000F NS .
>R
4000 s
p =000 2
2000 SgekBr ' o-— |
o—°""
"
1 1 !
° 8 10 12 I8
P=% F8203 ~

Fig. 4. Calibration curve for iron K« and K,B radiation (table III). Curves

are fit by least squares.
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sufficient to establish the slope of the response curve and 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 for iron it is at
about 10% to 14% Fe,0; (figure 4).

TaBLE IV. COMPARISON OF IRON DETERMINATIONS ON TWO LOESS SOILS

. "% Fe.0,
Sample FeKy cps™ . ‘{"Ff‘eg?()))‘f _ from chemical
. g. analysis
55-1 friable, 1924 244 . 2.70
calcareous loess ! .
431 -1; plastie, ;
leached loess 3366 4.28 4.82

*Corrected for drift’and background. .

If X, is the concentration of the element in the original sample, C is thé
concentration added expressed on the basis of the whole sample, N; and N»
are the corresponding count rates, and a linear response is assumed, -

Ny X,

Substituting for X from equation (1) 4nd solving for X,,
N Xo
N. 7 C+X,(1—-0)
X, = N, C (10)

N: —N;+N,C

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
intable V. . .

TaBLE V. IRON AND MANGANESE CONTENTS BY X-RAY FLUORESCENT
TWO-POINT METHOD

Sample . Added Xo = Reported Added Xo = SOUIN %
A % Fez03 ° Y% Fe20s % Fe203 % MnOz % MnO2 pajxodey
Nat. Bur. Std. No. 1a,* , 1.511 1.659 1.63 0.385 0.071 0.038
argillaceous limestone . : !
Nat. Bur. Std. No. 56a,* : 0.319 0.160 0.180
phosphate rock
A.AP.G. No. H-5,} 0.62 0.327 1.00
kaolinite 3.95 0.320 1.00
A.A.P.G. No. H-28,% 0.887 3.81 4.00
montmorillonite 3.510 - 478 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 chemiecal data for total iron, which is significant because absorp-
tion of iron K« 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 low peak-to-peak ground
ratio, and closer results might 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 contént 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 results.

4
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, " ABSTRACT o :
. ‘ Exchangeable K 'values and X-ray diffraction patterns were obtained
o o for soil samples from several modal proﬁles ‘of nine different soil series in
~ Towa. Exchangeable X in “m01st” subsoils was. cons1stently low and almost
always lower than-in the * ‘moist” surface soil.. Drying mcreased exchange-
) o able. K in all the soils. but the iricrease due to drying varled between soil
S , - series and with depth in the profile of each series: Reversion of exchange-
v D able. K to. a non- exchangeable form on rewetting the oven dry: samples,
" " generally increased with depth in, the profile but the exchangeable K never
decreased to the or1g1na1 “moist”- level. ‘X-ray dlffractlon analyses show
- the presence of montmorlllonlte, chlorite, illite’ and/or mica, and kaolinite

‘in all the profiles, with montmorillonite predommatmg Vermiculite was - h
present in some of the soil series. No relationship bétween the clay mlneral <

" ' content and the amount of exchangeable K could be estabhshed

v B ST INTRODUCTION

Potass1um (K) is held on the clay minerals in soﬂs in exchangeable and
non-exchangeable forms. The amount of exchangeable K in Iowa soils, how--
ever, depends on the moisture status of . the soil®*, Drymg generally -in-
-creases the amount of exchangeable K, espec1ally in subsoil samples. The K
released on drying may revert to a non-exchangeable form on rewetting, _
‘but the amount of reversion varies greatly between different soil sampleés. ..
The amount of exchangeable K also depends on the kind and amount of clay -

minerals in the soil. Most of the K on montmorillonite and kaolinite is readi- °.

L , ly exéhangeable, but much of the K in illite and vermiculite is not readily ex- '
L changeable because it is locatéd between the layers of a contracted lattice. ’
' - A large amount. of the-K 1n Iowa s01ls is presumed to be in thls Tnon-ex-
. changeable form. |
oo The amount of clay varies markedly between dlﬁ'erent s011s and between
dlfferent horizons of any one. soil- type found in Iowa, but little is"known
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about-the kinds of clay minerals. On the basis of differential thermal analy-
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, 80, and 10 re-
spectively’. X-ray diffraction of the less than one micron clay,; differential
thermal analysis, and base exchange capacity were all used in studying dif-
ferent Iowa soils and the predominant 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 illlite*. Only in a Gos-

port soil was the clay predeminantly kaolinite. In an earlier study, differen- -
tial thermal analysis was used to study the clay minerals in dlfferent soils®
and it was concluded: B
(1) the platy structure in certain horizons of the Clinton, Fayette, Mar- -
ion and Edina soils was associated with a higher content of kaolinitic clays
in these soils as compared to Clarion, Webster, Tama, and Marshall soils,
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) 'Lindley and Shélby 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 been 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 soils under different moisture conditions.

METHODS AND MATERIALS

Soil samples were collected from diffeient horizons of modal profiles of
nine different soil series. The number of profiles of each series sampled and
the counties in which profiles were-located are shown in table 1. The soil

TasLE I. NUMBER AND LOCATIONS OF MODAL 'PROFILES OF DIFFERENT SOIL SERIES
INCLUDED IN THIS STUDY

. . Number of profiles Counties in which *
Soil series sampled ' profiles were
Carrington 6 Mitchell, Linn
Tama 5 Marshall, Scott
Clinton 5 Jefferson -

Fayette 6 Clayton, Winneshiek
Mahaska 2 Jefferson

Edina 4 ‘Wayne, Davis, Van Buren
Shelby 3 Shelby .
Marshall . | ~ 3 . Shelby R
Weller . 4 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 decreased 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 samples.

Exchangeable K was determined on the “moist” and oven dry (110°C
for 24 hours) soil samples by extracting 2 g. soil with 10 ml. neutral, 1 N
NH,0A, and determining X 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
pulverlzed to pass a 200 mesh sieve. A representative portion of fhe mate-
rial passing the sieve was treated with ethylene glycol to-expand the mont-
morillonite, 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 andlyses were made with a Geiger counter diffracto-
meter utilizing a 1° beam slit, 0.2° detector slit, 3 second time constant,
2° pelj minute-scan rate, 1000 cps full scale, and CuKa radiation. Selected
samples were given various other treatments 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 crystallinity 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 CuK« 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.? SCALE RATING
0 0 undetectable
<0.05 ' t . trace '
0.05-0.1 1 scarce
0.11-0.2 2 - minor
021-04 3 moderate
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RESULTS AND DISCUSSION

Profile Distribution of Exchangeable K .

The distribution of ‘exchangeable K in 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 series.

Except for the surface soil sampies, the variability in exchangeable K
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 did 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 Towa almost always lower than in the correspond-
" 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 time of extraction of exchange-
able K. Subsoﬂ samples generally released more K on drylng than did the
surface soﬂs

Exchangeable K in 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 A,- Bl horizon of the Carrlng-
ton proﬁle) but was higher in the subsoil than in the surface 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
Bdina, the soils were developed under forest vegetation. The Edina is a
highly weathered 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 ' N

Some of the K that has been released by drying will revert to a non-
.exchangeable’ form on rewetting®. It was of 1nterest therefore, to determme

SOIL DEPTH (ft)

EXCHANGEABLE POTASSIUM (ppm)
0 100 200 0O _100 200 300

//
//,//
| | | /
>FAYETT‘E MAHASKA EDINA
T 17 ‘:-I v L T
‘ ,"I ) :
¢ %
L Y L3 ' %,
7 K ‘
Y H
F 745 - /
(i : /
: FEY
P :
SHELBY ) MARSHALL WELLER
-~-MOIST SOIL ~—OVEN~-DRY SOIL -——DRIED AND REWETTED SQIL

mZDREVERSION

Flg 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. The exchangeable K valpes obtained
with the oven-dry samples are also §hown ¢ 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 oceurred when oven dry
samples from selected profiles of the different soil series were stored in
water for 90 days was determlned (figure 2). The exchangeable K values
obtained after rewettlng the “moist” samples are shown by dotted lines
for comparison.

It can be observed, by a comparison of the “moist” valués 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 httle reverswn ‘of this K to a non-ex-
changeable form.

In most of ‘the soil profiles there was only a small amount of reversion
in oven dry samples from the .upper horizons. The amount of reversion in-
creased with depth in the proile, but reversion did not decrease the ex-
changeable K level to that found in the “moist” soil. 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 not result in exchangeable K values s1m1lar to those obtained for
undried soils. : '

- X-Ray Dlﬂ'i‘ractmn Patterns for Proixle 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 diffraction patterns for the different horizons of a Marshall silt loam
proile  (No. 89) are shown in figure 3. The relative intensity ratings of
different peaks are shown in this figure to illustrate the size of peaks repre-

sented by the data in table II.

Relative 1nten51ty 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. Interferenices 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 diffraction peak for nearly all glycolatéd sémples was in the
neighborhood of a 17.7 A spacing. In untreated samples heated to 700° C.

" for 0.5 hour this 17 A peak was replaced by a laljge 10 A and .a smaller 9.6 A

143




TaBLE II. RELATIVE INTENSITIES OF X-RAY DIFFRACTION PEAKS FOR SAMPLES

FROM PROFILES OF DIFFERENT SOIL SERIES ?[N Iowa \

Soil Sampling Mixed

sories denth Gen_etic Relative intensities* interlayer
Profile  _ (inches) horizon 17 4 144 ‘104 TA spacing
I 1T 1 11 I bi 1 1. I um I I I I  f I
0 0 . ,
Carrington . A, Ap i 4 221 1 2 t 2 1613

13, 15 6 6
: i A-B, AsB, 1 3 2 1 1 2 1 t 2012 12
14 7 12 :

B. As-B, 43 38 2 1 1 21
26 18 ,
, B. B. 33 38 2-2 ¢t 1t .. 12
27 24 )
Bs 4 2t 1
8 C . 8 - 1 1 1
. C 4 1 1 1
36 36
C c 45 2 2 1t 3 2
48 48
0 0 ,
Tama A, A, 11 t 1 1 1 t.t 181311 12
1, 6 6 6 | . ; ,
: A, Ay 2 2 1 111 ¢t t 201612 13
13 15 , '
B. B: 33 8 1 2 1 1t
19 20 B
: B- B. 4 4 2 3 21 1.t 20
25 26
B Bs 4 4 88 1t t 1 24
31 31
C c 4 4 3 2 11 11 11 11
37 42
C o4 3 2 1 24
49
) 0 0
Clinton A, A-A, 23 12 02 tt = 12
7, 9 5 6 ,
A, B, 4 4 83 11 1 2 24
12 12
B, B. 4 4 238 11 0t
18 18
’ B. B 4 5 22 t 1 t 1
26 24
, B. - 4 2 t 1
30 B 4 2 1 t
- B 4 3 1 t
36 26
36 36 - .



Tasre II. (CONTINUED)

SS!(‘)ilés Sa;;gglng Genetic Relative intensities* inlfr[e;}l(;ger
Profile (inches) . horizon - 17 A 14 A 104 T4 SD?Xl)ng
1 by 1 II I I I II I I I 1I I 1
Clinton B: - 4 2 1 1
.1, 9 42 : B:-C 5 3 2 t
. C 4 2 1 t
48 48
0 0
Fayette Aj-A: AqA, t 1 1t 11 t t 12 16,13,11
20, 22 6 6
B: B: 23 1 2 11 t t 16,125
12 12
' B, B, 3 8 2 2 1 t t t 24
18 18
PR - B: 5 4 3 8 1 t 1 ¢t
24 24
' B: B: 5 4 4 8 2 1 1 t
36 36
48 48 B3 B, 4 4 3-8 1 1 t 1 12
0 0
Mahaska Ap AD 31 ¢t t 1 t 0 t
28, 29 - 8 6 S
Ac-B, AsB. 4 3 t 1 t 2 t t 12 ’
13 18 T
B: B: 4 5 1t ¢t 2 01 24
19 19
B: B: 4 5 11 t 2 .¢t 1 24
26. 26 N
B; C 4 5 1 2 t 2 t t
33 36
C 4 2 t 1 24
40 48 C 5 2 2 1
C 4 ot 1 t
0 0
\
Edina Ap~ Ap 2 2 1 t 11 t ¢t 24,12
27, 32 8 8
A. A, 2 2 tt 1 2 t t
15 14 \
B: A, 5 38 1t t t t 0 )
22 19 o
Bs B. 5 b 2t 1 1 t t 12
29 28
C Bs 55 1t t t t t
36 37
’ C C 5 b 3 t t t t t
48 48
0 0
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Tanre II. ( CONTINUED)

Soil
series
Profile

I II

Shelby
37, 38

Marshall
34, 39

Weller

Decatur Co.
24, 25

Sampling

depth
{inches)

I

12

18

24

30

36

42

12

18

24

30

36

42

11

.20

24

36

II

12

18

24 -

12

18

24

30

36

42

10

20
29

36

}(l;en.etic .
e
A, A, 4 3
B. B. 5 3
B: B: 5 4
B, B, 45
B. 4
BC - 3
B, 4
c 4 2
C. C 4 4
A, A, 3 3
B. As .4 4
B B: 5 4-.
B: B: 5.4
B: B. 5 4
B. B, 5 5
c c 5 5
C C 5 5
A, A, 2 1
A:B. AsB. 4 3
B:  B. 5 5
B; ‘Ba 5 b
B+C C 6 4
C c 5 5
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I II

1.¢

t t

Reélative intensities*

10 A

I

2

1.
1

1

TA
II

I

S 12

Mixed
interlgtyet
spacing
(A)
12
12
12 24
12
12
© 11
12
.13
12
12
11
12
24,12 .
12
12
11 -~ 20
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TapLe II. (CONTINUED)
Mixed

ses_-x(-’ii;s Sag:rl))tl}i]ng . Genetic Relative intensities* interlayer
Profile (inches) I horizon - 17T A 144 10 A 74 spacing
1 I 1 I I I 1 II I I 1 I r M oq
Weller Ap Ap i 3 11 't 1 t t 16 12
JeffersonCo. 7 6
A, A, 4 5 2 1 2 1 t t 2011
30, ‘38 15 13 .
B. B. 5 5 2 2 21 t t 11 24,12
23 22 .
B: 5 2 2 “t
32 B 5 2 .2 t.
C 5 2 1 t
36 40
C C 5 b 2 3 1 t t t
48 48
*0—No detectable peak 3—moderate i—all in interlayer
t—trace o 4—abundant :
1—scarce 5—very abundant
2—minor 6—predominant
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1 [- 1 | | 1 1
35 30 25 20 15 10 5

Degrees 28

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 very 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 L
peaks for samples from A horizons were lower and more variable, ranging ~

from trace to 5.

T

T

Somple 39,30-36"

Treated with
HZO

M- Montmorillonite
¥V - Vermiculite

C - Chlorite

1 - llite + micas

K - Kaolinite

Treated with
ethylene glycol

Heated 700°C
-;- hour, glycolated

Air—dry

1% 12 10 8 3 Py 2
Degrees 28
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 diffraction peak indicating a spacing
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 peak. Calcium-saturated vermiculite
.immersed in -water has an 001 spacing of 15 A'. 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 and other
clay mineral peaks in the water-wet samples were considerably increased
by preferred orientation. Sh‘arpest 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 especizlly prominent in B and C
horizon 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 common. No attempt was made to distinguish thése minerals. Probably
both classes of minerals are present, but apparently in small amounts since

low relative intensity ratings of 1 and 2 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, and the chlorite (indicated
by 14 A spacmg, above) is probably a low iron variety. The relative inten-
sities of the 7 A peaks 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 montmorlllomte 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 3.85 A and a sharp peak at
2.45 A. A smaller, apparent 3.70 A peak was the KpB reflection from the
3.85 A quartz spacing (the filter thickness selected eliminated 95 percent
of the Kg radiation). Sharp single, double or triple peaks in the neighbor-
hood of 3.2 - 8.4 A are attributed to feldspars. Other broader peaks at about
45 A, 3.5 Aand 2.5 A are non-diagnostic diffractions from the clay minerals.

GENERAL DISCUSSION AND CONCLfJSIONS,

The data from several modal proﬁle.'s 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 or 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 soil series. This agrees with the results of earlier
investigators, but they did not consider vermiculite in their studies. The
X-ray diffraction patterns for different profiles of any one soil series were
very similar. The greatest difference between soil series was in the 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 14 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 éomposition 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 K in these pro-
files. Differences between surface and subsoil samples were observed in
both the X-ray diffraction patternsl and exchangeable K, but no consistent
relationship was evident. ‘
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CABSTRACT 0 :

Of the var1ous methods studled for measurlng carbonates in soﬂs gas‘f
: .evolutlon methods are acclirate but slow and: susceptible, to experimental S
error. Acid neutrahzatlon is rapid and offers’a fair approx1mat10n, but it S s

is affected by many non-carbenate ‘minerals.- Versenate methods are rapid.- -
. -and accurate, but they are affected by exchangeable calcium on the clay.

: ~None of -these methods is ordmarlly specific, for calcite or: dolomlte

o Worthy of further examination.

' minerals react with acidic stabilizers and either i increase or ruin their effect-

leferentlal thermal analys1s is accurate and. spemﬁc for’ ca1c1te or dolo- ] ;

‘mlte Best results were obtained by measurlng peak height after runs in . =~ C L
.an air atmosphere. However,, analyses are slow .and are 1nﬂuenced by - ' :
changes in the apparatus .

X-ray dlffractlon from a copper tube is accurate 1f peak area rather than C
peak height is measured, but the" 1ntens1t1es are sensitive to the presence 7 -
of iron, which absorbs most,of the X-rays X-ray fluorescence measurement o -
of calcium Ke radiation is'accurate and less suscept1ble to variable absorp-.
tion. But since this method.is affected by non—carbonate caleium, ‘correction
" by leaching and re-testing is suggested. ThlS appears to be the. method most. '

The content ‘of carbonate mlnerals in soils and unconsohdated sedlments
1s of interest not only because carbonates ‘indicate ancient and modern - -
Weathermg zones and reg10na1 varlatlons in unweathered" materlal8 but -
also because of the effects on s011 properties. Only a trace of carbonates in-"
fluence’ pH, identity of exchangeable cations, plasticity, and potentlal use of'
- a soil. Also carbonates are important in-acid methods of engineering soil
- stablhzatlon, for example with phosphoric acid® or hgnlns since carbonate |

" iveness. A method for rapid, precise measurement of carbonates, espec1a11y o
. in the low content range, is therefore of prlme 1mportance

\u.
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‘ ) 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 merits and disadvantages, and 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 chemically determining the amounts of carbonates
in soils are used; unless accessory tests are used, these methods are non-
specific for caleite (CaCOs), dolomite, CaMg(CO3)2, or any other soluble -
carbonate. Results are usually calculated and reported as percent CaCQs.
The methods all utilize d1ss001at1on of carbonates by acid:

CaCO; —+ 2H+ — Cat+ + H20 —|— CO. 1

Chemlcal methods fall into three categories, depending on whether they
“measure the number of hydrogen ions used up (acid neutrahzatlon) the
amount of CO, gas evolved or the number of calcium ions released in solu-
tion. :
Gas evolution, Theoretically the most accurate methods for carbonate meas-.
urement involve treatment of a soil with excess hydrochloric acid and meas-
urement of the CO, gas evolved. In fact, field identifications are usually
made on this basis, the presence 6f 0.5% or more carbonate being indicated
by the sight or sound -of fizzing*®. In the laboratory the amount of gas
evolved is measiured volumetrically with a gas burette or gravimetrically,
for example by bubbling the CO2 over soda-lime (NaOH + Ca0)%, or by
weight loss in the sample®.
i For greatest accuracy these methods are slow and exactlng, since they
. are susceptible to experimental error. Volumetric measurement of the gas
requires correction for temperature and barometric pressure. In gravi-
" metric measurement all HCI and water vapors must be trapped, and precise
weighing is necessary to detect minute changes due to CO,. The reaction
and evolution of gas from soils often requires 24 hours. Finally there is the -
problem of air initiglly dissolved in the acid and adsorbed on the soil mineral
surfaces and CO, dissolved and adsorbed after the reaction takes place.
These can contribute to the error, e.g. samples 21-2 and 32-1 (table I). Air
is eliminated from.the measurement by methods employing selective ab-
sorption. Error-from dissolved CO, may be reduced by heating®.
Acid neutralization. Measurement of CO; gas evolved is at best slow but sure,
but it is not adapted to routine analysis. A far more rapid but theoretically
less exact method is by acid neutralization, which means treating soil with
an excess of hydrochloric acid and back-titrating to determine how much
acid is used*. This method is the one most widely used in soils work.
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TaABLE I. CARBONATE CONTENTS OF LOESS AND LOESSIAL SOILS

% 21 pH ’ % CaCOs by indicated method

Sample No. clay CO. HCI'  Versenate DTA peak ht. X-ray Fluor

Calcareous samples ,

16-1 : 11.566 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 77 9.3

24-1 11.8 74 9.0 &= 0.7

Leached samples

26-1 21.5 7.0 1.37 :

30-1 - 295 6.4 1,62 :

32-1 9.75 1.00 ’ i

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 4+ 0.3
100-2 2.3 1.6 += 0.4
119-5 5.7 1.8 0.9 =05
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 oxides, and clay minerals, are also soluble or partly soluble
in HCL For example, dissolution of the hydrous iron oxide minerals goethlte
or 1ep1docroc1te will mean:

Fef)03 Hoo + 6H+ -2 Fe+3 + 4H2

which uses up acid. A soil containing 2.0 percent by Welght acid-soluble iron
hydroxide and no carbonate will thus be erroneously reported as having
3.4 percent CaCO;.

