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THE SUBGRADE SOIL CONSTANTS, THEIR SIGNIFI- 
CANCE, AND THEIR APPLICATION IN PRACTICE 

Reported by C. A. HOGENTOGLER, Senior Highway Engineer, A. M. WINTERMYER, Assistant Highway Engineer, and E. A. WILLIS, Assistant Highway 
ngineer, U.S. Bureau of Public Roads 

PART II: A DISCUSSION OF THE SOIL CONSTANTS AND THE SOIL IDENTIFICATION CHART 

HE FIRST part of this series of articles, published 
in the June, 1931, issue of Pustic Roaps, dealt 
with the five major physical properties of soils, 

internal friction, cohesion, compressibility, elasticity, 
and capillarity, and their relation to subgrade per- 
formance. It was shown that the presence of these 
properties In varying degrees depends very largely 
on the soil constituents, although the state in which 
a soil exists is a factor which can not be neglected. 
A method was outlined for classifying soils according 
to the predominance of certain constituents in them, 
and therefore, in a general way, according to their 
physical characteristics. The present report (Part IJ) 
discusses the test constants which serve to identify the 
constituents of soils and their resulting properties; 
and the soil identification chart, which is a convenient 
means of analyzing the data given by the laboratory 
tests. Part III describes the manner in which the 
soil identification chart is used in actual practice. 

MECHANICAL ANALYSIS LIMITED AS AN INDICATOR OF SUBGRADE 

EFFICIENCY 

From the information given in Part I it is clear that 
a knowledge of the size of soil particles does not furnish 
a complete identification of subgrade characteristics. 
Indeed, the mechanical analysis is very much limited in 
its ability to disclose accurately the size of the smaller 
soil particles, which must be determined by means 
of some method of sedimentation instead of by sieves. 
As a consequence, for grains smaller than about 0.074 
millimeter (No. 200 sieve) in diameter, the grain 
diameters given by the mechanical analysis instead of 
being the diameters of the grains tested are the diam- 
eters of spheres which, according to Stokes law, (20), 
settle in water at a rate equal to that of the particles of 
soil being analyzed. A further inaccuracy is introduced 
by the fact that the rate at which small soil particles 
settle depends upon the extent to which the soil is 
dispersed; and this in turn depends upon both the 
method of agitation and the chemical reagent used in 
dispersing the soil. 

Thus, for instance, a soil which, according to the 
mechanical analysis, contains 50 per cent of clay, does 
not necessarily contain 50 per cent of particles having 
diameters smaller than 0.005 millimeters. The cor- 
rect interpretation of the test is that 50 per cent of 
the particles settle through water at a rate equal to 
that of spherical particles not exceeding 0.005 milli- 
meters in diameter. 

Figure 34,’ which shows photomicrographs of soil 
suspensions at different periods of time after dispersion, 
discloses how very much the shape of soil particles is 
likely to vary from the spherical. 

Table 4, furnished by L. B. Olmstead, L. F. Alex- 
ander, and H. E. Middleton (20), illustrates how the 
type of dispersing agent influences the silt and the clay 
contents furnished by the mechanical analysis. As 

7 The numbers of figures, tables, footnotes, and equations are consecutive with those 
of Part I of this report (Public Roads, June, 1931). Italic numerals in parentheses 
refer to the bibliography given at the end of Part I. ° 
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shown in this table, the value obtained for Houston 
black clay may be 45 per cent or 64 per cent, depend- 
ing on whether sodium hydroxide or sodium oxalate is 
used as a dispersing agent. Furthermore, the clay 
fraction depends upon the degree of agitation used 
during dispersion. Too little fails to separate the par- 
ticles sufficiently, causing the indicated clay content to 
be too small. Too much agitation not only separates 
the particles but may also break them into smaller 
pieces, thus causing the indicated clay content to be 
too large. 