Versenate. To overcome some of the errors inherent in techniques involving
measurement of acid -neutralization, versenate solutions may be employed
to specifically measure -Cat* and Mg*+ in the acid leachate. Versenate
methods are rapid, and results are reproduceable’. Unfortunately several
sources for error remain. The presence of soluble noncarbonate Ca+t+ 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 method. 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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able 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. As previously mentioned, the usual techniques for car-
bonate measurement in soils- do not involve separation of calcium and cal-
cium-magnesium carbonates, and results are reported as percent CaCOs.
Thus the presence of 5.0 percent dolomite, CasMg (CO3), will be reported
as 5.5 percent CaCO;. '

- DIFFERENTIAL THERMAL ANALYSIS
Apparatus and Method

DTA is used for qualitative-identification of clay minerals and carbon-
ates in soils, and is recognized as a tool 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. ' :

CaCO3; = Ca0 4 COs 1 + AH'

AH is negative and ordinarily contributes an endothermic reacﬁon peak at
700 - 900° C. (figure 1). Dolomite contributes two peaks, the first signify-
ing breakdown of MgCQ;. 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

34” high by 134" in diameter. Two vertical 34” by 14" deep sample holes
 were symmetrically 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 34" d. by 14" 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 gives sharper peaks and may affect
peak area. This factor is therefore controlied.

The DTA peak is affected by the rate of reaction, i.e., reaction kinet-
ics® *°. These are not readily mathematically predictable, but for one soil
type they should be systematic so that if percent reactant is plotted 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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| Differential

Temperature -

\ ] i L 1 I
500 600 700 800 900 1000 1100

, . Temperature S , SRR
- © C C N
Fig. 1 Typical DTA curves for calcareous “soils. Labels on the upper :
curve show methods.for measuring peak height and area. Middle
curve was run with a CO, atmosphere which delays the carbon- '
-ate reaction. Lower curve shows the presence of, dolomlte

" on thermal conductivities and spe(:lﬁc heats within the sample'™ ** and the
composition of the atmosphere. Conductivities and specific heats are affect-
ed by simple particle size and packing, and will change during the reactions.
These variables thierefore defy mathematical treatment ; but since they are
systematic, they should give smooth empirical relationships. Composition .
of the atmosph_erp ‘should not affect simple transition reactions, for example 0
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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-,
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the quartz 1nvers1on at 573 C, nbut it strongly vmﬂuences the carbonate re-' .

and react1on rate all could be held” constant linear. relatlonshlps between.
peak area and concentratmn of reactant would be expected13 .

N R 4
. ey .

ot

Experlmental Procedures - o

Artzﬁcwl mixes. S1nce DTA’ peak parameters are expected to have systematlc '
relat10nsh1ps w1th concentratlon -of reactants, othe1 factors being’ held-
constant a friable calcareous loess s011 from- Harr1son County, Iowa (sam-

ple 20- 2VII) was: leached Wwith HCI, re- enrlched with different amounts of
. C.P. calcium carbonate and run by DTA Thermocouple junctions had" previ- -
ously been -accurately centered .in the sample holes, and a uniform hand

packlng procedure was adopted Analyses were' run m a1r and in COz at onefj

. atmosphere. S -

Typlcal DTA curves on these mlxtures are' shown in ﬁgure 1. Peak '
he1ghts -and areas were: measured as: shown These are- plotted agalnst per-',_
cent carbonate in Flgure 2. . .

In air. the reactions. begm at about 700° C and reach a peak at a tempera-, '

turé related to-carbonate content (ﬁgure 2a) Thermal lag w1thm the sample
" ¢auséd by, heat used by the reactlon is 1nsufﬁ01ent to explain. th1s gradual

peak d1sp1acement Whlch reaches a max1mum of 90° C This suggests that
COz released from the reactlon bu1lds up a partlal pressure and acts as a’;

L 6 - ! - K ;
' o o | iy vt New. curve . v
| Tl 7
. .DTA .. -
Peak ht., 3}
. . ”\.'2—_ -
1} c
" . ’ o
.- v ! D
R o) SR S - SN
' [0} 2. 478, - 8 1o 12. 4 16’ . 18"
’f~;' L ACaCO '[’ " : R

-

F1g ‘3. DTA calcmm carbonate cal1brat10ns for natural soﬂs N ew curve«- ‘
resulted from a thermocouple re ahgnment ' "

'
‘

actlon If ‘thermal. conduct1v1ty, spec1ﬁc heat, ‘and 1nfluence of atmosphere' .
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. retarder Smce this in turn undoubtedly affects AH quant1tat1ve relation- -
- ships'are not expected to-be linear (ﬁgure ‘3). .o : i

It was therefore: dec1ded to try to control the atmosphere by 1ntroduc1ng
CO,, a decision ‘also reached by many other researchers. In a COz atmo-
sphere the decompos1t1on reactlon does not begin-until the temperature is
about 830°C. ‘Peak height and area are greatly rediiced, a further indication ‘

.that AH varies cons1derably dependlng on reaction temperature and enviren- .

ment (figures 1, 2), At high carbonate contents the plotted relatlonshlps for

runs in air ‘and in .CO, more: closely maftch, further suggesting” that CO,

pressures become s1gn1ﬁcant even when the only source for ‘CO, 1s the reac- 5
tion itself: ' C S
The 002 atmosphere 1n general decreases the’ l1near1ty of plotted rela-

. tionships; particularly in the low carbonate content range ‘Several possibil-'
~ities’‘may be suggested: perhaps CO,. dld‘ not permeat the sample adequately,

or perhaps small dlfferences in temperature are mufﬁed by heat transfer:

s ~from the flowing gas ,Rather. than attempt to use gas pressure techniques,

use of CO, was d1scont1nued . : :
Natural soils. Non-hnearlty and lack of a precise mathematlcal relat10nsh1p -
for the plotted curves prevent use of equatlons with added amounts of car-. .-
bonates as 1nternal standards, as in X

2). The noncarbonate ratrix was a single. loess soil ; it-was next’ dec1ded t/o,\

g see if the same curve might hold when the matrix- var1es

A plot of peak helght vs. carbonate content of dlfferent natural loess

, samples glves a curve with a. different slope (figure 3). However, the refer- .
“ence carbonate measurements, made by acid neutrallzatlon, are very ques: '
. tionable. DTA carbonate percentages (ﬁgure 2a, ntable I) agree well- Wlth'
- X-ray analys1s

It may also be shown that DTA peak helght 1s partlcularly sens1t1ve to
thermocouple al1gnment An older cahbratlon curve (figure- 3) glves even a '

" different slope.

. In conclus1on it is suggested that the DTA method may be used as an
accurate means for carbonate determ1nat1on if careful calibration tests are
performed for each dn‘ferent type.of soil (ﬁgure 2a) The next phase of work
would be to study further effect of matrl*c, and mvestlgate the react1ons

w1thdolom1te ‘ A T I

X- RAY METHODS

Carbonates are determmed by two methods of X- ray analys1s In one

- ~;the sample is- subjected to hard, short. wavelength X-rays, and sécondary

fluorescence is measured“ Th1s method measures total calcium. and/or ‘mag--

‘nesium, but is not specific for carbonates The ‘sécond method is by X-ray

dlffractlon and measurement of the 1ntens1ty of the dlﬂ"ractlon peaks. ThlS

‘\f160‘ o

) -ray fluorescénce analysis: The. only ‘_ :
’ method remalmng ‘was preparatlon of emplrlcal cahbratlon curves (figure




method is specific for calcife, dolomite, or other c.,arbona‘te minerals. Both
methods may be rapid, since no weighing or pretreatment is required.
Because of the drawbacKs in chemical tests and DTA, a preliminary
investigation was made to, determine if one of the X-ray methods might be
more accurate and practical. The first problem was to.ascertain sensitivity
~and 'linearity of relationships.. For this purpose the art1ﬁc1ally prepared
reference soﬂs were used

X- RAY FLUORESCENCE

Soil samples bombarded Wlth hard X-rays fluoresce, or give off their
own radiation with- wavelengths and intensities characteristic of elements
in the sample. To test for calcium, CaKa radiation is isolated for intensity
measurement by diffraction at the Bragg 26 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 each. Use of an
automatic caleculating machme in conjunction with the counting allows com-
putation of variance and 95% confidence intervals while the counts are being -
made’. .

240
200

160

-N, counts’
120~

PR T

per second

.80

40

O ey L 1~ " L
(O 4 8 - 12 16, . 20 22

P=% CaCO,

Flg 4. X -ray fluorescent calibration curve for calcium ecarbonate.
.. Since X-ray fluorescence measures total calcium, some counts
. result from samples with zero percent carbonate.
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B Samples were pulverized and packed dry into 'sample holders, and back-

ground counts “‘were made on’ each sample at an angle of 26 less 1°. Back- -

ground counts were subtracted- from -the counts for CaKa. A reference

standard sample of powdered C. P. calcium carbohate was found to give an-

average CaKa count of 17,360 cps ;.if the‘count en this- reference changes,
results may be’ adJusted by multiplying by a proportmnahty factor:

‘The excellent linearity and low scattering of points suggests that X-ray/
ﬂuorescence is an accurate method for carbonate determination (figure 4)..
Also it“is very rapid, requiring about five to ten minutes pér sample; 1nc1ud- oo

ing corrections for background and calculatlons for variance.

The maJor inflience of matrix'is to reabsorb ﬂuorescent X:rays before ‘

they leave the sample, the amount'of absorption dependmg on the other
- elements present Therefore' elements having high absorpt1on coefficients
will reduce X-ray intensities. Fortunately most, of the common elemerits in
‘soils have approximately the same absorption ‘coefficients for CaKe radia-
, tion (table II). Chlorine, sulfur, and phosphorus are the cr1t1cal elements
with very high absorpt1on coefficients, but ‘these are not common:in soils.

Therefore the mﬁuence of changes in matrix may be small so long as the -

differences are within reasonable limits. The calibration. curve probably

' apphes toa w1de varlety of: M1dwestern loess and glacial s01ls (ﬁgure 4).

TABLE II MASS A.BSORPTION COEFFICIENTS ‘OF DIFFERENT ELEMENTS FOB

CAK& AND CUKa BADIATIONS

Rubber Publishing Co. 35th Ed., 1953.

- Atomic . . Ly ’
Element ) Lo CaKy* . CuKet
y _ . number N =3364 - A= 15418 4
. ; C L6 S48 49
C Al - 13 417 - 485 -,
Sj ’ 14 . 5203 60.3
P- .. 610, 73:0°
S 16 .- 780 913
. cl 17 . 8707 1084 .
. - K 19 “~200% 143. .
T - Ca, 20 - ~200f 172
e T . Mn. 25 2801 284
» - © | Fe 26 312 324"
*Handbook -of Chemlstry and Physms, Ch'ernical- A

.

TInternatlonale Tabellen zur. Bestlmmung' Von Krls—

* tallstrukuren, Vol. 2, 1935.

iInterpolated on bas1s of atomie number

‘Another problem calcium not occurring as carbonate is mdlcated by the
count of 9.45 on the reference soil with zero percent carbonate (figure 4).
-To see 1f this count d1ffers 1n dlfferent so11s several leached loess soﬂs hav-

e
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'mg Zero percent carbonate were tested. Unfortunately the zero count was
found to wary from 9.1 to'23.5 in different samples (table I). Therefore the
. best method for correction may be to leach each sample with HCl count for
non-carbonate ca1c1um and subtract this from the result for the untreated
soil. If .the average correction is taken as 1.5% and subtracted from ﬁuo-
. orescent percentages, the results will be close to those from DTA. The most .
accurate .procedure, however, would be to determme correctlons for each

sample by leachmg and re—runnlng

"N, cps

or

. . A, 100 x counts

(200 sec. scan)

-400

" 300

200

100

Peak height
S N=20.9P\(

Peak area

P=

12  |6

/o CO CO

20

22.

' Flg 5. X-ray diffraction cahbratlon curves for ca101te Curves were ﬁtted by

least squares.
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_ X-RAY DIFFRACTION .

X-ray diffraction is a precise method for carbonate analysis, since it is
specific for each crystal structure. In this study filtered copper Ko radia-
tion was used. Two counting methods were employed to measure the inten-
sity of the diffraction: The peak height above background was obtained
by first scanning with both increasing and decreasing 26 angles to locate the
center of the peak accurately, and the height was measured at the eenter
of the peak by manual counting for 10 ten-second counts. Usually the 26
angle was in the neighborhood of 29.2°, and background counts were made at

. a 26 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 artiﬁciatlly mixed soils indicate good linear respbnse 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 reference samples fall outside of the

-95% confidence limits from counting, suggestlng apprec1able sample error

(table III)

‘

TasLE III. CARBONATE CONTENTS BY X-RAY DIFFRACTION PEAK HEIGHT METHOD

: Counts per sec.* %, CaCOs
Sample 9% CaCOs; * Peak _ Background N from graph
Reference mixes . ' o
RO 0.00 118.8 + 3.2 118.9 = 1.8 0=+5.0 0= 0.25 -
R 83 2.03 165.6 + 3.2 1158 = 2.5 49.8 =25 . 2.38 + 0.27
R35 4.05 215.7+=38.1" 1205+ 3.2 95.2 + 6.3 4.55 = 0.30
R 65 8.10 278.5 + 3.9 1211 +2.6 1574+ 6.5 - 7.55 = 0.31 -
R1 12,15 362.6'+ 4.3 118.4 + 2.9 249.2 + 7.2 11.9 +=0.3
R19 16.19 454.3 + 5.0 - 118.1 2.7 336.2 = 7.7 16.1 = 0.4
R 51 20.24 '545.4 = 5 4 122 5 =+ 3.8 422.9 = 9.2 202 *=04
Natural soils ' ' '
49-2 7.57f 135331  108.8-3.0 26.5 + 6.1 1.27 == 0.29
23-1 12.3f 1427x82 1122 =3.0 30.5 = 6.2 1.46 = 0.30
100-1 2.87 - 188.0 =44 128.6 + 2.3 94 + 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.
{Versenate method 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 error may be from imperfectly random grain
orientation, an effect much diminished by secanning. 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
CuKe X-rays can vary considerably depending on the elements in the
saniple, the worst sponge being iron (table II).

TasLe IV. CARBONATE CONTENTS BY X—RAY DIFFRACTION PEAK AREA METHOD

Total Counts* % CaCO
Sample % Ca003 Peak Background A from graI;‘h

Reference mixes

RO 0.00 24,000 23,780 220 0.17
R 83 2.03 24,910 21,900 3,010 2.35
R3 - 4.06 29,450 24,100 5,350 4.14
R 65 8.10 34,520 24,220 10,300 8.05
R1 . 1215 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 ,

49-2 757+ 25150 22,230 2,920  '2.28

24730 21,740 2,990 234
' - 24210 21,250 2,960 231
23-1 12.3+ 28,640 22,450 6,190 4.83

100-1 2.8f 25,770 24,660 1,110 0.866

*Peak scanned at 0.2° 24 per minute from 29 = 29.0° to
29.667°. Background counted at 29 = 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 erystallinity or fine crystallite

size of the carbonate. The scan method appears to be the best one, but quan- |

titative diffraction work will requlre use of internal standards or a different
target X-ray tube.

CONCLUSIONS

1. CO, 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 other minerals which may react. In loess soils the 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 calcmm and magnesium
ions in the acid leachate, but results are in error because of exchangeable
calcium held on the clay. With loess the 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 requlres about 114 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 Jowa 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 CuK« 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 THERMAL ANALYSIS

v ‘ by

W. E. Hauth; Jr., Assistant Professor, Ceramic Engineering

D. T. Davidson, Professor, Civil Engineering

(Highwa3; Research Board Proceedings, 30:449-458. 1950.) )

INTRODUCTION

The clay fraction of soil is the seat of varied and vigorous reactions
which greatly influence the behavior of soil as an engineering material.
Experimental evidence 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 relat1onsh1p to soil be-
havior. 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 obJectwes were:

1. To specify tools and methods suitable for engmeermg laboratory use by
which the clay fraction may be analysed. . ,

2. To study the role of the clay fraction in soils-to determine the varlables
involved and their influence on engineering properties.

3. To obtain a basis upon which the analytical results may be applied to
determine and control the 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, .as 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 striuctural makeup of the major
clay minerals is essential. The predominant clay minérals in engineering
soils may be classified in three groups, kaolinite, montmorillonite, and illite.
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The basic structural unit of all the iineérals in the three groups is the sili- , :
con-oxygen sheet. having -the formula . (8i:05) ~*. Each silicon ion is sur- S ST

" rounded by four oxygen ions, and each group shares three of the four oxy- - ' AR
gen ions with its_\ne‘ig;hb,orihg groups (figure 1) The valence requirements

" 'Fig.1. Viewof (Si0;)—* Sheet (Largeisphéres-oxygenidons) . o .
Z. .7 ...+ (Small'spheres-siliconions) - - SR T




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) 4A1,5i,0;. 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
(OH)»A1,(Si,05)». This may be considered as being composed of two silica
(S1.0;) —* sheets joined together by aluminum ions, with the hydroxyl ions
(OH) — again 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 group 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 sheet have been replaced by aluminum ions. This gives rise to a
deficiency in charge which 'is made up by the inclusion of potassium ions
between the-particle layers. These potassium ions are actually bonded to
adjacent particles and tend to restrict the movement of the sheets. The
formula for this group may be expressed as Ky (OH), Al,,, Si;_, 059, 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 presence
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 give 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
CaCO; into CaO (lime) and CO.. Many minerals undergo characteristic re-
actions, such as loss of water, break-down of the crystal structure, mineral
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 ut111ze standard
thermal curves to interpret the results. i

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 automatic 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
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Sample hdlder

/Nick'el block
. IT——O__" PT+|O°/oRh____I/\r___ /PT wire
wire . o
L_?-__ \ “——T‘\._/_L_"_____ /Temperafure .
@ —— measuring To galvanometer
R ' th :
| O ———f,\r—“ ermocouple /
e B \Pt wire :

All wires insulated from block by ceramic hollow insulators

Fig. 8. Diagram of the sample holder.

témperature difference between the sample and standard gives a resulting
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 refecting 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
as reflected in the temperature at the center of the samples due to the dif-

feérence 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 Prepai‘ation

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 actual 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 seven soils were used. They are designated descrip-
tively as: (1) Harrison County loess, (2) Johnson County loess, (3) Edina
sub-so0il, (4) Kansan gumbotil, (5§) Maryland soﬂ—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 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 —T7—6(0).

The sample of Edina subsoil was taken from a roads1de 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 classified 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
414 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 Experlment
Station, a synthetic soil had been prepared. The non-clay portion of the soil
was Ottawa sand and the clay fraction Florida kaolin. This sample was used
to illustrate the typical thermal reactions of a kaolinitic type soil. It clagsi-
fied texturally as sandy loam and A — 2 — 4 by the revised Pubhc 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 fhe 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 entire soil, (2) that portion which passed a 270

.mesh sieve, and (3) the minus one micron fraction. For the samples indi-
cated as (1) the soil was ground to pass 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 mésh 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 rate of settling was accelerated by the use of a centrlfuge, the
entire settlmg 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 Wh1ch a spherical body falls
through a hquld This may be written ds:

:2rg(S—S) . ) A 1)
9,
where: '
v = velocity of settling in cm/sec.
r = radius of the particle settling in cm.
g = acceleration of gravity, 980 cm/ sec.”
S, = specific gravity of the solid, for clays averaging about 2.5
S, = specific gravity of the water, roughly equal to1 _
n = 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 aceurate enough to give an indica-
tlon of the time interval involved. The distance settled. (I) .in an interval
of time (t) for 1 micron diameter particles may be calculated as follows:

12X .00005% X 980 X (2.5 — 1)
VTTY T 9 % .01
v.= 8.175 X 10—° 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 Na.Si0; used depends on the type and amount of the clay fraction and
is most easily determined by visual'inspection. A properly deflocculated 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 anothier sample for comparison. A few experiments of this
type should enable a person inexperienced in this field to recognize the desired state.

173




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 414 minutes.
This made it possible to siphon off the top 5 ecm., 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 fraction 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 in 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.

!
\\\___.—-/— = N
2a —\\_’_,__- \\ —
]
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100 200 - 300 400 500 ° 600 700 800 800 10.00

Temperature—°C

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-
spread 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 may be employed to hasten the reaction, but care should be taken
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Fig. 5. Thermal curves of Webster topsoil.

that the evolved CO, does not cause the sample to froth over the container.
The amount of H,O, 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 sample, 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 ag shown in figure 6, this did not suffice for the organic con-
tent of Webster topsoil.
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Fig. 6. Thermal curves of Edina subsoil.
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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 addition 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 Rowland'®. Since the pattern for
kaolinite is very distinctive, the curve-  obtained from the synthetic soil
(quartz plus Florida kaolin) will serve to illustrate the characteristic re-
actions of this mineral. This is given in figure 7, curve 3, and shows a-strong

|

[ . ———
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Fig. 7. Th,e.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 examine 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 authors have
based their interpretations of the soil analyses to be presented.
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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°C) 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. 12. Thermal curves of Maryland soil aggregate.
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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 transformatlon) :

Figure 6 contains the thermal patterns of the Edin.a subsoil. Th1s ‘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° - 600°C. No good evidence for the presence of
quartz is indicated, since the sharp point at about 575°C may be caused by
the combination of the reactions of the organic material and the illite.

Kansan gumbotil offers a series of interesting patterns, as glven in
“figure 11. The presence of quartz is observable in curves 1 and 2. An“exam-
ination of 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 sample, offers an example of a

soil with a very large amount of coarse quartz and very little clay. However,

comparison of curves 1 and 2 indicates that the major portion of the non-
clay 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 éuryes 1 and 2. Curve 1 shows only a trace of the exothermic re-
action at 980°C which is distinctive of the mineral 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 tendency toward
an endothermic reaction exists between 650°.and 700°C. This might be
interpreted as being caused by a small amoii’ﬁt_éf montmorillonite. Figure
13 presents the patterns obtained by Grim and Rowland*® on prepared mix-
tures of illite and montmorillonite. A comparison between the figures 4 and
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6 and figure 13 1ndlcates that, 1f it is present montmorlllomte occurs as
less .than five percent of the minus one micron fraction. Assuming a clay
content of twenty percent, the amount of montmorillonite present would
be less than one. percent of the total soil.- Similarly, since approximately
five percent is thé observable minimum for the mineral kaolinite and no -
typical 980°C exothermic reaction was observed 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, coﬁtaining 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 soil 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-
tlcle size distribution and cation exchange capadcity.

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 determination and control of the engineering
properties of the soil. 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 ENGINEERING SOILS: PARTICLE SIZE
DISTRIBUTION AND CATION EXCHANGE CAPACITY

by

W. E. Hauth, Jr., Assistant Professor, Ceramic Engineering

D. T. Davidson, Professor, Civil Engineering

(Highway 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, and the information so obtained is not sufficient
.to warrant its use to.any extent. Several methods for determining the size
of fine particles have been proposed which are based on Stokes’ Law for
spheres falling through a medium. By means of this equation,

v 2rgB.—S) (1)
9, .

where:
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v = velocity of settlirig

r = radius of the particle settling

g = acceleration of gravity

S, = density of the solid

S; = density of the suspending medium
5 = 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 distancé. The particle size distribution may
then be found by determining the actual amount of material at any given
depth at different times. The amount 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 method 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 proposed®
in which the specific gravity of the suspenswn 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 the 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 amount 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 then checked by microscopic examination.

The suspension employed contains 2 percent solids by weight, i.e., 2
grams of clay per 100 cc. of water. The specific gravity measured is as-
sumed to be that 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 hydromieter bulb. The hydrometer
reading is used to determine the percentage of solids finer than that size
by means of the following equation:

8, 100 , |
W percent = S X c (S—S) x 10 (2)

Where: .
'S, = density of the solid
S — specific gravity of the suspension
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S; = 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 the acceleration of gravity (g) in equation (1). This is calculated as
follows:

a="Tao" (3)
where:
« = acceleration
r — radius of circle of revolution
o = angular velocity

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. 3. Particleisize diétribu’pion of Johnson County loess.

-

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, 8). 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 Varywidely 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 85 to 100
Tllite 25to 60
Kaolinite 3to 15

The clay minerals probably adsorb cations by one or both of two diﬁerént
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 broken
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 seme 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 treated with sodium chloride, the following chemical reaction occurs:

A

Clay — Ca + 2NaCl = Clay — 2Na 4 CaCl, (4)

The equilibrium established will tend to favor the caleium clay since the
calcium ion is more strongly attracted by the clay than the sodium and
gince (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 as follows:

Clay — Ca Na28103 Clay — 2Na "+ 038103 : (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 sodlum
clay.

The total amount of exchangeable 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 calcium, and
exchangeable hydrogen. This division arises from the fact that for most
experimental methods for determining the 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 required®. 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 "on the mixture. To determine total exchangeable
bases, 2.6 gm. of soil and 25 ml. of normal 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 potentlometrlc titration 0f.100 ml. of neutral normal ammonium acetate
i buffer with 0.2N acetic acid: The number of milliequivalents resultmg ina
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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
ratioof 1 to 10 as selected by Brown would require 1000 ml. of buffer solu-
tion for 100 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 in 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 samples 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 caleium oxalate method are also in the data®.

TasLE . CATION EXCHANGE CAPACITIES, M.E./100 GMs.

' Total Calcium
Soil Saniple Exc}]lgaénsge:able E}ghg;lge;ll)le Exchangeable Oxalate
’ ydrog Cations Method?®
Johnson County 8.8 3.7 : 12.5 14.1
loess whole . . -
soil — Lo )
- —1 micron fraction 2.8 42.5 45.3 45 - 50
43.4* 46.2 -
Harrison County 1.8 . 9.8 - 11.6 11.5
. loess whole soil

—1 micron fraction 4.0 43.0% 470 . 45 -50

*Values determined using a ration of 1 to 20, soil to buffer. -

RESULTS

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 investigation®. 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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acetate 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 error 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 milliequivalents 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 nermal 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 a 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 eziehangeable
hydrogen and exchangeable base values (table'I). The determination on

TasrLE II. PROPERTIES OF TWO LOESS SAMPLES

‘ . Harrison Johnson

Soil properties County County
i Loess Loess

Liquid limit, % 31.9 33.8
Plastic limit, % 26.4 - 21.3
Plasticity index, % 5.5 12.5
Shrinkage limit, % - 21.7 14.8
Shrinkage ratio . 1.61 1.83
Volumetric change, % 26.7 52.5
Centrifuge moisture equivalent, % 16.6 20.9,
Field moisture equivalent, % 23.7 31.5 B
Public Roads classification A-4(8) A-7-6(10) . . ., .. .
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the minus 1 micron samples also showed a high amount of exchangeable
hydrogen because of-its acid treatment during settling. It may be noted
here that the differential thermal analysis method is an excellent method
for the detection of the presence of carbonates. :
Certain properties of the two loess soils are indicative of engineering

k;ehavior (table IT). Comparison of this data with figures 2 and 3, showing

particle size distributions, indicates that the soil containing the higher per-
centage of particles in the five sizes exhibits higher plasticity values, great-
er shrinkage, and a greater affinity for water, as would be expected. Correla-

" tion with cation exchange values cannot be made at this time due to a lack

of fundamental research i in this field. Another factor undoubtedly influenc-
ing these properties is the presence of carbonate minerals. Again sufficient
knowledge is not available to evaluate accurately their influence.

CONCLUSIONS

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 be 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 making available the
knowledge necessary for the fullest application of analytical research to
practical engineering are in progress. : :
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CLAY FRACTION IN ENGINEERING sou.s- S
INFI.UENCE or AMOUNT ON PROPERTIES" .

D T. Dav1dson, Professor, C1v11 Engmeermg

J B Sheeler, Assoclate Professor, C1v11 Engmeermg

.(Highway 'Res‘learch Board»} PrOCeedingsf; '31 ':558-563 . 1'945,2‘:‘)‘ T

ABSTRACT

Part 111 of the ser1es .describes the results of a study of one of the im-

portant Var1ab1es affectmg engmeermg propert1es of soil® the: amount of
. clay present in the soil. Test.data for the deep Wisconsin (Peor1an) ‘loess of ‘
. southwestern’ Iowa aﬂ"ords a'rare. opportunlty for such a study with nataral. - -

soil. Graphs show that the l1qu1d limit, plastxc limit, plast1c1ty index, shrink-

. age limit, centrifuge. m01sture equlvalent hygroscop1c m01sture, field (in- Lo
place) density, and field ‘moistre content have an apparent linear relation-,
ship with 0.002-mm. -clay content "No. s1mple relat1onsh1p was: found between'_ :

o the field-moisture equlvalent and clay content

Parts I'and II of .this, serles reporting- on 1nvestlgat1ons of the clay frac-

“tion in engineering soils, give tools and methods’ suitable for eng1neer1ng-

laboratory use by which certam propertles of the clay fraction may be ..
analysed ‘One of the ObJ ect1ves of .the- 1nvest1gat10ns is to study the role-of .~ '

.. the clay fraction in soils to. determlne the’ variables involved and their in-.

- “fluence on engmeerlng propert1es wh1ch are those: phys1cal properties of

" soils 'used in the design and constructlon of engmeermg works This reports

the results of.a study of one of the 1mportant var1ables, ,the amount of clay -

[
'

' ‘ present in the soil.

Test data for the deep Wlsconsm/ (Peor1an) loess in southwestern Iowa .

N aﬁ’orded arare opportumty for such a study w1th natural so1ls -

N

: Wlsconsm Loess of Southwestern Jowa -

R -Four glac1al dr1fts of the Wlsconsm stage, Iowan Tazewell Cary, and
- Mankato, have recently been mapped in‘Northwestern Towa?®. Each. of these

. four glaciations is beheved to have contr1buted to the formation of the com: L
. ‘-pos1te W1sc0ns1n loess (also called Peorian loess in-the geolog1cal llterature) L
~which forms a massive surface depos1t that mantles older loesses and pre- -

'.WISCOHSIH glaclal depos1ts in southwestern Towa., Ev1dence 1nd1cates that
the main body of the loess is- Wlnd-blOWI’l mater1al MaJor sources of supply
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were perhaps the flood plams of valleys draining the drlft areas and also
the raw surfaces of the newly deposited drifts. :

The portion of the Wisconsin loess area being studied by t_h.e‘Iowa En-
gineering Experiment Station is shown in figure 1. The thicknesses of the

By xnoig pig

IOWA

Symbols

. Sample locations

. ®, A ’
» ,1 [Guthile | Traverse number
- 2 /’
E Cass y Adair \
/ .
» Arbitrary
L
M.us » [Montgmer} 7 Adoms boundary
1.4 /
First bluff mmom Page 77,
line 5

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 hilltops'®. 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 to over 100 ft. having been made® °. The
loess thicknesses are also greater than 17 ft. on hilltops along the north
boundary, the Wisconsin (or Iowan) drift border'. The depth of the Wis-
consin loess becomes thinner in a southeasterly direction away from the
east valley wall of the Missouri River®. 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 8
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 uneroded 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-
graph1c uniformity of the Wisconsin loess:

Liquid limit

Plastic limit

Plasticity index

Shrinkage limit

Centrifuge moisture equivalent

Field moisture equivalent

Hygroscopic moisture (air-dry)
Mechanical analysis L ‘
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 CaCO3
17. Sulfate content, expressed as percent SO3
18. Cation exchange capacity (whole soil)

19. Differential thermal analysis

20. Types of exchangeable cations.

WXAS R RN

These tests have been made on more than fifty of the loess samples at the
time of this writing. The data indicate that physical and chemical proper-
ties along the north-south first bluff-line traverse (Traverse 1) are remark-
ably uniform for a natural 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 8, 4, 5), reflect a
marked 1ncrease in plasticity, shrinkage, water-holding capacity, and in-
place density’; the samples taken along the Wisconsin-drift border (Trav-
erse 2) have not'as yet been tested. The data fur ther indicate that this in-
crease is almost wholly due to an increase in the amount of clay in the loess.
On the basis 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. Organic 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 percentages, 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 Joess area.
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"‘Correlations

The test data for the Wlsconsm loess affords an opportunity for correla-
tions of amount of clay and engmeerlng properties, since the amount of clay
present in the loess was found to be the major variable responsible for the
differences in engineering propertles

In this study clay is defined as the soil particles smaller than 0.002 mm.
in equivalent spherical diameter® This definition has been given further
- scientific justification as a result of mineralogical studies of soils by several
investigators' **>.**, The 0.002-mm. upper limit for clay has been adopted
by the International Society of Soil Science and the U. S. Department of
Agriculture ; 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 practice.

The properties to be correlated were determined by means of the fol-
lowing test procedures:

Mechanical analysis. ASTM Designation: D422-39 as modified®.
- Liquid limit. AASHO designation: T89-49. -

Plastic limit. AASHO designation: T90-49.

Plasticity index."AASHO designation: T91-49.

Shrinkage limit. AASHO designation: T92-42.

Centrifuge moisture equivalent. AASHO designation: T94-42.

Field moisture equivalent. AASHO designation: T93-49.

Hygroscopic (air-dry) moisture. ASTM designation: D422-39.

. Field (in-place) density. The rubber balloon method was used®.
10 Tield moisture content. The method for material that does not contain
aggregate larger than 1/ in. was used*.

!

SR I i

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 numbeér 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
loess and clay content does not. The graplis for all other propertles repre-
sent the loess at the 2 to 3 foot depth and deeper. :
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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-
moisture equivalent, hygroscopic moisture, field-moisture content, and field
density® 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 the 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 property. '

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 concluded*: “The field moisture
equivalent varies only slowly as the clay content increases and even for a
given type 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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EFFECT OF WETTING TIME
ON PLASTICITY INDICES OF CLAY SOILS g

by
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ABSTRACT

The plasticity indéx 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 the 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 in 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 suggested®. 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 amphﬁed this theory and
refined the testing procedures®.

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 flow together for a distance of % inch along
the bottom of the groove separating the two halves, when the cup is dropped 25
times for a distance of 1 cm. (0.8937 in.) at the rate of two drops per second.

The plastic limit of a soil is the lowest moisture content, expresséd 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 thls boundary is arbitrarily defined as
the lowest water content at which the soil can be rolled into threads 4 inch in di-
améter 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 soil®. 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 becomés 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
turn have a higher plasticity index than those containing kaolinitic clay.
Also, if the surface activity of clay par’clcles governs their rate of hydra-
tion, it follows that there is a critical period of time after mixing the soil
Wl‘th water during which the plasticity tests should be conducted so that the
plastic properties of soils are best Areﬂectgd 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 soﬂ number 5, all soils
were natural soils.
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Preparation of soil samples

The essence of this investigation lay in determining 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 trend due to differential
times of wetting would be apparent within 24 hours®. Therefore 0, 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 indices 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: D428-54T, 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 least

Table I. Description and properties of the soil samples.

Sample No. 1 .2 3 4 5 6{EPK)*

Geological Wisconsin- Kansan-age Kansan-age Planosol on

description: age loess till till - leached, fine
' textured Wis-
consin-age

. loess
Sampling . Dallas Co., Dallas Co,, Guthrie Ce., 'Wayné Co., Prince
location DeSoto, Ia. DeSoto, Ia, Guthrie Iowa - George's
. ’ Center, Ja. Co., Md.
Soil series - Tama Paleosol Shelby Edina Sassafras
Horizon . c, BP, Cp B (o} .
Depth, ft. 2-8,2 8.2-18.4 0.9-7.2 | 2-3 -
Textural composition,% ’
Gravel (2.00 mm) 0 . 7.0 0.0 0.0 58.0
' Sand (2.00-0.074 mm) 0 26.0 51,0 0.7 23.9.
Silt (0.074-0.005mm) 60.0 24.0 31.0 36.8 10,1 14, 0f
Clay (0.005 mm) 40,0 43,0 18,0 62.5 8.0 86.0
Colloids (0,001 mm) 24.0 26,0 11.0 53.5 4.4 35.0
Predominant clay Montmoril- Montmoril- Montmoril- Montmoril- Kaolinite& Kaolinite
mineral lonite lonite lonite lonite
Classification '
Textural¥s Silty clay Clay Sandy loam Clay . Gravelly Clay
' 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 Kaolinl Co., Edgar, Florida.
#All silt-size particles are less than 0.040 mm in diaméter.

#By X-ray diffraction analysis4.

&pTa®, :

##From triangular chart developed by U.S.Bureau of Public Roads, but 0. 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 designated periods of time. Then the soil
specimens were tested. ‘ .

TasLe II. SUMMARY OF ATTERBERG TEST RESULTS ' -

Time tests s s . s s
Sample No. and Liquid Plastic Plasticity

predominant clay pegffotxé;r;xed limit, limit, index,
mineral - mixing, hr. %o ) P _ %o
1. Montmorillonite 0 48 26 22
1 51 : " 25 26
3 50 25 . 25
21 50 25 25
2. Montmorillonite 0 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 s 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 3 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 PLASTICITY

Soil Changes in L.L. Changes in P.L. Changes in P.I.
between : between : between
sample wetting times wetting times wetting times
0- of 0 and of 0 and of 0 and -
-1hr. 8hr. 2rhr. 1hr. 8hr. 2lhr. 1hr. 8hr. 21hr
1 +3 +2 42 -1 =1 -1 +4 +3 +3
2 "0 +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. 41 42 +1 —1 ]
6 (EPK) +4 0 —3 +8, 42 +2' 41 —2 —5
Increases 2 2 1 B 2 2 3 o2 1
Decreases 2 1 5 8 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 ’pime of

I I - - |
. Soil no. 4

40

Soil no. 2

30

~—
- Soil no. 1
Plasticity index, /\t .

ercent 20
P No. 6 EPK

Soil no.5

0 ] | : : |
o} 1 . 3 ‘10 . . ' 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 inh the plasticity index.

The three soils, 2, 3, and 4, containing montmorillonitic cldy 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. 1; also a montmorillonitic clay, behaved in
a different way, although it 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 8 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 values. In fact, discounting the small difference be-
tween the 1 hour and 3 hour plasticity index values in soil No. 1, it will be
safe to state that the maximum plasticity index of the montmorillonitic clay
soils used in this experiment occurred between the 1 and 8 hour wetting

208




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 Wettlng 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 mvestlgatlon 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 8 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 dras-

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 index, when the average is calculated
from the four wetting periods. With the kaolinitic soils, however, the 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 results are indicative of ‘the long term role’
as a flocculating agent of water when it is added in.controlled amounts. The
influence of water, when short and long wetting periods are compared, seems
to be more pronounced with kaolinitic soils than with montmorillonitic seils:
It is possible that the kaolinitic clay particles attain some degree of orienta-
tion upon the addition of water and subsequent manipulation, but with time
they lose this drientation. This seems to hold true for montmeorillonitic clay
particles except that the loss of orientation with time is small. =

Although the applicability of the coneclusions drawn from this investiga-
‘tion does not seem to be questionable, further research may help in sub-
stantiating the facts brought out in this work.
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THE RELATION BETWEEN ‘SOIL MOISTURE'
TENSION AND THE' CONS!STENCY LIMITS OF SOII.S.

: by

" R.L. Rollins, Assistant Professor, Civil Engineering
D.T. Dav’idson,*'ProfessOr, Civil Engineering =~ .

s E (Progress Report, 1955.) - .

ABSTRACT o

Soﬂ physwlsts use the caplllary potent1a1 ‘as a means of expressmg the
energy of attraction.of soil for water. The so-called tension-moisture curves
.are-used to characterize soils and to display soil ' moisture’ relations. By use
of equipment now commerc1ally available tension values and moigsture con-
-tent data can be determined for a large number of samples at one time.

Procedures are given herem for- preparlng ‘the soil and for. determmmg '
the soil moisture tension curves. Data are presented showing the relation-
‘ship between tension values and the liguid and plastic limits of soils in the
textural groups of silty loam, s1lty clay loam, silty clay, and clay. Tension
values for at least 32 duphcate samples can. be obtalned in a 24 hour perlod
for the. 11qu1d 11m11: ' Co T,

By the use of the correlatlon data presented much tlme can be saved in
estimating the cons1s)cency 11m1ts . .

_INTRODUCTION

_The consistency limits of soils have béen used widely in soil engineering
- for the class1ﬁcat10n and identification of soils. The American Association
of State nghway Officials soil classification, the unified: soil classification of
the U. S. Corps-of Engineers; and various other systems ‘utilize Atterberg’s
limits. These hmlts are often-used directly in specifications for mechanical
stabilization, for determlmng the kind of' soil to be used in fills, and in the
design of flexible- -pavements. Thousands of these tests are made each year
by soil engineering organlzatlons A d1sadvantage of procedures currently
available for determining cons1stency hmlts is the time consumed in com-
pleting a-test. For 1nstance, it takes the average laboratory techn1c1an at
. least an hour to arrive at a value for the liquid Iimit; and nearly as long to
determme the plastlc limit. - ‘ - :
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TABLE I. SOILS USED IN THE INVESTIGATION

Soil
No.

108-1
108-2
119-1
117-2
114-5

117-7
114-7
108-4
119-5
110-5

202-1
207-1
212-2
227-2

202-6
211-5
217-4
227-5
211-7
LF-1
LF-2
LF-3
LF-4
M38-1
M25-1
M83-1

Gumbotil
V-1
V-4

. IV

V-5
I-16
Iv-14

II-7
1vV-15
I-21

15-2-

55-1

47-1

48-2

34-1

37-2

43-1

46-1

71-2

59-1

15-1

L.L.

32.1
474

38.5 °

477
29.1

31.0
26.6
35.6
38.4
31.0

30.4
39.3
43.9
45.5

27.7
39.9

41.8-

24.1
26.8

P.L.

21.6
19.8
24.1
19.0
19.2

20.3
19.2
19.9

7.2

21.7
22.7
29.0
21.9
22.3

22.7
23.0
22.3
21.0
23.0
19.9
51.2
24.6
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74.3
70.4
58.3
62.6

80.2
65.7
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Clay
<5p
26.6
42.0
35.2
41.6
18.6

24.5
17.2
217.8

320

24.3
28.4
37.5
36.6

19.2
33.9
35.6
14.5
18.8

44.1

32.3
43.5

40.4
17.0

Textural

Classification

Silty clay loam
Silty clay
Silty clay
Silty clay
Silty lodm

Silty clay loam
Silty loam

© Silty clay loam

Silty clay
Silty clay loam

Silty clay loam
Silty clay loam
Silty clay
Silty clay

Silty loam
Silty clay
Silty clay
Silty loam
Silty loam

Silty clay loam
Silty clay
Silty loam
Silty loam
Silty loam
Clay

Clay

Clay

Clay

Clay

Clay

Clay

Clay

Clay

Clay

.Clay

Clay

Silty eclay
Clay

Silty eclay
Silty clay
Silty clay loam
Silty clay loam

Silty loam
Silty clay loam
Silty loam
Silty loam
Silty loam
Silty clay loam
Silty clay loam
Silty clay
Silty clay
Silty clay
Clay

Silty clay loam
Silty clay
Silty loam



Herein is a method for estimating theé ‘contistency limits by relating
them to soil moisture tension values. determmed by porous plate equipment
and pressure membrane apparatus®.

SOILS USED

'Fifty—six different soils, most of which weire Towa soils, all ranging in
texture from silty loam to clay, were studled (tableI)..