TaBLeE 4.—Yield of clay obtained by use of various dispersing 
agents } 

Dispersing agent 

ER asoatentey [ar Sotli ae 
Ammonia | , Sodium | Sodium Sodium 

| hydroxide | carbonate | oxalate 
| 

Soil type and source 

Percentage of clay particles obtained 

| 0.005 | 0.002 0.005 | 0.002 | 0.005 | 0.002 | 0.005 | 0.002 
| mm. | mm. | mm, | mm. | mm. | mm. | mam. | mm. 

aed | US | | 

Wabash silt loam (Nebraska) -_-| 30.7 | 24.1 | 33.2 | 28.5 | 33.1 | 28.3 | 34.5 | 29.6 
Houston black clay (Texas) .---| 38.4 | 26.4 | 44.5 | 30.6 | 61.3 | 53.5 | 63.8 | 53.8 
Carrington loam (Iowa) ...__..- 7 8516; 028.9) | 21 8) 2ee4) 190 OF) 2407) 22,9 

1 Average of duplicate determinations. 

It should be remembered also that when grain size is 
computed from a knowledge of rate of settlement of 
particles in water, it is assumed that all of the grains 
in the soil mass being tested possess equal specific 
gravities, and this is not necessarily true. 

The fact that mechanical analysis is inadequate to 
identify the characteristics of subgrade soils is illus- 
trated by the gradings typical of the uniform subgrade 
groups, which are given in the following paragraphs. 
The two terms, “effective size” and ‘uniformity 
coefficient,’’ used in this discussion, are defined as 
follows: 

The effective size is the maximum size of the smallest 
10 per cent, by weight, of the soil particles. On a soil 
accumulation curve (fig. 35) the value of the effective 
size is:given by the abscissa of the point on the curve 
having the ordinate 10 per cent. 

The uniformity coefficient is the ratio between the 
maximum size of the smallest 60 per cent, by weight, of 
the soil particles, and the effective size. Its value may 
be obtained from a soil accumulation curve by comput- 
ing the ratio between the abscissa of a point whose 
ordinate is 60 per cent and the abscissa of a point 
whose ordinate is 10 per cent. 

The typical gradings are as follows: 

Group A-1 subgrade.—Material retained on the No. 10 sieve, 
not more than 50 per cent. The soil mortar, that fraction pass- 
ing the No. 10 sieve, composed as follows: Clay, 5 to 10 per cent; 
silt, 10 to 20 per cent; total sand, 70 to 85 per cent; and coarse 
sand (retained on the No. 60 sieve) 45 to 60 per cent. Effective 
size approximately 0.01 millimeter and uniformity coefficient 
greater than 15. 

The soil accumulation curve of Figure 35 shows graphically 
the average grading of stable soil mortars. In this case the 
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118 PUBLIC ROADS Vol. 12, No. 5 

EXAMPLES OF SUBGRADE CLASSIFICATION AND PAVEMENTS LAID ON DIFFERENT TYPES OF SUBGRADE. 
BEING ConsTRUCTED OF Group A-3 MatTreriat; B, Concrete Pavement Larip on Group A-3 SUBGRADE IN FLORIDA; 
C, Brruminous MacapaAM WEARING SURFACE ON Grour A-4 Basg. D, Group A—-5 SuspgraADE SHOWING REBOUND AFTER 

A, Bask CouRSsE 

Brine Rouuep. E, ExceLuent CoNcRETE PAVEMENT CONSTRUCTED ON Group A- 5 SUBGRADE. F, Surrace TREATED 
MacaDAM ConsTRUCTED ON AN EXcELLENT A—6 SUBGRADE. 
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Figure 34.—PHOTOMICROGRAPHS OF SoIL SUSPENSION AT DIFFERENT PERIODS OF Time AFTER DispERSION: A, AFTER 1 MINUTE; 
B, Arter 2 Minutes; C, Arrer 5 Minutes; D, Arrer 15 MINvTEs. 
SION AS TIME OF SEDIMENTATION INCREASES 

effective size is 0.01 millimeter and the uniformity coefficient is 

Group A-2 subgrade.—Not less than about 55 per cent of sand 
in the soil mortar. 

Group A-8 subgrade.—Effective size not likely to be less than 
0.10 millimeter. 

Group A-4 subgrade.—Likely to contain sand in amount less 
than 55 per cent. 