APPARATUS USED FOR DETERMINING SOIL MOISTURE TENSION

Soil moisture tens1ons up to twenty pounds per square inch were obtained

. .on the porous plate apparatus® ®. The apparatus has three ways for measur-

ing the applied air pressure. In the mvestlgatlon a water manometer was
used for pressures up to twenty inchés of water, a pressure gage gradu-
ated from zero to two hundred inches of water was used for the 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 hundred inches.
of water and up to twenty pounds per square inch. The air pressure was
supplied from an ordinary laboratory compressed air line and controlled by

two valves. Valve 1 supplied air 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 apparatus. The

apparatus has four porous ceramic plates. Soil moisture tensions greater

than twenty pounds per square inch were determined by using a Richards

pressure membrane apparatus Whlch can determine soil moisture tensions

up to fifteen atmospheres.

Brass rings, one and three quarters inches in dlameter 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 be tested at one time.

Rubber rings, approximately the same size as the 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. 60*. 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 saturatlon 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 fiowed 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.

100

90

217-4 Silty clay

80

70

60

Soil moisfure
tension — inches 50
of water

[o]

40

30

20

S

0 10 20 30 40 . 50 60

Percent moisture content
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 trial. 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 tengion 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-

TaBrLE II. TABULAR ANALYSIS OF SILTY CLAY FOR THE LIQUID LIMIT

Soil % H.0 Dev. % H.0 Dev. % H-0 Dev.
Desienation L.L. for from for from for from
eSIE. 20 in. Ten. L.L. 15in. Ten. L.L. 10 in.ten. L.L.
217-4 41.8 42.2 +0.4 43.4 +4-1.6 42.2 404
211-5 39.9 404 +4-0.5 41.7 +1.8 43.0 +3.1
227-2 48.0 44.8 —32 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 +1.1 414 +4-2.2 42.5 4-3.3
212-2 43.9 41.2 —2.7 423 —1.6 43.5 —04
119-5° 38.4 38.4 0.0 394 +4-1.0 40.5 421
119-1 38.5 39.9 +14 40.8 2.3 41.6 +3.1
117-2 47.7 45.6 —2.1 46.8 —0.9 48.2 4-0.5
IV-5 *40.6 414 +0.8 40.3 —0.3 44.0 434
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 —14
Iv-1 47.7 45.7 2.0 46.9 —0.8 48.1 404
Mean 1.83 1.64 1.78
Algebraic Mean . —0.63 +40.057 +1.28
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‘ A

age deviations 'and ave’rage algebraic deviations were determined for each

‘tension for all soils. In a given textural group, the s01l moisture tension -

which yielded the mlnlmum algebralc and average deviation was selected'
(table II). . : S

In determlmng the soil m01sture tens1on correspondlng with the plastlc :
11m1t soil moisture tension curves wete ‘obtained by finding moisturé con--
tents correspondmg with pressures of 100, 200, 405, 1383 and 2767 inches

_of water pressure. Soil moisture tensions correspondlng to the liquid limit"~

were estimated from these ¢urves for each textural class1ﬁcat10n in exactly "

" the same manner as described above. This analysis indicated that the ten-

sions for the various textural groups should be approx1mate1y as 1nd1cated

TENSION FOR -~ C o TENSION FOR

TEXTURAL _GROUP - LIQUID 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 - © 15inches of water - 913 inches of water
Clay . "6 inches of Water 1650 inches of water

To check the above results, two samples of each. soil were prepared in

' accordance with the above procedure, then they weére subjected to the ap-
prOpriate.pressur.e (tables III - IX).'/The average and the algebraic mean

TasrLE ITI. MOISTURE CONTENT FOR 60 INCHES MOISTURE TENSION COMPARED WITH
THE LIQUID LIMIT FOR SILTY LOAM AND SILTY, CLAY LOAM SOILS

Soil Type ' 1T1jlali N9'2 ,Average LL _Deviation )
1147 248 258 252 . 266 414
211-7 27.3 -266 . 269 . 268 . —01 -
55-1 302 2997 299 - 296 . —03
121 - .280 .280 280 - 268 = —12, .
15-2 342 . 344 34.3 . 306 - . —37
151 . - 3310 331 331 . 319 —12
202-6 276 274 275 277 - 402
07 o332 319 325 302 —23
‘ 114-5 282 270 27.6 . 291 +15
. 927-5  -° 258 264 - 261 - 241" | —20°
207-1 405 ' 421 - 413 39.3 —20
1084 382 34 336 356 +2.0
© LF-3 329 325 327 . 818  —09
. 110-5 - 295 30.0 29.7 ' 310 +12
: © 1081 - - 812 311 31.1 32.1 J09
202-1 331 32,9 330 304 526
Ivi15 - 840 333 337 387 416 °
o471 344 354 - 349 . 347 —02
S IV-14 . 367 35.6 361 " %61 - . ‘0.0
I-16 - 32.7  31.9 32.3 30.3 —20
482 . 348 349 . 349 31.6 —33
177 28.8  28.6 . 28.7 31,0 +23 '
’ Average Dev1at10n . 150
Average Algebralc Dev1at10n —0.49
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"TABLE IV. MOISTURE CONTENT FOR 15 INCHES MOISTURE TENSION COMPARED
WITH THE LIQUID LIMIT FOR SILTY CLAY SOILS

Soil Type 1 él‘ rial Noé 4 Average = L.L. Deviation’
108-2 43.3 42.7 45.1 45.1 441 47.4 +3.3
Iv-1 44.8 44.6 48.1 45.8 477 +1.9

. 119-5 40.3 38.7 42.3 43.2 41.1 38.4 —2.7
V-1 " 86.3 37.3 39.4 - 877 414 +3.7
LF-4 36.0  36.2 38.0 37.8 387.0 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 +34
211-5 39.0 40.5 | 429 43.5 415 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

B 43-1 38.4 376 3876 41.8 . 38.° 39.8 +1.1
227-2 43.5 421 459 . 446 44.0 45.5 +15
212-2 43.3 42.2 425 , 42.8 42.7 43.9 +1.2
117-2 44.3 44.5 ‘457  46.8 45.3 47.7 +2.4
217-4 444 45.8 - 451 41.8 —3.3

L . Average Deviation: . 2.56

Average Algebraic Deviation: ' —0.10

deviations from the liquid limit determined by conventional method are in-
dicated for each. ' .

This recheck indicated that the selected tensions are fairly satisfactory
for the soils tested, and that the deviations 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, can range widely in the soil moisture
tension without an appreciable change in the moisture content.

The method should be less reliable for soils which are intermediate be-
tween one textural group and another than for those falling well within the
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group. However, when one considers that the consistency 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-

TaBreE V. MOISTURE CONTENT FOR 6 INCHES MOISTURE TENSION COMPARED WITH
THE LIQUID LIMIT FOR CLAY SOILS

Soil

Designation

Gumbotil
LF-1

61

46-1

1Trial N%‘ Average L.L. Deviation

65.0  65.0 65.0 66.8 +1.8
54.2 58.4 56.3 51.4 —1.1
56.1 55.7 55.9 56 +0.1
51.56 50.9 51.2 54.7 +-3.5
70.6  72.6 711 71 —0.1
44.5 43.3 43.9 42 —1.9
34.6 34.9 34.8 35 +0.2
49.7 49.9 49.8 51.5 +1.7
48.1 47.1 47.6 46 —1.6
69.4 69.3 69.3 71 +1.7
42.9 43.9 43.4 40 —34
60.6 60.7 60.6 - 55 - —5.6
69.6 69.1 69.3 70 +0.7
42.7 44.3 435 . 43 —0.5
72.0 71.0 71.5 3.9 412
48.0- ) 48.0 48 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
Designation 1

202-6 24.2
211-7 24.2
114-5 22.8
15-2 18.6
I1-7 19.3
1-21 16.7
15-1 21.6
55-1 25.8
114-7 23.0
M25-1 35.8
M38-1 31.8
M83-1

32.3

«

éI‘ rial N°'3 4 Mean " P.L. Deviation

25.1 24.8 24.4 24.6 22.7 —1.9
23.8 24.4 24.1 24.1 23.0 —1.1
28.1 . 234 23.5 28.2 19.2 —4.0
20.4 18.9 19.8 19.3 24 +4.7
192 211 21.0 20.2 T 24.4 +4-4.2
16.1 17.1 17.9 16.9 21.1 +-4.2
- 20.8 20.5 21.1 21.0 24.0 +3.0
26.0 24.5 24.5 25.2 27.3 +2.1
23.2 22.6 22.7 T 229 19.2 —3.7
372 . 36.5 31.3 —b5.2
387 e e 32.7 27.1 —5.6
386 ' 32.9 34.7 +1.8
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.

‘TaprE VII. MOISTURE CONTENT FOR 415 INCHES WATER PRESSURE MOISTURE
TENSION COMPARED WITH THE PLASTIC LIMIT FOR SILTY CLAY LOAM SOILS

Soil Trial No. o
Designation 1 g 3 4 Average P.L. Dev1a1:/10n
117-7 o220 23.1 23.3 23.3 23.1 20.3 —2.8
48-2 20.6 20.0 21.2 20.9 20.8 19.7 —11
1-16 23.4 23.4 23.8 23.9 23.6 21.2 —2.4
IV-14 24.4 246" 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 20.8 214 +0.6
202-1 18.5 18.9 19.9 19.9 10.3 22.7 +34
108-1 20.3 19.2 22.2 22.4 21.0 21.6 +0.6
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 Deviation: . 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

D esisg(x)ll;.ti on '{rlal No.z 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
48-1 15.2 15.0 15.1 16.7 +1.6
119-1 175 16.4 17.0 24.1 +-17.0
117-2 22.6 23.6 23.1 19.0 —4.1
34-1 19.8 20.6 20.2 22.8 +2.6
59-1 24.3 28.2 28.7 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 . 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 17.8 17.2 . =01
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: -}1.29

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 nojzed 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 i . .
Desi g(r)llati on 1T11a1 N% Average P.L. Deéviation

84 214 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 +0.8
65 28.8 29.0 28.9 27 —1.9
62 21.3 214 214 20 —14
94 27.4 27.4 274 25 —2.4
43 175 177 17.6 20 494
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
43% 24.8 .24.8 24.8 20.8 —4.0

Average Deviation: 2.34

Average Algebraic Deviation: —1.66

TaBrE X. MISSISSIPPI VALLEY GROUP COOPERATIVE TEST ON, BINDER SOIL

Organization Ligquid 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 , 2351 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
Towa 24.5 13.4 11.1

Casagrande?, 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-
1y 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 textural groups; others, such
as clay loam, loam, and sandy loam, have not been investigated. 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

i. 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 m01sture contents approximating the
con51stency limits 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 : — 168 inches of water pressure
Silty clay loam — 415 inches of water pressure
Silty clay — 913 inches of water pressure
Lean and medium clays —1650 inches of water pressure

SELECTED REFERENCES
1. Caségrande, Arthur. Research on the 3. Richards, L. A. Porous plate apparatus

Atterberg limits of soils. Public Roads. for measuring moisture retention and
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FURTHER CORRELAT!ON 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 manipulation of soil 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 engineering behavior of soil. Together with mechanical
analysis, these relationships provide a basis for the identification and en-
gineering classiﬁcation of s0il 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 Swedish 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 sohd These tests for

liquid limit and plastic limit are in use today. The numerical 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 properties of a $oil 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 entire 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 samples containing more than 5 percent sand. A-horizon
samples contained considerable organic matter, and the samples with more
than 5 percent sand were from the basal portion of the loess sections. These

221



S J
4 . =
o
o
o C-M
3
? )
2.
o
H i) °
H o N
P
o
o
H o
i o
o
0° I/
[ l,
o T |
~~ Wisconsin drift borders . Loess sample locations
"""" Arbitrary boundaries = Northwest
~.~ East valley ‘'wall of the Missouri River ° Southwest
0 lowan + Southern
] = East Central
T Tazewell '

4 Northeast

C-M Cary-Mankato

- Fig. 1. Loess sample locations in Iowa.

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 were deter-
mined by the method of least squares. Sinhce 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
v = mx -+ b, where.m is the slope of the line and b is the ihtercept. Here
y represents the Atterberg limit and x-represents the clay cortent.
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Fig. 2. Liquid limits plotted as a function of 5 micron clay content.

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 area, 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 Towa.

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

223



° SW fowa loess

| ° E Central lowa loess T

34— s+ NE lowa loess ]

— + NW lowa loess .. . ]

30— + Southern lowa loess —
Plastic
limit,
percent

14— —
P S I e I I
8 12 16 20 24 28 32 36 40 44 48 52 °
o 5 micron clay, percent
Fig. 3. Plastic limits plotted as a function of 5 micron clay content.
40
rrrrrrrryrtbrtb e e rrrr b
36— ° SW lowa loess . *
L > E Central lowa loess o, ]
30l s NE lowa loess » f ey %a ° ]
= NW lowa lpess o o ]
[ - Southern ‘lowa loess . i
28— . . i
24— —
Plasticity — . _|
index, 20— _
percent - |
6| — ’ —
12— —
8— —
40— . —
ol L 11 e O O O
8 l2- 16 20 24 28 32 36 40 44 48 52

5 micron clay, percent
Fig. 4. Plasticity indices plotted as a function of 5 micron clay content.

224 | .



TasLE I. COMPARISON OF CONSTANTS IN THE ATTERBERG LIMIT EQUATIONS
Atterberg limits — mx + b

Liquid limit Plastic limit Plasticity index
Sample Slope Constant Slope Constant Slope Constant
area ) m b m . b m b

Southwest 0.79 16.9 —0.22 291 | 1.01 T —122
East-central 0.95 11.3 —0.09 20.2 1.04 — 8.9
Northeast 0.93 10.0 —0.01 22.1 - 0.94 —12.1
Northwest 0.98 6.3~ 0.22 18.7 0.76 —124
Southern 0.99 5.2 0.25 13.2 0.74 — 8.0
Overall* - K 0.91 10.9 —0.04 247 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 too 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. '

TasLE 1I. COMPARISON OF PLASTIC LIMIT RESULTS OBTAINED BY DIFFERENT OPERATORS

5-micron P.L. by P.L. by Decrease Increase
Sample clay . operators operator A to C Ato C
Area- No. content, A and B, C, or ) or
percent percent percent B to C ) B to C
Southwest . 55-1 13.4 A 27.3 C23.8 3.5
20-2-VI 19.8 A 24.6 C24.4 0.2
B 25-1 27.8 A 23.0 C22.9 0.1
4415-1 42.0 A 204 c21.1 . 0.7
East-central 122-10 . 17.2 A 195 C19.1 04" .
110-6 23.4 A195. C19.6 0.1
i 110-2 41.0 A17.1 C19.3 2.2
.~ Northeast © 227-5 145 - A21.0 C 20.5 0.5
. 222-4 28.7 A 20.9 C19.56 1.4
- 202-2 34.3. A 214 C19.7 1.7
Northwest . 300-8 25.4 B 23.7 C 23.3 0.4
300-4 314 B 25.6 C23.4 2.2
308-3 37.6 B 26.7 C22.7 4.0
305-2, 453 B38lL2 (243 6.9
Southern 513-4 39.0 B 21.3 C 20.2 1.1
508-2 46.6 B 24.7 C 18.9 5.8
509-2 49.0 B 26.2 C.20.0 , 6.2
512-2 51.6 B 27.2 C24.8 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 and bring the plastic limit and plasticity index results
closer in agreement with the results from the other areas.

The straight line relationéhips 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 loess. The correlations also indicate that differences
in the Atterberg limits of the loess in- Iowa are prlmarlly due to the amount
of clay present
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PERMEABILITY TEST FOR SANDS
by

T. Y. Chu, Assistant Professor, Civil Engineering
D. T. Davidson, Professor, Civil Engineering
A. E. Wickstrom, Graduate Assistant, Engiheerihg

Experiment Station -

(ASTM Symposium on Perm’eabﬂity of Soils. 1954.)
" ABSTRACT

Information on the permeability of sénd is often w1"e‘qulred in its utiliza-
tion as an 'engineering material. A modification of Barber’s: falling head
permeability test for porous granular materials is presented. The modlﬁed
method is simpleé to use and gives reproducible results.

The modifications recommended. incliude:
1) A procedure for loadlng 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 densities. Compositional information per-
tment to the permeability of the sands is also: presented.

DEVELOPMENT OF TEST METHOD

A falhng head permeability test has been widely used for the laboratory
determination of the permeability of sands This method is simple to use
_and does not require complicated equlpment However, test results obtained
may not be readily reproducible mamly 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 Appendlx, is 51mple to use and glves re-
‘producﬂole results.

In developmg the modified permeability test for sands experlments were
made for the following purposes:

1) To evaluate different methods of loading and compacting the satnple 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 soakmg 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 Compactlon . -

In the permeability test, the loading 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 particles.

-Segregation can be avoided by loading the sample in a moist condition, but

moist sand may be difficult to compact to a desired density.

A comparison was made of different techniques for loading dry sand in
the permeameter tube, and the procedure, called the “inverted method”,
was found 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.

lABLE I. COMPARISON OF REPRODUCIBILITY OF PEBMEABILITY TEST BESULTS
OBTAINED WITH SAMPLES™ LOADED BY TWO DIFFERENT METHODS

Coefficient of

Method of Experiment
Permeability,

Loading No. ft. per day

1 28.2
Inverted 2 29.2
method 3 294

4 30.9
Sample ‘poured 1 16.8
from top to bottom 2 25.3
of permeameter . .3 + 12.0
tube 4 19.6 .

*The data are for Sample 77-S in Table II1.

After loadmg, the tube is turned r1ght—s1de 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 reproducibility 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 1nverted method is close to the
compact unit weight'. Higher densities may be obtained by compacting the
samiple 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 Dioxi

de Tfeatment

~

The permeability test can be performed x’;vith the sample either in a

completely saturated condition or in a partially saturated condition. The

condition of testing usually depends on the purpose of the test. The simplest

way to obtai1

results on a comparable basis is to use completely saturated

samples. The permeability test for sands given in the Appehdix was de-

To obtain
air before be
into the samy
of the air in

veloped plz'iml

procedure fo
tially saturat

arily for testing completely saturated samples. However, the
r loading and compaction may also be used for preparing par-
ed samples for testmg

complete saturation, the sample should be free from éntrapped
ing tested for permeability, and no air ‘should be introduced
ile from the percolating water during testing. The entrainment
the test sample can be prevented by evacuation methods® or

by passing carbon dioxide gas through the air-dry sample after it has been

loaded in the
sample is dis

permeameter tube and before it is compacted. The air in the
placed by CO, which will be quickly dissolved by percolating

water during the permeability test. The latter method is comparatively
simple to usé and was found satlsfactory in permeablhty tests with many

types of soils.

It was the only method studied in the present investigation.

The two

variables involved in the carbon dioxide treatment are the

amount of CO, used and the rate at which it is passed through the sample.

Experiments

were performed with sand samples to determine a satisfactory

amount of CO, used and the rate at which it is passed through the sample.

\
De-aired
of dissolved

ater may be used in permeability tests to avoid the release
air as the water percolates through the test sample. The use

of distilled vﬁlfater at a temperature 5 to 10° F. higher than room tempera-
ture also serives to avoid the release of dissolved air. Because of its sim-
_plicity this method is recommended.

Experlmen

ts were made to determine the effect of air removal by the

carbon d10x1de treatment on the permeability of several sand samples. The

samples were loaded in the permeameter tube by the inverted method and, -

by the metho

sities prior to permeability determinations®.

carbon dioxi¢
type of sand

d described in the Appendix, were compacted to various den-
Test data showed that the -
e treatment results in a higher permeability regardless of the
and of the degree of compaction. The data also indicated that

the lower the permeability of the untreated sample the greater the increase

in permeabil

ty ‘due to the carbon dioxide treatment (table II).
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TABLE II TYPICAL DATA SHOWING THE EFFECT OF CARBON DIOXIDE TREATMENT
ON THE PERMEABILITY OF SANDS

Coefficient  Relative

Sample Porosity, Carbon ,f Permea- Permea-
No. percent Dioxide bilityt, bility{,
Treatment ft. per day percent
No 29.4 76
39.6 .
: o 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.

fRelative permeabilities are computed by taking the co-
efficient of permeability obtained with carbon dioxide
treated samples as 100%. i . .

Soaking

. After the sample has been loaded in the permeameter tube, treated with
carbon dioxide, and compacted to the désired density, the tube is immersed
" in distilled water in a water bath (Appendlx) The permeability determlna-

tion can be started either immediately after the water in the tube has risen
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 permeablhty deter-
‘mination is not considered necessary.

CHANGE IN PERMEABILITY DURING TESTING

In the falling head method of test, the permeability is determined 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 cannot be detected, since only one coeflicient
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 drop from level A to level B and from level B to level C are
recorded, two coefficients of permeablhty can be computed. If this is done, .
" any change in the permeablh‘cy of a sample during testing is indicated by
" the difference between the two coefficients of permeability.

To facilitate the comparisoh of the two coefficients of permeability, an
intermediate level can be selected to conform to the following relationship:
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= - (D)
" Where:
h, = helgrht of level A

h;, = helght of the intermediate level (level B),
= helght‘of level C.

Equation (1) and the formula for computing the coeflicient of permeablhty
given in thel Appendix show that if thé permeability of the sample is con-
stant during the test, 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 will be the same..
For simplicity the time required for the water to drop from level A to level B
will be referred to as the first reading, and the time from level B to level C
the second Iie'ading Any difference between the first and the second read-
ings is an indication of a change in the permeability_of the sample during

testing. ]

Test results indicate that, when a s1ng1e permeablhty determination 1s
made on a sample the first reading. is usually différent from the second.’
It was also 1found that the deviation between the two readings often de-
creases Wlt}} repeated permeability determinations on the same loaded
sample (ﬁgu're 1). The deviation curve shows that after several successive

i
|

45— I : — 20
| |
| a0l : is
] Coeffieienf of permeability
L s . — ‘ 10 \
Coefficient |of D e S W Deviation,
permeability, ke C ’ percent.’
- ft. per day 30 7 S
. ] ' ‘ // \( : Deviatign ’
! 25 4 S 0
20 | 2 3 4 5 6 oo
Test number . ) )
Fig. 1. Typical curves showing variation in permeability'test results ob-
tained by repeated testing of a sand sample (Sample No 92-S, table
IIT.)!
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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, more 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 readings. is small and, then,
to report the coefficient of permeability obtained 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
the relationship between permeability values and dev1at10ns, when the devi- -
ation is less than *2.0 percent, the permeability value is within about =5
percent (95 to 105 percent relative permeability) of the value correspond-
ing to a deviation of nearly zero.(figure 2). Since a 5 percent variation in

M ee 771
100 ; oo
-3 " © lb%e
. L1 1. % o o
. Relative S fe
permeability, : . . .
percent « °°
) 80 : . .
L]
L]
. 607 0 3 — 8 12 6

Deviation, percent -

Fig. 2. Relatlonshlp between permeability value and dev1at10n be-
tween first and second 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, thls requlrement was met in the second permeabil-
ity determination. . :
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Fig. 3. Particle size accumulatlon curves tor the four Iowa sands..
1
Tasre III. MECHANICAL COMPOSITION OF THE FOUR IOWA SANDS
"
Sample’l‘se:xtigral S;(ljifn po?;f’;;? %%l;tgg_ Sp. G. Sgher- Sur.face Textur_ei- Aggregation Characteristics
% P % cient icity arkings  Coatings Amount Size, mm Cement /
. Partiall
778 876 9.6 28 16 266 071 Dull and comied by : Caleareous .
, rough calecareous Common 1-3 ° Clay ' \
(faceted) clay |
. ’ - Partiall
79-8 847 110 43 14  2.65° 078 Dull conted by Abun- Ferruginous
and ferruginous dant % -1% Clay
smooth clay ) .
89-S 981 1.6 0.3 1.2 267 075 Dull Partially . . ' ‘
and coated by Absent L. ...
rough iron oxide
92-5 929 43 28 13- 268 0.61 Dull Completely Slightly
and slightly Common - 1-2 Calcareous
rough calcareous = clay

(pitted) clay ) /

*Sand — 2 to 0.074 mm  silt — 0.074 to 0.005 mm clay — Less than 0.005 mm.
FDescriptions apply to most sand-size particles in the sample. . -

PERMEABILITY OF FOUR IOWA SANDS

The modified test method was used in determining the permeability of y N
four Towa sﬁnds (figure 3, table IIT). The sorting coefficient, S, is computed ]
by the formula‘*:

a o

So:\/ Qs

The values of Q. and Q, are determined from the particle size accumulatlon . .
curve: Q, is the maximum diameter of the smallest 75 percent by weight of ' ‘
‘the soil particles, and Oy is the maximum diameter of the Smallest 25 per-
cent. A well graded sand will have a higher sorting coefficient and will usu-

233




ally have a lower porosity than a poorly graded sand. The average spheri-
city values are for sand size particles in the sample®. A perfect sphere has
a sphericity of 1.00. The predominant kind of clay mmeval in each of the
four sands is illite.

300‘*

/

Sample No.

Coefficient of
permeability
ft. per day

o——o 89-S
o-——=0 92-—3
—2s T7-S

Ao 79=S

e

05 ""30 35 40 45
Porosnty, percent

F1g 4, Permeablhtles of the four Jowa sands at vari-
ous. poros1t1es

TasLE IV. COEFFICIENTS OF PERMEABILITY OF FOUR JOWA SANDS
AT VARIOUS DENSITIES
Dry Density

- Percent of - . -+ Coefficient
R Sﬁple Lb. per Standard P (g;%sértl%" of Permeability,
: ' cu. ft. Proctor p ) ft, per day
P ‘ - Density -
o ‘ o 77-S 100 - 92 ‘ 39.6 ’ 39.5;
) ) : 105 97 . . . 386.6 24.5
. 109 100 345 . 18.4
: , 79-S i 106 90 | 35.6° 6.9.. Lo
o . 113 , 96 oo 3156 : 2.4 ’
’ . 119 101 : 27.8 14 .
Lo . . 89-8 108 96 38.1 258.5
) "104 - 97 | 37.5 237.5
o . 108 100 35.5 199.4
' ' . 110 102 . 34.0 1754
s 92-S . 97 90 . 42.0 . , 77.1
' 99 . 92 40.8 66.3
103 96 38.3 54.5
107 . 100 357 - 34.1
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The datla for the permeability test results for the four sands at various
densities show that the sands differ greatly in their coefficients of permea-
bility and the coefficient varies Wlth the density for each sand (figure. 4,

table IV). |

The d1fferences in permeablhty of the sands are related to their void
characterlstlcs The term void characteristics as used here refers not only to
the amounq of voids in a sample but also to other related variables, such as
the size distribution and continuity of the voids. The amount of voids in a
sample canibe easily determined and is commonly expressed in terms of the
porosity of] the sample. The other variables are difficult to measure quan-
titatively, but they -can be evaluated qualitatively from compositional in-
formation. !

Each curve in figure 4 shows the decrease in permeability that accom-
panies a decrease in porosity. The figure also illustrates that porosity is

- not the only important factor affecting permeability.-For example, Sample
79-S at a porosity of 35 percent has a coefficient of permeability of about
6 ft. per day, but Sample 89-S tested at a similar porosity has a coefficient
of about 200 ft. per day. This great difference in permeability is largely due

to the diffe!rences’ in mechanical composition (figure 3, table IIT)

| SELECTED REFERENCES

1. ASTM standard method of test for unit Appleton - Century - Crofts, Inc. New
weight - ofr aggregate (C 29-42). ASTM York. 1938.
Standardsl 1952. 5. Lambe, T. W. Soil testmg for engineers.
2. Barber, E. S. Suggested method of test - John Wiley & Sons, Inc. New York
for permeability of porous granular ma- Pp. 52-62. 1951.

terials. AISTM procedures for testing Rittenhouse, G. A visual method of

soils. Philadelp hia, Pa. 1950. estimating two dimensional sphericity.
8. Christiansen, J. E., FlremanfM, and Jour. Sed. Pet. 13:79-81. 1943.

Allison L E. Dlsplacement of soil-air

by CO; for permeablhty tests. Soxl Sci. 7 g:g}a%nsY v%r(?gert]l) ;,SVIOde(f)_‘R; e]% ovg‘a gﬁg

61:355-360. 1946. sands. Iowa Acad. Sci. Proe. 60 442-464.
4. Krumbeln, W. C. and Pettlgohn F. J. 1963. .

Manual of sedimentary petrography.

\ i

, ' APPENDIX

METHOD OF TEST FOR PERMEABILITY

OF SANDS
Scope
This method of test determines the coefficient of permeability of sands

The term sand refers to the granular eohesionless material identified.as sand
in the Bure;a’u of Public Roads textural classification system.

v N .
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Apparatus
The apparatus used in this test consists of the following:

Permeameter Tube. A rigid transparent plastic tube approximately 48
in. in length /and about 2 in. in inside diameter (ﬁgure ..

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
are 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, ete. (figure 5)..

Loading Funnel. A special funnel (figure 5).

- Tamping Rod. A straight 14 in. round metal rod approx1mately 8 in.
long. :

Attachment for Carbon Dioxide Treatment, An attachment made of a
rubber sleeve, rubber stopper, ete. (figure 5).

Bottle of Carbon Dioxide and Flow Meter. A 50 pound tank of hquld
carbon dioxide with a flow meter, accurate to 0.01 cu. ft. per min.,
attached.

Cylindrical Wezght A 4 pound steel or brass weight having a dlameter
of about 174 in. ‘

Balance. A balance of 1 kg. capacity and accurate to 0.1 g. .
Ruler. A'ruler reading to 4, in. |

Thermometer. A thermometer accurate to 1 F. or 0.5 C.

si()p Watch. A stop watch reading to 14 sec.

Water Bath. A water bath with attachments for holding permeameter
tube (figure 7). '

Loading of Test Sainple-

A representative air dry sample of sufficient 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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device

‘ String
|

Apparatus for
‘loading sample in
permeameter tube

t

|
Rubber Plastic
stopper funnel
One hole on f
the side of/ .
fpnnel
| Plastic
| permeameter
‘ tube, 2" inside
i 6" dia. opprox.
l ’-\.-._—/J
| 1
o [
Rubber
stopper
i .
One hole ol 48
on brass/ 48"
| tube 4-1b. weight
| for compacting
! the sand after
I -1 CO, treatment,
: Plastic | 7/8" dio. approx.
I permeameter
| =—"tube, 2" inside
. dia. approx.
Supporting < ! LA ‘
il
5 brass
i tube
" brass
“i‘ rod —t 6
{
; ’ Rubber
1 sleeve
i Screen_holder . Attachment
. - Rubber for corbon
RI bb N0.200 screen stopper o dioxide
S'TUO peerr on top, No. 10 Valve A | freatment
P screen at bottom
l . Rubber
Metal tubing
' cover —-| | From GO, supply

Apparatus for

carbon dioxide
treatment

Fig. 5. Apparatus for preparing sample for permeability determination.

1) Inver;t 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 of the support-

ing device.

2) Pour.a portion of the sample sufficient to make a layer approximately 1.5 in.
thick into the stoppered funnel. If segregation occurs as the gample 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, any 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 attachied tightly to the top of the permeameter
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 supporting device, the followmg pro-
cedure is used:

1) Lift the rod inside the brass tube until the short cross bar is élear of 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 vertlcal position, remove the whole supportmg
device slowly from it.

‘Carbon Dioxide Treatment . ' |

The sample in tlie permeameter tube is treated with carbon dioxide gas
in the manner shown (figures 5, 6). The rate at which the carbon dioxide
gas is passed through the sample is 0.03 cu. ft. per min. During the first
145 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 compacted, if neces-
sary, to the desired density before being tested for permeability. In com-
pacting the sand, the 4 Ib. cylindrical weight is placed on the sample in the
permeameter tube. The portion of the tube containing the sample then is
patted with the palm of the hand until the desired density is obtained.

Note: Since both the vwelght 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 desu‘ed den51ty

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 filled 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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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.

Fig. 7. Arrangement of apparatus for permeability determination. '
|
|

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-

240




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:

S L U
= { gh.

Fig. 8. Arrangement of apparatus for testing a group of
samples.
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.Where :

‘ 'C = temperature correction (viscosity of water at the temperature
| . - measured in the sample after testing divided by viscosity of water
! at 68° F.), '

— depth of sample in inches measured after the test,
h, = height of level A from the water level in the bath,
h, = 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 h, — 36 in. and h, = 12 in,, the above formula can be simplified to:

131.
E— 1;('Cd
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SOME LABORATORY TESTS FOR' ' ii.= "%
THE EVALUATION OF STABILIZED' SOILS
by

" T.Y.Chu, Assisfan,t Professor, Civil Engineeringi v

D.T. Davidson,Professor, Civil Engineering

v

(Progress Report, 1955.) -

ABSTRACT

The test methods presented in this paper include a test for determining
the moisture-density relationships of natural or stabilized soils; a flexural
test; an unconfined compression test; and the Miniature Bearing Test. Soil
specimens 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 in making evaluation tests of stabilized soils.

The apparatus and procedure for each test given in the paper ére 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. : o

INTRODUCTION

Various kinds of organic and inorganic 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 greatly from place to place, a stabilizing agent 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 of stabilizing agents; the most promising ones may
then be selected for further investigations. Exploratory or preliminary
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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. torlly used in soil stablhzatlon studies conducted by the Iowa Engineering

Experiment Station.

. In developing the test methods, experiments were made mostly with
; s1lty 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 apphcable for the
 testing of sandy soils.

DENSITY TEST.

One of the common tests with stabilized soils is the determination of
their moisture-density relationships. The standard or the modified Proctor
density test" * 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 grained soils because of the savings in time and material

T .

12" (distance
through which
the compoction
. - . haramer falls)

51b. Compaction hammer

.

Gollar

Specimen mold ; ) g§ -
(2-in. inside \ k ?§
diometer, 5-in ™ gi—- Soil specideh
high) : L
1 -Botiom pluger
Temperary § ] © 3-in. high .
supports Eg ; 1: .
i S Base plate

Fig. 1. Apparatus for molding 2 in. diameter by 2 in.
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- 23
ports (figure 1).

4. Give one blow to the soil in the mold, remove the temporary supperts, 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 molsture 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 the 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 AND PROPERTIES OF SOIL SAMPLES

Soil No. 1 No. 2 No. 3 No. 4 No. 5 No. 6
Source Towa Texas  Virginia Kentucky Iowa Iowa
Soil series Hamburg C%:rlflis Davidson Melvin Marshall Webster
Horizon C C: B C C A
Engineering A
classification A-4(8) A-7-6(20) A-7-5(18) A-6(8) A-7-6(18) A-7-5(15)
(AASHO) ,
Sand 0.7 AL 3.4 T 0.4 18.9
Teé‘:r‘;’%sit. S 81 78.3 48.2 12.0 55.7 60.2 37.1
ercgnt eIy 21.0 441 84.6 36.6 39.4 44.0
p Colloids  15.8 36.8 72.9 194 29.8 28.0
Liquid limit, percent 32 57 75 33 52 54
Plasticity index 74 37 24 11 33 20
Shrinkage limit, percent 25.2 144 27.3 22.9 1.9.1, 20.7
Centrifuge moisture
equivalent, per cent 15.2 21.2 29.5 214 28.5 25.7
Cation exchange
cap., m.e./100g. 13.4 25.5 11.3 il 24.4 40.9
pH 7.8 5.9 4.1 4.5 6.7 711
Carbonates 10.2 277 1.0 1.2 0.5 4.7

Organic matter, percent 0.2 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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TasLE 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

i Amount (percent dMa.)_c£ drlg{’ Opt. n;oistture dMa.}_(é drlsk') Opt. n;oistt:ure
i : S » . 'y y . nt,
Sofl  xna i B donslly b Teonten - densiby b enntent
Lime-fly
ash (1:1) 33 97.5 20.3 - 965 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 85.9 27.9 85.3 26.4
12
"o Recommended =T A\\ .
_ density test \\.f\’ N
108 ’/( N
/ . N
. 106 — y
Dry density, ﬁa Standard Proctor \
. /2 ;
Ibs./cu. ft. o4l density test

|4 1\
y \
102 4 : \

A
100 "‘/

%83 14 6 8 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 effort of five blows of the hammer on each side
of a specimen-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 blows, 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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Fig. 4. Comparison of moisture density relationships for a clayey soil, soil
No. 2, determined by the recommended test and the standard Proctor
dens1ty test.

. Proctor density test. The data from experiments performed indicate that
results 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 duplicated by a similar pro-
cedure except that the weight of the compaction hammer, the number of
blows, 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 proceduré 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 also for re-
search in soil stabilization. For example, it is sometimes necessary to pre-
pare test specimens from specially treated soils such as those having sodium
or calcium as the predominant type of adsorbed cation. Since much time and
expense are requlred for preparing large amounts of such treated soils, the
use of small specimens is very desirable.

Soil specimens used for the flexural test are 2 inches in dlameter and
a-half inch thick. Specimens of this size may be prepared by using the com-
paction equipment shown (figures 1, 2), except that the compaction hammer

falls only 8 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 the two temporary supports, glve 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 dens1ty 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 méthods before
being used for the flexural test. For example, soil-cement specimeéns 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 adverse weather conditions, specimens may be immersed in water for

24 hours before being tested for flexural strength.

Test A
specimen . T

5" 3
8 | 4
|

(a) o (D)
Fig. 5. -Diagram showing the application of load in the flex-

ural test. (a) Perspective of a test: spe01men (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 I1I. FLEXURAL STRENGTH OF SOTL NO. 1* STABILIZED WITH VARIOUS ADDITIVES

Additive Method Flexural
trength
Amount (percent of = 2
Type : : 1b. (after
of dry soil) curing 24-hr, immersion)
Portland 7 days in
cement, 10 moist cabinet 49
Type I at approximately 70° F.
ll-ilglcirated 3 Same as above 7
;‘;f,‘niiﬂg) 22 Same as above 17
Raw soil with no o Slaked during
additive No curing immersion

*See table I for properties of the soil.

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 usmg the test for preliminary evaluations of stablhzed
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 flexural
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 obtained by
weighing and measuring the gpecimens before and after immersion.

UNCONFINED COMPRESSION TEST

The unconfined compression test, which is also snnple in procedu"e and
requires no special equipment, has been used by many investigatosrin: the
study of ‘stabilized soils. Soil specimens of the size employed in the denSIty
test may be used for this test. If stabilized soils at a dens1ty obtainable by
the standard Proctor density test are to be evaluated, 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 i in helght were satlsfactory 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/inch specimens, )
with a height to diameter ratio of one, is mainly for convenience in pre-
paring the specimens. Unconﬁned compression tests may also be performed

by using cylindrical specimens having a convex or concave shaped top and ' -

bottom?. 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 sat1sfactory

Specimens of stablhzed soils may be cured by any of several methods
as d1scussed previously. Cured specimens may be used for the unconfined
compression test with or without further treatments. Common methods
of treatment are immersion in water, wetting and drying, and freezing and
thawing® ". The simple procedure of immersing specimens in water for 24
hours before testing was found satisfactory for preliminary evaluatlon
‘purposes. :

The unconfined compression test is performed at a rate of deformation
of one-tenth inch per minute;, the maximum load causing failure of the
specimen ‘is taken as its compressive strength. Although the 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 additives are given in table IV. The éffectiveness of the additives tested

251




TasLE IV. UNCONFINED COMPRESSIVE STRENGTH OF SOIL NO. 1%
STABILIZED WITH VARIOUS ADDITIVES

Additive ' . Method : Compressive
Type Amount (percent of lsbrtzg%tex’-
of dry soil) - curng 24 hr. immersion)
Portland 7 days in . . '
cement, 15 moist cabinet 1780
Type I ‘ at approximately 70° F. _
IIiilic;rated 6 Same as above ' . 250
551}1:1 (Z'iﬂ_g) . 18 Same as above ’ 485
- Aniline- LT 3 :
%‘;r{.)ural 5 7 days air drying 1100
Raw soﬂ with no Slaked during

No curing

additive. immersion

“*See fl:able T for 'properti‘es' of-the-soil.

is indicated by the compressive strength values shown in the table. Com-
pressive strength requirements of Portland cement stablhzed soils have
been studied by previous investigators® ®; more studies are needed before
specific values can be recommended as mmlmum requirements for all types
of stabilized soils.

Similar to the flexural test, the water=absorption:and volume change of
test specimens during the 24 hour immersion period may-also be determined.
© Such information is often- helpful in.evaluating various methods: of :soil. .
stabilization. ‘

MINIATURE BEARING TEST

The California Bearing Ratio Test> ° 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 objection: to: 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 Bearing Test. -

The Miniature Bearing Test may be used for testing either raw or stabil-
ized soils. The 2 inch by 2 inch test 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 given for the density test discussed previously. The specimen
prepared is.left 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, the 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 Welght similar to that used in
the. California. Bearing Ratio Test® °. When thé Miniature Bearing Test is
used for preliminary evaluation of stablhzed 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 much 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
may 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 a
perforated base and measuring the expansion in a manner similar to that
of the California Bearing Ratio Test™ °. '

Dial indicating ULHUINNLITNNENE
depth of
penetrotion
o
Water level : Guiding
) o device
- T Brass % iﬂ
' specimen
Porous mold P 5"¢ steel
stone or . ) : N g P Stee
other - // \ ™ penetction
permeable : Test rod
material s . :
pecimen
| 2-india. T
2-in. ht
(a) (b)

Fig. 7. The miniature bearing test apparatus. (é) 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 an inverted position, i.e., the bottom of
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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

250 : ; T ,
e .

200 o /
150 / ;

Load, Ib.

P

0 0.l 0.2 03 0.4 05
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 Ib.
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I

that the test load inereased contmuously W1th the depth of penetrat1on The .
bearlng strength of soils tested : inay, therefore, be evaluated on the basis
« of the’ test load at various depths of penetratlon A tentative procedure for
reporting the total load at two-tenths inch penetration was found satisfac- .-
. tory when’ the test was used for preliminary evaluation-of 'stabilized- soﬂs .
"This load is termed the miniature bearing strength ‘The miniature bear1ng )
strength of the soil bltummous. m1xture is 110 Ib. _(_ﬁgure 9). The test data

7

TABLE V MINIATURE BEARING STRENGTH OF SOIL NO 1*
- STABILIZED WITH VARIOUS ADDITIVES-

R : ST Minlature :
e Additive - ’ ' M'ethod’* , B bearing
Type Amount (percent of = .. strength,
., LYP - of dry soll) - curing - 1b. (after .
- o oLt N © 7 days 1mmerswn) :
. ‘ " Portland no : . T days in s .
e C -, cement, ° .16 . moist cabinet b © 2020
, : ' . Type I . . o - at apprommately 70° F ey
e o = éﬁ%%ad S s Sanie as above - . 116
- Cut-back oL v T S
[ . + “asphalt = . 8 - ,  No curing of specimen : - 110
(MC-2') = o T ' .

-
'

*See table I for propertles of the 5011 .
+A product of Armour and Company, Chlcago, Illmms

f

‘of s0il No..1 stabilized with several kinds of additives are given in table V.

The procedure of the Miniature Bearing Test is not as simple as that of ..