Group A-5 subgrade.—Same as group A-4. 
Group A-6 subgrade.—Likely to contain more than 30 per 

cent clay. 
Group A-7 subgrade.—Same as group A-6. 
Group A-8 subgrade.—Grading not significant. 

From the facts given in the preceding discussion it 
is plain that mechanical analysis gives only approxi- 
mately the diameter of soil particles of small size, and 
that the size of grain, even if accurately known, is a 
very imperfect criterion of subgrade soil characteristics. 
In order to identify these characteristics it is necessary 
to employ constants which disclose the degree to which 
pareiculer physical Wes are present in a given 
soi 

SIGNIFICANCE OF TEST CONSTANTS DISCUSSED 

Among the constants which have been suggested as 
aids in identifying the important subgrade properties 
are the liquid limit, the plastic limit, the plasticity 
index, the shrinkage limit, the centrifuge moisture 
equivalent, the field moisture equivalent, the shrink- 
age ratio, the volumetric change, and the lineal 
shrinkage. In Table 5 are listed values of these test 
constants for a group of representative subgrade soil 
constituents. In the tests from which the values 

Note REDUCTION IN SIZE OF PARTICLES IN SUSPEN= 

given in Table 5 were derived the following materials 
were used: 

Sand.—Potomac River sand; that fraction passing the No. 20 
and retained on the No. 100 sieve. 

Silt-—Silty sand soil obtained in Rock Creek Park, District 
of Columbia. 

Clay.— Yaguajay clay (clay about 70 per cent and silt about 
30 per cent) from Cuba. Furnished by H. H. Bennett, United 
States Bureau of Chemistry and Soils. 

Colloids —Bentonite. According to C. S. Ross and C. V. 
Shannon (19), out of five clay minerals contained in bentonite, 
three are micaceous, one is platy crystaline, and one is amor- 
phous. According to the hydrometer analysis 99 per cent of 
the bentonite particles are smaller in diameter than 0.05 milli- 
meter (silt), 85 per cent are smaller than 0.005 millimeter (clay), 
80 per cent are smaller than 0.001 millimeter (colloids), and 79: 
per cent are smaller than 0.0005 millimeter. 

Mica flakes—That fraction passing the No. 20 and retained 
on the No. 100 sieve. 

Diatoms.—Celite: 95 per cent of particles smaller in diameter: 
than 0.05 millimeter and 61 per cent smaller than 0.005 milli- 
meter. 

Peat.—Everglade peat, Florida, furnished by the United 
States Bureau of Chemistry and Soils. Sixty-five per cent of 
particles smaller in diameter than 0.05 millimeter and 18 per: 
cent of particles smaller than 0.005 millimeter. 

In addition to the tests referred to above both a 
compression and a slaking test may assist in identi- 
fying those binder clays of the group A-1l and A-2 
subgrades which, because of certain chemical con- 
stituents, are inclined to ‘“‘set up” upon drying. These 
same tests performed upon soil samples both treated 
and untreated with bituminous materials serve to dis-. 
close to some degree the increase in stability furnished 
by the treatment. Chemical tests may also be re- 
quired to disclose those soil chemicals which are likely 
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Fiaure 35.—GRrRaIn S1zE ACCUMULATION CURVE FOR GooD BINDER 

TaBLE 5.—Laboratory test results given by representative soil 
constituents 

. re Moisture 

Liquia| Plas. | M8" | equivalent | Votu- | Lineal 
Soil constituent Jisnit ticity metric | shrink- 

index Byte «Gena ; change| age 
Limit | Ratio | fuge Field 

| 

Per cent| Per cent| Per cent Per cent| Per cent Per cent| Per cent 
Sands..ss2-- 45 20 LQ Je Ssoecec|eee eae 4 25 0 0 
Siltzseaetae eee 27 7 19 1.8 22 22 5 2, 
Clayaeee eee 100 54 11 25 70 55 92 19 
Colloids2s2s22 = 399 354 6 2.0 (2) 86 160 27 
Colloids, 50 per | 