—_— ' “the unconﬁned compression. tést. The main advantage of the test is that it
B can be used to- evaluate the. \stab1hty of raw or stabilized s01ls which have
- very low or no compresswe strength when they.are tested by the unconﬁned '
o L compressmn test’ after complete i immersion in:water. The Miniature: Bearmg
. Test was found very useful in evaluating the effectiveriess: of such water--

prooﬁng agents as b1tum1nous materlals for the stab111zat10n of silty. and
) clayey soils. -

Y

-

SUMMARY

1. The four test methods presented were developed pr1mar1ly for explora-
tory-or preliminary evaluations of the effectiveness of. various additives for -
_the stabilization of silty and’ clayey soils: The use of such tests makes-it
poss1ble to screen a large number of additives econom1cally and to select .
. } pr omls1ng ones. for further lnvestlgatlons . N D
e 2. The deénsity test using -2 in. diameter by 2 in. high specimens glves'
' o results fairly close to those: obtamable by the standard Proctor-density test.

o . .. Tt requires only about one-tenth. ‘of ‘the material and one- third of the time
' hE needed for performmg the standard Proctor density test.




; o ‘8. The flexural test is simple.in procedure and requires only a $mall quan-
tity of material. It is suitable especially for exploratory study purposes.
4. The unconfined compression test may be used 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
o stabilized soils in a manner similar to that of the California bearing 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 ratlo test

!
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INTRODUCTION

One of the difficulties in soil stabilization -studies is the ihadequacy of
testing procedures for determining an.exact performance rating of a soil
—or an improved soil — for highway pavement design purposes. A com-
monly used procedure, which attempts to determine this rating by testing
the resistance of a soil sample to penetration, is the California Bearing
Ratio (CBR) test. Though the CBR test for pavement design purposes
seems to be quite reliable, the test procedure is relatively difficult and time-
consuming. Also, thé test requires fairly large quanties of soil 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 Wlth the field per-
formance of soils, it is desirable.to take advantage of this and to determine
the relationship between the California Bearing Ratio and the Iowa Bearlng

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 adopted in 1938 after extensive
correlation between results of the test and field performance of various
California soils*®. The CBR was adopted for two reasons: :
No other single test could be so easily corr elated with soil pelformance 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 orie 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’. :

The CBR test and design method

The CBR test is performed by causing a flat-ended steel plston of 3
square inch circular cross-sectional area to Be 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 load 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 CBR design procedure for flexible pavement des1gn can
be found in most highway engineering texts® ** *° 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 at the lowest
limit 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 soil strength tests, 16 used the CBR as a
strength standard®. A ’

- Variation's\ in the CBR test method

To this date, there is no universally accepted procedure for performance
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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“ 612,13,

16,17, 19

1) There'is some question concernmg what the exact purpose of the test is, and how
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-
proachlng that of completé saturation. Others say that the soaked test.is too severe,
_since under a pavement soil§ 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 disagreement as to whlch of these
two penetrations should be used.

3) There is dlsagreement 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 Testmg Soils (1950) presents 2
alternate procediires*®'”. The first of these two methods, with exceptions
listed under Laboratory Investigation below, is the one used in.this study

Need for a simpler test

A research. project requiriflg from 50 to 100 CBR tests would require

‘many man-hours of sample preparation, soakmg, and testing times'*"". 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 so0il should include many of the tests. In
an evaluation study of soil stabilization, for example, to rate adequately the
bearlng characteristics of the 'soils after various curing and simulated

) Weatherlng treatments, over 100 CBR tests might be required. This many

~ Development of IBY

CBR tests is usually out of the question; for this reason, bearing capacity
tests are often either inadequately covered or exeluded 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.

To overcome these disadvantages, the Iowa Bearing Value test is being
developed at the Iowa Ergineering 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 sieve. However, since most stabilization work is concerned -
with improving fine-grained soilg, this test should be valuable. The recom-

{
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mended procedure for performance of the IBV test is’ presented in the
Apvpendix. '

The relationship between the CBR and IBV has been determined and
the CBR of natural or stabilized soils can be predicted 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 CBR. in routine checks on the quality of con-
struction. T
Various other tests have been correlated with the CBR. For example,

the Mississippi River Commiission’s Waterways Experiment Station has
correlated its own Corps of Engineers Cone Index with the CBR, and has
made extensive studies on the correlatlon between CBR and m01sture con-
tent and density™*®.

LABORATORY INVESTIGATION
Gerneral Procedure

In the laboratory 1nvest1gat10n for correlating results of the CBR and.
IBV tests, the correlation tests had two objectives:
1) CBR load readings are used chiefly at either 0.10 or 10.20 inch penetra—
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 penetrations 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 have 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 used in the CBR test.. Therefore, results of the correla-
tion tests must make it possible to decide 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 1nvest1gat10n plocedure

was planned:
1) Unsoaked tests. For eachsoil, mix, at optimum mowture content, enough

‘material for 2 CBR specimens and 3 IBV specimens. Mold these specimens.

Make density and moisture content 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, 0.04, 0.06, 0.08, 010 0.12, 0.14, 0.16, 0.18, 0.20,
0.25, 0.30, 0.35, 0.40, 0.45, and 0.50 inich penetratlons
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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 fqr- 96 hours; and soak three IBV
specimens each, for 24, 48, and 72 hours. Make a determination 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. Record
CBR’s and IBV test loads at the same penetrations used for the unsoaked
tests, above.

TaBLE I. SAMPLING LOCATION OF SOILS

Sample Towa

No. County Township Range Section  Reference
20-2-I11 - . )

and Harrison T-78N R-44W S-15 9
20-2-1V*
100-8 Scott | T-77N R-2E S-138 9
'26-1 Shelby -T-81N ., R-40W s-21 . 9
44-A-1 Page - T-68N R-39W S-21 None
Luton clay " Missouri River Floodplain¥ 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

FS8-26-1

Blended of 79-S and 26-1, in the ratio 2:1 by weight

*Samples 20-2-I1IT and 20-2-1V were sampled in the same loca-
tion, 20-2-IV several months after 20-2-II1.
+No other information available on this location.

TaBrLE II. PROPERTIES OF SOIL SAMPLES

SAMPLE NUMBERS

Luton

Property S-26-1 20-2-I1T 100-8 26-1 FS-26-1 44-A-1 clay 20-2-1V 411 79-S [oF]
L., % 29.6 33.2 . 27.1 394 17.2 53.1 71.0 32.2 41.8 non-plastic
PL., % +19.2 25.6 19.8 26.9 13.2 25.7 24.5 1 23.0 14.9

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
FME, % 25.6° 30.7 27.6 32.6 26.4 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 39.4 134 20.0 1.5 13.4
Std. Proctor

den., pef 127.8 108.4 110.6 107.0 127.0 104.0 90.8 108.4 115.2 109.3 113.3

OM.C., % 104 18.0 15.8 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
P A1) A4(E) Ad®) (0) ) A-4(8)

ngr. -4(1. A-4(8 -4 (8 A-6(9) A-4(0) A-T7- 6(17 4(8
Textural sandy silty silty silty sandy silty A-1-6(20) . silty A-7-6(13) A-3(0) A-3 (0)
Joam loam loam clay loam clay - 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, IT). 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 , o |

'CBR tests. The CBR test procedure used is one of the two procedures recom-
mended in ASTM Manual?-»- 38, with the following exceptions:

1

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 during the soakmg 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 to 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 specimens.

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 fiests. Except as indicated, the IBV test procedure used throughout th1s
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-penetratlon curves the curves representing the three soaked IBV
tests are very close together, 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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(B) Molding machine with extruding lever

th extruding lever in upright position

(C) Drop hammer

. (A) Molding mach-ine w

in

(E) Soaking frame; (F) Annular weight

dial in place; (H) »Specime,nvduring penetration test.

’

Specimen during soaking test with expansion

(D) Detail of head of drop hammer

’

i

working position;

IBV test apparatus

horizontal,
assembly; (G)

1.

Fig
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TasLE III. Resurts oF JowaA BEARING VALUE TESTS
- : : . - . *
Penetration . SAMPLE NUMBERS o .
soaking time .g.9q. 9. . X 17" 06, AL Luton . ! v . N o ’
|| fguking Mme g6 20211 1008 261 FS-26-1 44-Ac1 clay 2021V 411 L
o : ' . IBV loads, Ibs.* . A v . .
0.06 00 23 90 - . 57 59. | 143 124, .45 42 - 88 71
. L - 27 96 57 60 | , 120 - 125 46 - 55 90 - . 68
) . 103 : 71 . 58 T.o128 120 52 48 - 82 70 i
. T, ) - s Average IBV loads, lbs. . : R '
, rt 2B 96 3 61.7 . b9 47.7 48.3 ~  86.7 *69.7 ! L .
o Average loga.rxthm - : ) . o
1.3966 1 9831 1.7877 © 17708 . 2.1019 * 1. 6773 1.6816 1.9375 1.8430
) . . R N IBV loads, lbs. - - . N
0.06 .~ 24 34 57 -, 24 37 - 87 109 34 ki , 42 v 14 .o L
3~ , - © 20, 36 . - 83 98 37 . .- 7ot 741 11. : . —
. . PRV | 83 I : a8 : -
, . S T T - ] Average IBV loads, lbs. - - - - X . . P -
' : 32 57 22 . 36. 35.5 7T 41.5 12.7 A
. - ) Average Ioganthm . - . . ..
1.5043 1.7559 |, 1.3406  1.5603 1.9613 1.5498 0.8451  1.6180 1.1005: -
L . . - IBV loads, Ibs. |, S : s . - —
, 0.06 - 48 35 53 - 26 37T - 100-, 99 30 b 35 11 - PRI L T~
. - 3b . 66 21 - - 30 ~ 104 . 107 - 38 -2 -47 -8 .
- . } : oo : 29 99 ‘28 - ' 14 :
) . - . : N Average IBV loads, Ibs. - o o ;
- - . Lo VL i 35 59.5 - 23.5 32 101.8 ° 32 - 3.5 41 11
o - C ' L. . - Average logarithms ’ .
AT " T . . N '1.5441 - 1.7719 1.3686° 1.5026 . 2.0075 . "1.5014 ° . 0.5000 1.6081 1.0302
DA S . C . IBV loads, Ibs. : o .
Lo . N N 0.06. . T2 25 55 7 43 - 106" 106 37 * 8 48 - 11 . : N ' /
- ) N ~ 29 65 21 | 41 105 87 - “32 t 38 48 v 8 = -
s : R - . 40 1100 - 83 .. . .8 ,
o Lo s ’ Average - IBV loads, lbs., ° . . s .
N . Co- ‘ . 28 - 60 14 41.3 - ,100.6- 34 M 48 9 ~
. " .. . - . , L Average logarithms "~ " I X .
i . T N 171.4458 1.7766 . 1.0836  .1.6161 - 2.0014, 1.6306, 0.4771 1.6812 0.9492
S - ’ ' L . - : -IBV loads, lbs. . o . ;
' ' 1 0.08 00 33 105 72 .68, ~ 170 152 105 77
34 112 73 67 ‘142 150 30, 108 72 ! T, . .
L L o ' 120 8 - 65 - 150 148 " ", . 100 77 v
s . *-: . * . . Average IBV. loads,. lbs . X ’ - '
: i L . 835 112 ST 66.7 152 ‘52.8 54.3 104.3 75.3 B
L : R . : . L Average logarithms : . ) -
. s o 1.5250 2.0499 ° 1.8850 1.8238 2.1812 1.7180 1.7330 - 2.0182 1.8768 i . A
o . . PN ", IBV loads, Ibs. * o . S . . .
L o - 0.08 . 24 44 1 © 28, 42 103 100 37 . 7 . 51 ~ 15 . “ N
. ! . ' - .40 23 42 95 128 40 . T 49 ©13 . T
: ‘ N 42 . - 14 ‘
Co . Average IBV Ioads, 1bs. 5
42 - 66 25.5 42 8.8 38.5 7 , 50 - 14 -
B C e . ) . - . . . Average logarithms R . - . . !
o . . L6228 181950 - 1044 16232 ---. 2:0839 . 1585z 0.8451.  1.6989  1.1454 A T
e , Do X - S o IBV loads lbs : - o . .
. vl . 0.08 , 48 45 63 30 44 - 117 119 33 3 . 43 13 . .
S . 45 75 25- 35 127 . 117 40 2 B4 10 : - S
L, S . 34" . 125 - 30 - - - . . -
B N . . ‘o R Average IBV loads, lbs. ¢ ! ~
. LT . R -, 4b 69 - 275 L87.7, 84.3. - 85« '48.5 13.3 | -, - o
. c, R . " . Average logarxthms ! ‘ . .
' . ’ *1.6532 1.8372 1.4375 - 1. 5‘730 7 2,0825- - 1.5326, 0.5000 1.6830 1.1148 . N
h : o i : ' IBYV loads, Ibs S C S :
. 0.08 - 72 . 33 65 , 11 49 125 116 38 3 57 11
L e C . 41 .75 25 - 45 127 126 35 . 4’ 57 10 ° .
Lo o . 39 . 43 " 102 35, . 0 - ,
. . . . . . Average IBV loads, lbs. * . . Lo .
-~ . . 37.7 70 18 45.7 119:2 | . 36 3.6 .51 . 10.3
LT .. . : - . Average logarithms - 3
S . 1.5741 1.8440 1.2196 1.6590 2.0748 1.56560 - 0.5396 1.7669 . 1.0138
B P . . . . - IBV loads, lbs. .
3 ! .. .- 010 00 43 119 82 73 . 197 178 55 | 68 - 120 81
N S B I oo : 44, 127 .90 L2 163 175 . 54, 67" T 120 o .
o . : ST N . . o .
e : *On the average, three tests were performed on each soil; however, as explained in the test, sometlmes ~ -
- . 4 . fewer tests were performed due to limitations in ava.xla.blhty of equipment. For soil FS-ZG 1, data from two R
EL = sets of tests are mcluded. - L
S Lo oo 264 : \
! ' -
¢ N
4’ ” N - % ' - 4 {
* - ‘ . ) - N \ 13
\ . - \ - -
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Perietration
and -
soaking time

(n.)  (orsy 5261

43.5
: 1.6385
- b5
51
53
1.7240

55
55

53

1.7404

42
53
50

48.3

1.6822

00 53
, g

0.12
. 5335
S - 1.7284~

66
60

‘24

T 68

s 17988

.
65
63

012 48
v ed

1.8061

49
64

69 .

60.7

© 17784
62
63
62.5

1.7958

0.14 - 24 77

66

- TABLE III ( CONTINUED ).

-20-2-1I1

138
128
- 2.1064

L5

5.
1.8751

ot

87

9.
1.8954-
7’

74
86

" 80

1.9018

135
140.
155
143.3

2.1556

85

85

19204

80
97
88.5
1.9450
‘.85
. 97
91
1.9581
" 148
155
. 169
_157.3
2:1962

.94

=
100-8
102
91.3

,1.9589,

<82
27

295
1.4682

36
27

315 | -

1.4988

16
33 -

245
13613,

94
101
115
103.3°

2.0133

'

35 .

34

345

1:53#8

42
32

a7
1.5642

22

.42

32
1.4828

106.

116
128

116.7

© 2.0657

39
39

.

~ - SAMPLE NUMBERS
26-1

FS-26-1
70 - 175 178 - 60 .
Average IBV- loads, Tbs.
71.7 176.8 . -56.3
Average logarithms
1.8552 -  1.2468 1.7503
IBV' loads, lbs - b
17 | 118 117 38
49 | 109 146 41
50

Average IBV loads, ]bb

A rave logarxthms
1.6871 '+ 2.0957

. 1.5963,
N IBV loads, ‘1bs. '
51 135 135 35
40 148 . 135 40
39 140 33
Average IBV loads, lbs.
3.3 138.6 36
‘Average loganth )

. 1.6336 2.1415 1 5549
' . IBV loads, Ibs .
54 143 130 40

. 50 149 145 40.-
. 46 119 35
. Average' IBV loads, 1bs.
60 137.2 38.3
* .Average logarithms
1.6981 | 2.1359 | 1.5828
IBV loads, lbs.
80 223 205 58

T 183 ° 195 57

76. 196 197 62

Average IBV loads, lbs.

77.7 199.8 59

Average logarithms
©2.2999

1:2901 1.7706

o IBV loads; Ibs. --

-+ 135 - 135 40
5. 121 ‘163 43
5-

Avetage IBV loa.ds, lbs
54 . 141.2 4

Avera.ge logarithms

.1.7824 2.1475 1.6178
\ IBV loads, Ibs. ’
57 - . 162 151 37
45 166 -158. 42
43 158 35

- Average IBV loads, 1bs. .
8 3 38

Averave logarxt_hms .

1.6809 ~  2.1929 1.5785
. IBV loads, Ibs.. :
55 . 164 145 42
55+ 168 164 43

51 - 185 .
Average IBV loads, 1bs.
3.7 155. 41

Average loganthms

1.7295 2.1893 1.6122
B - 1BV loads, lbs. .

. 85 247 225 60
83 - 201 220 60
82 218 . 222 66

Average IBV loads, lbs, -
83.3 . - 222.2 . 62
ot Average logarithms

1.9208, '2.3459 1.7920
IBV loads, 1bs.

57 . 150 153 43
.60 136 179 45
64 .

-265

44-A-1-

Luton
clay ~

60

61.7
"1.7892

8 -
'8

i

g

0.9081 "

“3.5

0.5000,

4
5.

. 45
0.6506

63
72
65

. 66.7

1.8232

oo 0o

8
0.9081

por

3.5

. 0.5000°

o

4.5

0.6506

68
.75
69

70.7

1.8488

8

v

20-2-IV.

114
118
2.0718

60
55

57.5

1.7593
55
61
58

1.7628
66
64

.65

1.8128

184
130
180 .
131.3
2.1188
69
63
66
1.8190
67
67
8T
1.8261
74
70
72
1.8572

146

145
145

145.3
‘2.1624

79
70

\

411
80

. 793

1.8994

15
6 -

Tt 18

16.8
1.2118

Y

14,
.13
20.
16.7,
1.1870
12
12
St
11w

© 1.0666

86 |
‘80
85
.83.3
1.9206 .
15
18
- 18

17

12289’

15
15
20
16.7
1.2177
12
14 '\
12
12.7
1.1015
.88
23
.87
86
1.9844
16.
20
© 18
: e




TasLE III. (CoNTINUED).
P'enetration
kand LT
Soaking time  -g.961 20-2-III -
(m ) (hrs.) S 26.
"71.5 94
\ \' . .
18530 1:9731
J014 -, 48 . - 73 90"
- 70 106
’ 71 98
18512 1,9898
014 7 " 56 93:
: S8 108
63 K
S, 65.7 1005
" 18147 ' 2.0010
0.16 00’ 68 160
T, 69 168
o 183
, 685, 1703 -
. L
'1.8356  2.2306
016 - 24 .65 104
. T - I -
! )
79 104
1.8964  2.0170
0:16 48 80 100
- SN (4 115
7885 1 1075
©1.8948 210304
P . -
0.16 72 - B4 101
. 81 - 117
N 76
) TsT 109
1.8652. ' 2.0362
coa8 oo 76 . - Tr2.
: : o 76 182
. 198
C 76 184
. 11.8808  2.2641,
v ° .. ' '
AN ‘- ' . N
0.18 24 92 113
Y .18 -
86 118-
1 Lo, .
1/9280  2.0531
0.18 48 C86 109,

. SAMPLE NUMBERS

44

100-8 ¢ '26-1 * FS-26-1 * 44-A- 1\
.- Average IBV loads, lbs
39 0.3 44
N . Average Ioganthms
1.5911 ~ 1.7801 v 2.1960 ¢ 1.6434
... . " IBV loads, lbs.
46 63.- . 169- . 169 , . 40 -
37 .49 - .183- 171
t4T 175 - © 37
S JAverage IBV loads. lbs
41,5 - * 53 173.4
- Averave lovanthms
1.6155 1.’7205 2.2389 - 1. 6046
LT IBV loads, 1bs.
29 . B8 . ~-183 161 45
46 57 ° . 185 1"0 . 45
59 ‘ ® D 1]
LT Averae’e IBV Ioads, 1bs. R
87.5° .. 58 171.8 43.3
: N Avérage logarlthms §
1.5626 ‘1;'7634> v 2.2 36 . 6\362
", L IBV loads, lbs,
118 92 " 270 247 64
'130 ' 87 - 223.°, 241 -+ 61~
144 ° 88 .- 240 242 69
. Average IBV Ioéds,'. 1bs.
T 1307 .- 89 . 243.8 4.7
. Average looarlth
21147 - 1.9493 2.38 64 1 8101
. IBV loads, Ihs X ..
45 63 - 164 . 171 Y450 .
46 ¢ €3+ 148 , 196. ' 46 -
. 69 189" t
o Average IBV Ioads, 1bs.
45.5 65 45.5°
. _verage loga.mth
1.6580 1. 8125 . 2. 2 74 " 1 6580
- . IBV.Ioad‘s, _Ibs. C
55 .- 67 - 186 . - 188 43
43 53 201 © 188 46 -
50 - 190 <39
b Average 1BV loads, 1bs. -
- 49 - ,-b6.T . 190.6 42.7-
o Average lovarlth
1.6870 '1'.‘749,8 800 1 6291
.o : . 1BV Ioads, lbs
35 . 66 - 198 - 46,
©B5 . 64 - 200 196 ‘ 45
tol . 65 . 164 .42
Avera.ge IBV loads,, 1bs. .
45 65 - 44.3 ‘
[ Avera're Iogarlthms .
1.6422. ‘1.8129 2. 2696. 1. 6464
<. 1 1BV loads, Ibs.
129 ©T9T L. 294 1269 .66
144 -, 90 242 ‘265 65
159 94 - 263 .266 72
. . Avera.ge IBV loads, lbs.. -
144 - -, 67
- Ave: rage Iogarxthms
2.1568 . - 1.9714 ‘, 2, 4 50 - L 8299—
’ . IBV loads, 1bs. : 'j
52 67 £+ 176 189 . 48
54 . .66 16T . 210 49
A T <204 i
” Average IBV loads, lbs. |
63 | 9.3 187.8 !
- Average logarithms = . -
1.7242 1.8402, - 27 ¢ 1.6857
N . IBV loads, lbs.
55 .70 205 208 45
i Lo " . ' '
266.--° . v
) -
' v tn

Luton

clay

:8

0.9031

.

'0.5396

4.5

0.6506"

74 -
7.
J74

75
" 1.8750

8.
0.9031

A5
" 0.6276

5 .
0.6990
‘78,

20
78

- T8
1.8958"

8
8

8

v

0.9031

20-2-1V .

745

1.8714

70"
74

72 -

- 1.8572

'83
78

. 80.5

'1.9056
160

160

160

160

2.2041
88 -
79,
83.5

1.9210

a7
84

805

91
- 86

83

1.9442

175
i7s

17 .

174.3

2.2413 |

97

| 87
-
11.9632

o 87

3

L T15

1.9054

Ta11

8.
1.2585

“15
- .20

. 16.7
L2177
4 )

"13
14
13

. 13.3
1.1246"

90-
" 85
90

P

88.3

1.9459

C 1T
18

193. -
12825 L

‘15

20
167
12177

1.3185 -

16




TasLe I1I. (CONTINUED).

Penetration

SAMPLE NUMBERS

an
. soaking time _96- _o_ " _ 0B Ao Luton
. oaking Hme, S-261 202111 1008 26-1 FS-26-1 sl Twton ooo1v an
| : 85 124 18 57 218 204 49 3 94 15
K . . Average IBV loads, lbs.
N £5.5 116.5 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
v b
: ! - IBV loads, Ibs. ' , .
0.18 72 70 109 .42 70 214 189 46 7 101 15
88 127 65 c7 214 210 46 7 91 S 14
84 69 180 47 15
! - Average IBV loads, lbs.
80.7 118 53.5 68.7 201.4 46.3 1 96 14.7
' . Average logarithms : .
' 1.9046 - 2.0706 1.7180, 1.8367 . 2.3030 6659 0.8451 1.9816 1.1661
‘ R IBV loads, lbs.
0.02+} 00 7 51 24 33 70 55 30 28 47 50
8 .58 12 31 63 53 30 39 48 48
N 54 - 33 33 63 50 37 34 40 50
IBV loads, lbs. N
0.02 - 24 12 31 13 19 40 35 26 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 58 20 8
IBV loads, Ibs.
0.02 T2 T 24 6 24 28 50 25 1 26 10
6 30 10 27 55 52 20 2 20 5
7 24 45 27 7
. o IBYV loads, lbs.
0.04 00 14 T2 44 47 114 97 39 36 70 64
17 T3 40 48 95 95 40 49 73" 60
83 56 48 99 88 47 © 41 63 63
N ' \ IBV loads, lbs.
0.04 - 24 20 46 20 30 72 63 31 7 32 10
4 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 7 33 .1 33 6
. 24 89 . 25 12
. - IBV loads, lbs. )
0.04 72 15 34 T 37 84 82 35 2 40 11
. 15 52 16 37 83 84 , 27 3 38 6
15 . 385 68 32 8
N IBV loads, lbs.
0.20 00 84 - 186 142 102 316 289 68 83 | 188 93
- 86 195 158 95 261 286 67 84 1856 89
213 173 93 280 287 T4 84 190 95
! IBV loads, Ibs.
0.20 24 . 100 58 74 187 208 50 8 106 21
86 | 58 70- 169 225 51 8 95 25
93 122 80 222 T 20
IBV loads, lbs.
0.20 48 99 - 118 59 73 . 226 228 49 6 98 17
92 124 " B2 . 61 284 222 50 4 102 16
_63 224 43 . 20
- / IBV loads, Ibs.
. 0.20 T2 79 117 46 73 225 202 49 8 , 108 18
! . 93 137 T0 T1 229 227 49 8 101 14
91 70 . 196 50 18
\
4Loads are given only for the penetrations 0.02, 0.04, 0.20, 0.30, 0.40, and 0.50 inch. These\ 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 penetx’ation-versus-

v

load curves, and are not included. -
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Tasre I1I. ( CONTINUED).

Penetration SAMPLE NUMBERS
soaking time _on_ 9. . _ _26- _A- Luton ;
galing tme  S-26-1 20211 1008 26-1 FS-26-1 S ATl N
' IBV loads, lbs. i
0.30 00 125 407 387 94 250
130 348 386 100 250
375 382 93 256
IBV loads, Ibs.
244 277 150
220 295 ) 136
294
" IBV loads, lbs. :
0.30 48 121 162 87 90 309 800 80 7 143 25 ,
T 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 .
-7 123 189 106 25 297 285 57 10 145 20 .
. ) : 121 93 260 59 : 24
- . ’ : " 1BV loads, Ibs.
; . 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, Ibs. N
0.40. 24 173 200 144 110 280 333 0 - 12 178 43
149 154 110 260 351 72 10 178 43
: 122 329 11 37
IBV loads, lbs. -
. ] 0.40 48 148 202 1200 . 117 373 338 67 9 185 32
I : 152 227 120 100 337 325 67 6 210 . 30
‘ . ' ] 95 342 63 35
‘ o . 1BV loads, Ibs. ,
0.40 72 132 196 114 115 331 288 65 11 206 29
155 232 147 112 351 324 70 10 182 30
151. 115 202 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, Ibs.’ ’
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
) 1BV loads, lbs. ’
0.50 48 171 238 147 127 415 870 75 12 234 39
179 263 152 112 383 352 73 8 254 . 38
3 112 376 75 . \ 45
: IBYV loads, Ibs. ‘
0.50 72 158 2928 138 125 370 317 75 15 256 40 .
, ) 181 278 186 127 394 350 74 15 214 . 34 ~

174 127 T 323 76 36
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TaBLE IV. ResuLTs oF CALIFORNIA BEARING RATIO TEST

Penetrgtion SAMPLE NUMBERS
an
soaking time = $-26-1 20-2-IIT  100-8 26-1 - FS-26-1 44-A-1 Luton 20-2-1V 411
(in.) (hrs.) clay .
CBR values, %*
0.10 00 4.20 15.87 8.47 10.83 15.30 11.53 12.67 8.49 15.73
4.00 .14.17 8.20 10.50 -15.60 10.67 9.80 99.01 15.00

‘Average CBR, % .

4.10 14.77 8.37 10.66 15.45 11.10 11.23 8.75 15.36
Average logarithms

0.6126 1.1690 0.9208 1.0279 1.1888 1.0450 1.0470 0.9418 1.1864

CBR values, %
0.10 96 - 4.70 9.20 6.23 7.23 20.60 5.33 2.13 11.93 2.67
4.27 9.60 5.63 5.30 20.60 4.67 1.53 7.20 2.63
Average CBR, %
4.48 9.70 5.93 6.26 20.60 5.00 1.83 9.56 2.65
Average logarithms
0.6512 0.9862 0.7725 0.7917 1.3139 0.6980 '0.2566 0.9670 0.4232

CBR values, %
0.20 00 5.49 20.55 11.35 10.90 20.60 10.00 12.00 11.50 13.10
5.09 18,75 11.00 10.83 20.50 9.22 9.38 11.30 - 12.48

Average CBR, %
5.29 19.65 11.18 10.86 20.55
. Average logarithms
0.7232 1.2929 1.0482 1.0360 1.3128 0.9824 1.0257 1.0569 1.1068

. CBR values, % 1 .
0.20 '96 5.94 11.00 8.26 7.06 27.256 4.67 1.55 12.70 2.62
5.65 11.50 "7.53 5.21 27.00 4.00 1.49 9.37 - 2.34
: Average CBR, %
5.79 11.25 7.89 6.14 ° 27.12 4.34 . 1.52 11.01 2.48
Average logarithms
0.7625 1.0510 0.8968 0.7828 1.4334 0.6357 0.1818 1.0378 | 0.3940

9.61 10.69 11.40 12..79'

*In all cases, 2 CBR tests were performed on each soil.

TaBrLE V. COMPARISON OF COMPACTED DRY DENSITIES
or CBR anD IBV spPECIMENS

Sample Specimens used'in Specimens used in
N Op unsoaked tests soaked tests

’ CBR . IBV CBR IBV
S-26-1 126.0 pef 127.8 pef . 124.6 pef 128.8 pef
20-2-111 105.0 104.1 ' 104.6 105.4 .
100-S ) 107 108.0 107.6 110.3
26-1 : 105.6 109.3 106.6 107.6
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 90.7 893 . 93.0
20-2-1V 105.8 106.6 . 105.5 106.7
411 109.2 115.5 110.2 116.4

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-1, 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 ii: cross-section than the CBR mold cylinder, but the hammer
used in preparing the IBV specimen has practically thé'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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8OO T T 1
Soil no. 26-!

700|— —

. 600}— —]
; Unsoaked CBR

_ 500}— /S ‘ ‘
96 hr. soaked CBR
CBR load (lbs.) TN
400
300} : —I50
-Unsoaked IBV
: 24 hr. soaked IBVJ

200 2 hr. soaked IBv—]100

IBV load (Ibs.)

100 50

ol __| | 1 - ] 0

‘0 010 . 0.20 0.30 040 050
Penetration (in.)

Fig. 2. Typlcal CBR and IBV load versus penetration curves.

compensates for the lack of kneading. With less plastic soﬂs less plastic
{low occurs and compacted density is less.affected. The IBV compaction pro-
cedure could possibly be changed to allow less compactive effort on soils of
high plasticity. This subJect w111 be mentioned again under Suggestions for
Future Research - - :

Remarks concermng required testing penetration. Very often, it is necessary
to correct the CBR load-versus-penetration curve for irregularities in the
penetration resistance at low penetration (figure 3)'® *". 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 gpecimen may be penetrated to only 0.20 inch depth, instead of the 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 saved
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soo[ T | ] l t - LT
Soil no. 100-8.
8004 unsoaked GBR -
f
700} o -
: 600} o ’ 4
Load (le) Corrected 0.2 1n. » o
, ) penetration. Ioud\i .

i soor- | | - K
| | ,
y | so0l- - } ' .

300 7 - . - .

. Corrected O.lin.
i ) 2'00 - ¢ penetration  load _
Corrected ‘ . S

100 origin - :

Y Corrected  Corrected
: O.lin. 0.2 in.
- I T B :
0.1 0.2 - 0.3 04 05
' . , Penetration (in.)

Fig. 3. Correction of CBR load versus penetration curve for surface
irregularities. Tangent is drawn from stleepest part of the curve. .

|

|

|

)

per test,; reducing penetration time from ten to four minutes per IBV test..

5 o Expansion data. Expansion data-is given in percent of‘origihal 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- : Lot
.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



TasLe VI. Resurts or IBV anp.CBR EXPANS-ION TESTS

Soaking : SAMPLE NUMBERS .
(tﬁf;f’) $-26-1  20-2-I1T  100-8 26-1 FS-26-1  44-A-1 Luton clay 20-2-IV 411
Expansibn'of IBV specimens*®, % '
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 0.95 810 0.52 - 852

72 . © 0.54 0.65 0.99 0.67 1.06 8.52 0.52 _ 410

. 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 0.23 171
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 ‘112 0.02 0.86 4.39 0.24 2.13

*All expansion data are expressed in percent of originé.l height of specimen immediately after compaction.
+$Not recorded due to an accident in handling.

. 1 i i 1 ]
- 20 | o
15 .
Y'= CBR Value
\ 10 I -
’ Unsoaked CBR at
. < 0.20in. penetration
5 | . . Vs -
- ’ Unsoaked 1BV at
0.06 in. penetration
0. 1 ] ]
. ' 0 25 50 75 100 125
' 1.5 T T T ™ T
// 7/
, %
- '///00// .
- 1.0 | Unsoaked CBR at /,8 @/ =
Y=Log CBR 0,-20in.vspenetrution e //
. 7/
_ Value Unsosked 1BV ot /7
. . o5 F 0.06 in. penetration s ) a
) (tronsformed o logs) '
0 ] 1 | 1 1

. - : o 05 lo . 15 . 20 25
‘ : Y=Llog IBY Load (Ibs.)

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 twice 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.
Orgamzatlon of the Analy51s

General. On plotting IBV. 1ead1ngs at a given penetration versus CBR Values
for either 0.10 or 0.20 inch penetration, it is apparent 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 analys1s it is assumed that a true straight line relatlon-
ship exists. This line can be represented by the equation

. - l : /X/ + BI
where Y’ is the true CBR value for a given soil, X’ is the true IBV value for
"'the soil, o’ is the slope of the line, and g’ is the Y’ intercept of the line. How-
ever, due to the inexactness (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+ ¢ andy’ —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 orlgm If it is assumed:
(1) that the errors in x’ and y’ are dlrectly proportlonal to the magnitude
of X’ and Y/, and
(2) that the line passes through the origin (8 = 0),
then x’ = X - ¢’ becomes x’ = X 4 aX’,
andy’ =Y’ + £’ 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’(1>—|— b) =X (1 + 2)
Taking logarithms of both sides yields:
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‘.

log Y’ + log (14 b) = log X’ 4 log (1 + a) + log &
Now define: Y = logY’_ e =log {1+ 2a)
' X =logX’ f'=1log (1 4 b)

Here, ¢ and f are random quantities, which, it is reasonable to assume, have.

expectatlon zero. If we now define: '

X = log x =X + e

y=logy =Y+ 1
it is seen that the errors in-x and y are now u'niform, 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/ = «/X’ 4 B/, we can now consider the
relation Y = «X 4 B, and attempt to estimate it by the observed trans-

formed values %, y. Although theoretically, the value of « 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 true relation connecting X’, Y may not be exactly
hnear or perhaps the value of g8’ 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 umform Further, it is seen that the slope « is reason-
ably close to unity. .

Variances. Using least squares, the variances of x and y readings, about their

TapLE VII. STATISTICAL ESTIMATES * poRr IBV vALUES

A A
Penetration .

— 4.8 AL ° o’ 458,

an X £,
soakingdtime. E (Xi-'—x- -) 2 (y agb' O'ez (y at {y at (y ath

 (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 43 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 00 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 0.0150 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 - L e ~0.0051 0.0196 1.3594
0.16 T2 1.8459 0.0021 0.0187 1.3414

*Formulae defining column headings appear in. text.
+No lines of relationship were estimated for IBV at 0.16 inch vs. CBR at 0.10 inch pene-
tration.
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true values (symbols o, and o;, 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 ofc, and o; are
desired. An examination of the estimated values of ¢.* for the experimental
conditions shown reveals that there is a certain pattern in their behavior
(table VII). If, for example, we consider the first four estimated ¢.%> 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 three 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 tested®. The results clearly reject the hypothesis that the twelve
values of ¢.* are equal; we are on relatively safe ground in examining the
differences in the values of ¢.” 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

trend in the values of ¢.” 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

table VIII. Examination of the trf values reveals that a pattérn, analagous

TasLE VIII. StaTisticaL ESTIMATES® FOR CBR VALUES

Penetration R
~ and :

soaking time ot 4.8y 4.S yyw
(in.) (hrs.)

© 010 - 00 0.0009 0.2615 0.0009
0.10 96 0.0052 . 0.7847 0.0052
0.20 00 0.0009 . 0.2415 0.0009
0.20 96 0.0025 1.1058 0.0025

*Formulae deﬁhing column headings appéar in the text.

to that for the IBV treatments, persists. That is to say, the values corres-’

ponding to the dry treatments are 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-

ation in the values of o.* and o 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 different samples;
but 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 period, and not the depth of
‘penetration, is of major importance.

Estimation of the Linear Reldtionships

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-squares include, among others, that the in-
dependent variable be free of error. Desplte this, the least-squares line can
be used for prediction purposes. .

Method I*°. Among the procedures for obtaining estimators which are con-
sistent, (i.e., asymptotically unbiased), Method I assumes 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 determined from
the means of the two groups, and the posmon 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 approprlate to cons1der means of the readings for
each soil.

Thus, in terms of the thansformed variables, X, Y, e, f:

Xﬁ:Xi—}—eij i:1,2,3,...,n’ j:1,2,3,...,r1
yij:Yi+fij i:1,2,3‘,...,n j:1,2,3,...,1‘2

That is to say, x; is the observed IBV value corresponding with fhe jth-test
on the ith soil; and y;; is the observed CBR value corresponding'to the jth
test on the ith soil. In these experiments, n = 9, r; — 3, and Iy = .

Actually, the value of ; was not always exactly three due to limitations
in availability of testing equipment. As can be seeri in table III, on a few
occasions r; exceeded three, and a few times it fell below three; but on the
average it was equal to three, and with no serlous loss 'of accuracy 1t will
be assumed r: = 3 throughout.
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Method IT |

Unsocked CBR at
O.IOin.,penétro.tion'

S vs . o
Unsoaked IBV at

S ol 0.08in. penetratlon ® o

. Meth'od, pand
-Method I

“Y=Log GBR.
values ..

i ’Gﬂl_&l\ Group 2 : .
l ’ ' R 4 ll’/l\.
. . : L A i N )
o - . 15 - 20 25
X=Log IBV loads (Ibs.) S

F1g 5 Flttmg line of relatmnshlp between_ typical CBR and IBV values Lmes
" - shown are those est1mated by methods I, I1, and III. )

I

' Let X+ :_'ri'z . _xij, the mean -ualue of the ¥, IBV readings.corres—.

' . . T ] Ty : : o

ponding to the ith soil.'Similarly, 1et?i.- :r—E; L Vi the mean of the ¥y
M ¢ . 21" .

' CBR readmgs correspondmg to the zth s01l - C Co
’ The pomts (x1, ¥1) dre now used in the estimation of the parameters a, ﬁ
in the relat1on Y = ozX -+ ,8, usmg the followmg formulae

1l
-Y.<2) Y(1) o= A
:”,— B_.y..—ax
X(z)'x(l) .

" .where x(z,, y(z, rand x(l), y(l), represent the means of the upper and lower-
" groups," respectlvely These _upper and lower groups wére obtained s1mply

by. d1v1d1ng the nine observed means X; ., Xz, -+ . » Xo  into two groups of
'four and five observed pomts respect1vely, such that each of the five num-

bers X; . in.the second. group exceeded all’ the four numbers x1 in the first’
‘group. For these’ two groups, the respectlve means Y(g), y(]) were computed
analogously ‘ .




The notation x . . signifies the mean of the nine soil means X; .

b §2 ’
X3 .,..., Xo. Similarly, y . . denotes the mean of the nine soil means y, .,
2-;Y3-:---;YS)-

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.X;, X,
X, ..., Xy in practice, we are compelled to separate the soils according to
the observed soil means X;. ;

If we now define: .

ry .
E:. — —l €1
le —1 .
then, if the errors e; are sufficiently small, the grouping according to the
observed x; . . . will be equivalent to the grouping according to the true

X; ... It frequently happens, however, that the errors e;...arenot 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 x; . . . ; 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 x_1 . . . 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
distinet groups in order of their x values, From the marks along the x-axis,

TasrLE IX. SLOPES OF LINEAR RELATIONSHIP ESTIMATED BY METHODS I, IT, anp TIT

Penetration Method T ° Method II Method IIT Method II
and slope slope slope “slope
se="ing time (y at (v at (y at (v at
(in.) (hrs.) 0.1 in.) 0.1 in.) 0.1 in.) 0.2 in.)
0.06 00 0.6284 1.1035 0.6908 0.8780
0.06 - 24 0.8670 0.9558 . 0.8836 . 1.1830
0.06 .48 0.7080 ~0.7475 0.6662 L
' 0.06 72 0.6770 0.7053 0.6006
0.08 00 0.4905 1.2891 0.6360 0.9360
0.08 24 0.7895 0.9073 0.8259 1.1120
0.08 48 0.6717 0.7253 0.6315
0.08 72 0.6960 0.7026 0.6115
0.10 00 0.4965" 1.5135 0.5760 0.9997
0.10 24 0.7581 0.9098 0.8208 1.1060
0.10 48 0.6213 0.7060 0.6027
0.10 72 0.5940 0.7204 0.6409
0.16 00 - . 1.1690
’ - 0.16 24 . 0.9431

*No correlation attempted between 48 and 72 hour soaked. IBV
and 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.”

+CBR at 0.10 inch penetration not related to . IBV at 0.16 inch
penetration. -
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it is seen that the errorse; . . ..are of greater order than the spacing between
consecutive true X values. Indeed, the y values corresponding to several
of the points in the lower group are considerably higher than those of
several points which, by their x values, fall into the upper group. This is a
serious limitation of Method I and seems to rule against its being used.
Table IX includes a list of slopes estimated by the method.

Method II. The second method is based on the sums of squares and products

" of the observed values. The following are consistent estimators of &, 8.

A Syyb — 4 Syyw A -~
o = —_ .

L—aX ..

. Sxyb =¥
where
Yo n ~r. y 2
wa:n_l_z yi.—vy--)
ST ri=1
1 n Xr; ( _ )
Syyw — ——— . % S (yy—vi)?
vy n(r:—1) 1—1 1=1
P
Smb:n_liil(m—XJ(m—yd_

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 eStimated by method II.
Method III (least-squares). Though the estimators obtained by the least-
sguares 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 derioted by the fol-
lowing:

In —_— —. _— —_
R O3 (x.—x.) (i—v.) K
oi=r - B=F..—axX..
3(x1.—x..)°

The slopes of the lines computed by methods I, II, and III may be com-
pared (table IX). The slope by method IIT is less than that by method II.
This is to be expected, since the least-squares estimator is not consistent;
that of method II is. The bias in estimating the slope due to least-squares
estimation in this way should always be downward.

An estimate of the variance of the residuals (deviations) from the least-
squares line is given by: .

n _ A_ A
g = 2 ., (yi.—-axi_ﬁ)Z
n—2 1=1 '

R , . .
Since ¢* is an estimate of the variance of residuals of means y; . from the
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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. Predlctlon line is the lire of relationship estimated
by method II.

regression line, therefore ¢ will be 1/r times the variance of residuals of
) single readings yy from the same regression line. From this, it is seen that ’
+is -directly proportional to 1/ . It makes possible‘a - simple method . of

alterlng confidence limits to allow for a change in the number of IBV read-
ings used in prediction. The estimate for ¢*, above, will be used with the
formation of a confidence band abotit 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 soaking 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;readings, and y be the correspondlng CBR value, which is
an average of r, readings.

Method II. The limits of the confidence band estlmated by Method II are as

- follows:
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2

A A A : _—. 2 Oe
oy @ _"“ n-t1 n (X._—_ x—) + nry o
Tz s n S(xy.—x..) — (—1)T7,

. VI . - .
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 «, oo, or, appearing

under the square root sign, are replaced by estimates thereof: Second, the .

variances of o2, o:* 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
soaklng treatment the selection is not completely random ; hence, the esti-

mates ao”, 0" will tend to be biased’ downiward.
In view of the above, although the linear relationship estimated by

“method II is satisfactory, the.confidence band, for reason stated, is too

narrow.
Method III. The limits of the 95 percent confidence band estimated by
method ITI, the least-squares method, are as follow

y=ax+ f =286 D=L T ,(>_<—55)2
Vv - S (g—xXx f ) 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 limits are excessive — that is, they more than adequately enclose all

. of the observed points (figure 6).

Compromise. The appreximately oriented miethod 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 more 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 eoefficient for this new band should be at least
95%. All observed points fall easily Wlthm the limits of the modified con-
fidence band (figure 6). ’

Modification to predict true CBR. The above confidence bands are based on
performing exactly r; IBV tests and exactly r, CBR tests. If more tests are

2
performed, that is, if r; and r, are increased, —r— and — will decrease. Sup-
1

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 IT and method I11
confidence bands suggests a method by which these confidence bands might

A A °
’ 2

1
small, the only difference in the terms under the radicals of the two for-
oz20'92

mulae is that in the method II.formula the quantity ~ +

replaces the

¢® which appears in the method III formula. Though the formula for the
confidence bands by method I is not given, it too manifests a very similar
likeness to the method III formula. By analogy between the formulae, it

seems reasonable to assume that the method III o can be broken down 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 followmg ratio seems

.warranted: :

A A A
2 2 2
A of + & Oa
- o of method III T Ty ’
A - A A -
o> withr, = ~ oot
ry

\

Using this new value of ¢ in the method III formula for confidence bands
vields the limits shown (figure 6). These confidence limits, based on r;
IBV readings, enclose the true CBR values with a probability exceedmg 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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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 slopes listed in table IX

were plotted. ) .

The confidence bénds were estimated both by 'leas-t—squares and by the
modified method described above for each of these lines. It was then a simple

" matter 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 = 1.10385 X — 0.9675
Soaked: Use 24 hour soaked IBV at 0.08 inch penetra-
tion.
Y = 0.9073 X — 0.6287 \
For predicting CBR at 0.20 inch penetration: '
Unsoaked: Use unsoaked IBV at 0.06 inch penetration.

283




100F T 1 T TTIrl T SRR T T T T 7T )
: ]
i True relo,iionshlp |
10}~ e
Y=96 hr. socked | .
. CBR at O.10in. [ - ‘ 1
. penetration i " Limits of confidence band
i using results of three ]
L IBV tests 4
o 3
OI ) 1 l|-|1||[ I L Illllll 1 1 Lt L 12
1 10 100 . 1000

X=24 hr. sooked IBV load at 0.08 in. penetration (lbs.)

Fig. 8. Curve for predlctlon 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 relatlonshlp” 11ne The true CBR is the y
value of this point of intersection. -

Y = 0.8780 X — 0.5160
Soaked: Use 24 hour soaked IBV at 0.10 1nch penetra—
tion.
Y = 1.1058 X — 0.9737

. These four lines are plotted on a logarithmic scale (ﬁgures 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 penetrations would affect seriously 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 unsoaked 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” line. 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 perlod

Reducmg confidence bands by incr easma number of IBV tests. We will now
examine the effect which the number of tests used for a prediction 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:

-

. e @ Dl | (x—X%°
. . AR S 51 n I \“(X-,—X..-)2
y;.ax+ﬂi2-36, . Az‘ _{_;Zc:f? - — |
v 1, ry -

Substltutlng appropriate values for the relationship: 96 hour soaked CBR
at 0.10 inch versus 24 hour soaked IBV at 0. 08 inch, the formula becomes

— 0.9073x — 0.6787 == 2.36 (0.0411 \ (x — 1.5309)*
y = 090T8x.~ 0, 2.36 ( ).\/ 1.1111+ 10090
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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 intersection of
., : this x value and the “true relationship” line. 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 of 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 (figures 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 r; in the IBV tests, we wish to use
ry. In the formula for the confidence bands, the original r, and r, remain
the same, since these relate to the original data used in formulating the

linear relationship. However, it is known that ol Varles inversely as r. There-

fore, for a new number of IBV tests, ri/, we mult1ply o® by the factor ri/r/,
and the y interval enclosed by the confidence band is multiplied by the
factor Vri/ry’. ‘ ‘

Thus, if ‘we wish to reduce the expected érror of prediction by using
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Neo- T

- based on using three IBV tests. in prediction, are as plotted on these four

f' Ratios for soils of the types studied. The more 1mportant recommendatlons
" tion are ag Tollows:
tions are as follows: - . . - C R
‘ -soaked IBV load read at 0.06 penetration. The linear relat1onsh1p is Y =" e
" ‘,1 1033X — 0.9673, where Y is the average logarlthm of CBR values and X -
-+ ig'the. average logarithm of IBV values: (ﬁgure ).
- ‘soaked’ IBV load read ‘at 0.08 inch- penetrat1on /The linear relat1onsh1p is -

- unsoaked IBV load’ read at 0.06, inch penetratlon The linear relatlonshlp
“is Y =.0. B8780X — 0. 5160 (figure 9)-.

_ est1mated by the method outhned in ‘the Statistical Analys1s sect1on above.

. The exact relationship between the rehab1l1ty of pred1ct10n and the number AR

I

nine IBV tests 1nstead of three,lwe s1mply mult1p1y the y 1nterva1 between'

~ the confidence limits by a factor:of v/3/9 3/9 =v173.

"The accuracy of predicting CBR from IBV by use 6f the linear relatlon-‘ I
sh1p of figures 7 through 10 is 11m1ted only by the number of IBV tests :
which are used in the pred1ctlon If greater accuracy is: desired, a larger
number of IBV tests must be made. The 95 percent- confidence 1ntervals,

prediction graphs. These prov1de sufﬁc1ent accuracy for most routme labora- )
tory 1nvest1gat1ons . !.' . "." ‘
e CONCLUSIONS C
1. The Towa Bearmg Vilue test 1n the form recommended 1n the Appendlx g o
of this report, is a satlsfactory test for prediction of Cahforma Bearing
concerning:- procedure for- performmg the IBV test for makmg the predlc-‘ N

a. The best linear relatlonshlps for pred1ct10n of the CBR at var1ous cond1-< '

. For predicting the unsoaked CBR at 0 10 1nch penetratlon, use the un-

For predicting the soaked, CBR at 0.10 inch penetratlon use the 24 hour " - :,-" - , ',I’,;L-‘ '

Y =10.9073X"— 0. 6278 (figure'8). ‘
For: pred1ct1ng the, unsoaked CBR at 0 20" 1nch penetrat1on use the -

~ For pred1ct1ng the soaked CBR at’0.20 1nch penetratlon ‘use the 24 hour
soaked IBV load read at 0.10 inch penetrat1on The 11near relatlonshlp 1s_ R
Y = 1.1058% — 0. 9737’ (figure 10); S T S T
b. Results of the 24 hour soaked IBV test correlate better ‘with 96 hour. LT
soaked CBR test results ‘than do the results of either the’ 48 or 72 houri o e
soaked IBV tests.

. e In performmg the IBV test 1t is not necessary to penetrate the spec1men _ - 5 e B -
' ’to a depth greater than 0.20-inch. Vo - ce s

d. Confidence bands for at least 95 percent p1ed1ct1on probab1hty can be"_

of IBV tests .used for the pred1ct1on is .as 1nd1cated under reducmg con-- 3
fidence bandsby increasing number of IBV tests:

.. 2. Expans1on data obtalned from the nine so1l samples used in this study o ".‘




i

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 expansion test do give useful information on the relative tend-
ency of soils.to swell when iminersed in water. -
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4 APPENDIX .
RECOMMENDED PROCEDURE FOR PERFORMANCE
~ OF THE IOWA BEARING VALUE TEST

Scope .

" This method of test, as heérein outlined, is intended to determine the
following: .

1. The relative bearing capamty of soils compacted to near standard Proetor
density (ASTM des1gnat10n 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, freezmg-and-thaw-
ing, ete.

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 soaklng
period.

3. The estimated Cahforma Bearing Ratio of the soil from a glven number
of IBV tests performed as 1nd1cated below.

Apparatus

The apparatus for performing the IBV test is the followmg (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 34 inch
in diameter, mounted to slide in a brass guide which fits as a cover for the °
cylinder during the actual penetration test.

Molding 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 allows the -excess soil to be struck
off with a straight-edged blade insuring a test specimen exactly 2 1nches
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 54 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 contents.

Miscellaneous apparatus. Mixing bowl, spatulas, a straight-edged striking off
‘blade, spoons, ete. are also needed.-

Sample

A representative sample of sufficient size (about 200 grams required per
specimen) is air dried, then separated by screening through 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 moist 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 8 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 restmg on the pedestal,
push the mold downward, using the extruding lever 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 53 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 into the soaking frame. -

The upper and lower surfaces of the goil 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 and 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 just 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 up, 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 penetratioh 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 d1—
- 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
0.06 inch penetration. Read up to the intersection of this abscissa and the
correlation line, then across to the y intercept 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 the graph,
figure 11, at the x value corresponding to the average unsoaked IBV load
at 0.06 inch 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 hour 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 data 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.

293




CORRELATION Of THE CALIFORNIA BEARING RATIO
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(‘Prbgress 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 Jowa
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 Engineers** has adopted the CBR method of design for air-
fields as well as roads. Experience ‘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 half the time of the CBR test, and the smaller
specimen requires a shorter soaking period than for the large CBR specimen.
In 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 Ilresearch indicates that materials containing up to 25 per-
cent gravel of one-quarter inch maximum size also may be tested®.

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 soﬂs and soil-aggregate
mixtures were developed® ®.

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
determined®. A continuation of this investigation showed that more accur-
ate predictions of the CBR could be made if separate 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
mechanlcal analysis.

1

MATERJIALS AND METHODS

The soils selected for this study are-all from Iowa. The selection was
made to give a sample from as many of the soil textural classes as possible.

Sand size particles- 2-0.074 mm.
Silt size particles 0.074--0.005 mm.
90 Cloy size particies less than 0.005 mm.

s//7777777 — Line of separation
of soil textural 10

class groups.

. silty

clay
o/ . // : ‘ +A-TH C-Tly 30
B, A_\m.‘ Clay loam /?'m
80 /Sandy clay-loam Silty clay loam 20

\’ - B-X Loam B-X

°;‘Ec]:_! B8 -¥TII c-T°* (0
c- -
Sandy loam Silty loam

Vi . v/ YAMANR
0 16 26 . 3b 40 50 60 70 80 90 100

Silt %
Fig. 1. Distribution on textural classiﬁcation chart of soils tested.
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Mlxtures of available soils were made when the natural s01ls did not have
the desired gradatmn (figure 1 and table I).. -

v

TabBLE I. PROPERTIES OF SOILS
\

.Properties .

© Sample Mech. Analysis* 0.M.C. % Textural
Number % sand %.’Silf % clay . nggft?;d 11\;.[3(181%%1 Classification}
A-1 72.5 16.7 10.8° ... 7.2  Sandy loani
A-IL~ 24.7 . 435 318 . - 164 Clay -
A-V - '76.5 9.5 14,0 9.4 eieeee Sandy loam
A-VI 52.0 ' 20.8 24.2 128 ... Sandy clay loam
B-I1 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

v 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-IX" 24.2 51.0 . 248 12,5 10.0 Silty clay loam
B-X 3.6 83.2 13.2 16.5 14.0 = Silty loam
G-I 30 . 8.0 110 155 130  Silty loam
C-1I . 0.9 69.7 - 294 17.7- 118 Silty-clay
C-IIT 0.2 58.0 41.8 19.5 15.8 Silty clay
C-1v 1.5 24.2 74.3 23.0 . 19.1 Clay
C-v 60.5 28.0 115 104 .. Sandy loam
C-VI 63.0 . 26.1 - 109 9.8 . Sandy loam

*Sand size ‘patticles ‘are retained on the No. 200 sieve; Silt size particles
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 valﬁes as weIl as low ones, CBR and IBV specimens
were molded at both standard Proctor density and modified: AASHO den51ty
for most of the soils.. .

Four 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. Two of CBR specimens and three of the.
1BV 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 immersed for a period of two days

before testing.
The CBR tests were performned in accordance with the procedure set

forth in ASTM manual “Procedure for Testmg Soils”* with the followmg
modifications » o

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 was 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 durmg the. penetratlon test does not s1gn1ﬁcant1y affect correlation
data. ' :

4. Bearing ratios were computed at 0.1 inch and 0.2 inch penetration.
The IBV tests were performed in the 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.

TasLe I1. Resurts oF CBR.aND IBV TESTS (UNSOAKED)

Sample - CBR IBV

Number 0.1” 02" . 0.04” . 0.06” -~ 0.08” 0.10”

A-1 122 122 402 - 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 + 147 - 82 - 98 ~106 125

B-II 41.1 54.4 226 281 314 340

B-III 9.2 8.6 47 54 58 63
+ B-IIT 22,1 21.0 138 152 167 181
- B-IV 2.4 3.0 19 27 37 . 44

B-1V 3.4 4.2 24 38 - 52 68

B-V 5.3 6.1 24 34 46 55

B-V 5.8 8.9 55 85 109 139

C-V o 4.1 5.3 15 - 25 34 44

C-v 15.4 20.6 98

A-III 79.0 68.9 355

B-VI 20.3 177 65

B-VI 77.2 64.6 255

B-VII 12.2 12.2 62

B-VII 58.2 48.5 220

B-VIII 66.6 64.7 79

, B-VIII 150 167 - 382

B-I1X 35.4 42.8 81

B-IX 138 156 315

B-X 356.9 412 65

B-X 93.0 111 262

C-1 8.4 11.2 47

C-1 87.4 106 278

C-II o107 10.9 48

C-1I 77.6 70.1 368

C-I11 111 9.6 42 -

C-II1 47.0 39.0 238

C-1v 11.2 10.7 42

C-1v 45.1 37.3 160
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“TasLe III. ResuLts oF CBR anp IBV TESTS (SOAKED )

Sample CBR IBV
Number 0.1” 0.2” 0.04™ 0.06” 0.08” 0.10” ;
A-1 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-I1 74 9.5 66 72 v 95
B-IT 17.0 18.2 39 57 80 85
B-ITI 5.6 5.1 16 16 20 24
B-III 6.5 6.6 15 19 24 27
B-1V 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 56 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-IIT 3.1 3.1 12 16 - 18 21
B-VI ‘1.3 1.1 7 7 9 8
B-VI 3.2 3.0 8 9 9 11
B-VII 1.0 0.8 T 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 - 82.4 40.8 84 74 95 101
B-IX 1.8 1.6 6 5 - 12 14
B-1X 46.2 52.0 88 91 93 115
B-X 18.5 26.6 12 13 17 36
B-X 38.4 53.6 7 153 147 .183
C-1 59 - 7.9 19 24 28 32
C-I 67.7 70.5 111 122 128 138
C-1I 6.3 6.1 28 32 38 43
C-IT 2.5° 3.0 8 10 12 12
N C-IIT 5.0 4.3 28 32 34 36
C-111 6.7 6.8 17 21 26 31
C-1v 1.8 -15 3 3 4 4
C-1v 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 spécimen ‘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 penetration with an unchanging or
decreasing load (tables II and IIT). ,

In both of the previous correlations® ® 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
penetrations was desired. The two day IBV soaking period selected for this
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study 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 statistical 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 beé 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 studied 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% 10 80% sand Y = 1.2333X — 1.1741

Unsoaked CBR at 0.2 inch penetration
Under 50% sand Y = 1.2234X — 1.3567
50% to 80% sand Y = 1.2807X — 1.2758
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Fig. 2. Pregiction 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= 1.6554X — 2.2088
" 50% to80% sand Y = 1.3467X — 1.1532

Soaked CBR at 0.2 inch penetration
" Urider 50% sand Y = 1.4110X — 1.6899
50% to 80% sand Y = 1.4293X — 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, 8, 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 the intervals.
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X= Uns‘ouked IBV load at 0.08 in. penetration (Ib.)

Fig. 3. Prediction of unsoaked CBR of soils with 50% to 80%
sand. . ‘ : )
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Fig. 4. Prediction of soaked CBR of soils with less than 50% sand..
1

The widths of the confidence intervals were in all cases reduced from
those for previous correlations which did not separate the soils into textural
groups?®. 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 and the IBV at 0.08
inch' penetration for unsoaked specimens and 0.10 inch penetration for
soaked specimens. 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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APPENDIX A
METHOD FOR THE IOWA BEARING VALUE TEST

¢

Scope

- This method covers a procedure for determining the supporting étrength
of soils and soil-aggregate mixtures which pass the No. 10 (2 mm) sieve
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 cylindrical with a diameter of 11344 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 Ib. and one 10 lb., drop 12 inches.
The 5 lb. hammer is used for standard Proctor density; the 10 lb. one for
modified AASHO.

Penetration Rod—A steel penetration rod %3 inch in diameter indicates
depth of penetration with a dial. .

Guiding Device—A metal device fits over the mold during testmg and
maintains the penetration rod in a vertical position.

' Testing Machine—A machine capable of constant movement of the test-
ing head continuously indicates the load.

Soakmg Frame—A frame with perforated base holds the mold during
immersion.

- Annular Weight—A Welght with perforated base and spacer ring Welghs
550 grams.

Balance—A balance Wlth a capacity of 1000 g sensitive to 0.1 g is
requlred

303




. If' Gulde;

L~

Drop

hammer: 3 [bs.
Entire hommar
assembiy: 10 1bs. 7 oz,

slot - | -
Spring wire-10"
| gage (0.135° ¢)
()
i

Extruding

laver

device

12" drop

Q:\\\i{t%
\?::
N

*

=

Z

Not to scole

w |3 4.
= v =
o , w
Bl W T
kkk// l R Drop hommer
47 h
== ppa——tr
- E
: L |
N |
b << >
A - 8) _

Fig. 6. IBV test apparatus. (A) molding frame front view; (B) moldin i iew; ] d; -
I . . [ le, w3 ‘ g frame, side view; (C) drop hammer; (D) drop hammer head; (E -
ing frame; (F’) annular weight assembly; (G) specimen during soaking with expans{on dial in place; (H)( sp)ecimgn during p(fr?et’rétigns’(c):sl::.

.Upper surfoce
m%%hinad

Dial indicates | |

Entire

Ancular  weight: 500 qmé. o

embly: 550 gms.

4

T

Spacer ring

P—l{%‘—‘l erforated buu(

(F)

L

LI

expansion

Dial indicates {::\;
penetration /
. 9

Mold cylinder
1s 2"ld. ——

O/l

5 " steel penetrating
rod

Guide cap .

Brass pipe 5.0°

2"x 2"
specimens

B ()]

B!

T

ting machine

(H)




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 mold. Compacting the specimen. Extruding that part of the speci-
men in excess of 2 inches.

Fig. 7. Preparation of the IBV specimen.

Procedure

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 Ib. hammer and
compact the specimen with five blows on each end. When compacting to
modified AASHO density use the 10 Ib. 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.
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IBV and CBR specimens prepared for immer- Penetration test of IBV specimen; the
sion with expansion reading devices in place. CBR specimen is ready for 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

' S : STATISTICAL ANALYSIS

The purpose of the statistical analysis in this work was to determine
the IBV-CBR relationship for the desired CBR penetrations, soaking peri-
"ods, and sand contents of the samples, and also to determine 95 percent -
conﬁdence intervals for prediction of the CBR from the IBV. '

As pointed out by both Lafleur® and Arpacioglu® the range of IBV pene-
trations from Wthh the relationship can be determined is Very narrow.

" Since the hnear relatlonshlp between the logarithms-of the CBR and B
IBV values had been established, the relat1onsh1p could be expressed by
’ the equation:

| Y=eX+p - .
where X and Y are the logaritbms of the IBV and CBR values respectively.

A The method used to determine the parameters « and g was chosen be- -
cause this method gave the most satisfactory results of any of the four
methods used in the previous correlations. In this method the parameters
'were estimated from the following equations:

, a,;lh{:_sg%_ﬁ:’?.._ﬁ.. , (1)
- where N ‘
To —~—
. Syyp = = 5 (i—vy..)?
vy, n_11:1 ‘
1 1 Yo -

. SyyW. ==

__r Ty — )2
nm D22

Tz gy = — =y
2 o0y Ke—x.) (io—yel)

SxyyB.:
n_11—1

and r; and r, are the number of IBV. and CBR readings, respectlvely, taken ’
" ateach 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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The accuracy of prediction of the CBR fnay be still further increased by

' increasing the number of IBV tests used to determine the IBV of a material.

All of the work to date has been done by using the mean of three IBV trials.
If the number of trials were increased the width of the conﬁdence 1ntervals

‘would be decreased by-the square root of the rat1o of the usual number of

trials r; to the neW‘number of trials ry’.
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