Cente neo eee 174 154 12 1.9 291 AT oes eee near 5 Oe 
Mica ses. J2s2-—2 123 0 160 0. 52 159 142; %-—9 3—3 
Wiatomszise22= 163 0 134 0.5 221 212 39 10 
Peataceceeecee 136 | 0 44 0.9 90 121 69 16 

1 Indicates nonplastic soils without plastic limits. 
2 Centrifuge moisture equivalent could not be determined because of very great 

expansion sufiered by pure bentonite when being saturated. 
3 Negative value indicates expansion of mica on drying, discussed subsequently. 

to exert a detrimental influence upon concrete pave- 
ments and structures. The compression, slaking, and 
chemical tests are not discussed in this report. 

In order to use the constants intelligently one must 
thoroughly understand their physical significance. The 
soil identification chart, discussed subsequently in this 
report, assists in readily identifying the characteristics 
of many soils. The interpretation of results furnished 
by tests performed on many other soils, however, can be 
accomplished only by an intimate knowledge of physical 
phenomena occurring when the soils are subjected to 
test. For this reason an attempt is made to explain 
these physical phenomena in detail. 

In this connection, it should be noted that the signifi- 
cance of a constant may vary, depending upon the 
degree of capillarity possessed by the soil. For this 
reason soils are referred to as either expansive or non- 
expansive soils, according to their degree of capillarity. 

The expansive soils, silt, clay, etc., are those whose 
capillarity is sufficient to cause swelling, shrinkage, or 
detrimental frost heave in appreciable amount. The 
nonexpansive soils are those generally termed sands, 
whose capillarity is not sufficient to produce these 
phenomena. 

It is important to remember also that when a non- 
expansive soil is being added to an expansive soil in 
increasing amounts the change in certain properties 
from the expansive to the nonexpansive variety may be 
abrupt instead of gradual. As will be shown later, 
sand added to clay in increasing amounts causes the 
resulting mixture to change its shrinkage characteristics 

i ee ee 
Sse a <a 
i ee ee Ae 

aa 

| ORES Cs aie a 

PF) es ee 
Adan Ee! 

2 ° ° yey te) 1G) 3 3 ° $§ 8 868 8 3° #8438558 x 
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very slowly until, when the percentage of sand becomes 
equal to a certain amount, the shrinkage characteristics 
of the mixture are abruptly changed from those of the 
clay to those of the sand. Important decrease in 
supporting value caused by increasing the moisture 
content of soils occurs not gradually but abruptly, 
when the moisture content of the soil exceeds a certain 
amount. In the same abrupt manner the state of the 
soil may change from the plastic to the semisolid or 
from the semisolid to the solid with small change in 
moisture content. 

SOIL IDENTIFICATION CHART SHOWS BASIC RELATIONS 

The chief value of the soil constants as a means of 
identifying subgrade soils lies in the relations existing 
between them rather than in the magnitudes of the 
individual constants, considered separately. The use 
of these interrelationships, combined with the values 
of the constants themselves, as a basis for the construc- 
tion of the soil identification chart is a distinctive 
feature of the procedure developed by this bureau in its. 
subgrade studies. 

The four graphs of Figure 36 constitute the soil 
identification chart. They show the relations which 
have been found experimentally to exist between the 
liquid limit and four other test constants, the plastic 
limit, the shrinkage limit, the centrifuge moisture equiv- 
alent, and the field moisture equivalent. In the para- 
graphs which follow the test constants are defined, their 
significance is explained, and the relations which form 
the basis of the soil identification chart are developed. 

Critical moisture—The deformations of either con- 
fined or unconfined soil samples under constant load 
increase with increase of moisture content at a con- 
sistent rate until a given moisture content known as the 
critical moisture is reached. When the moisture con- 
tent is increased above this value the deformations of 
the samples increase at a very much greater rate than 
for similar moisture increases below the critical mois- 
ture. This fact is illustrated in Figure 37, which is the 
reproduction of a curve published previously in Pusuic 
Roaps (12). 

It will be noted in this figure that, for a load of 5.6 
pounds per square inch, the deformation increases at 
the rate of about 0.00026 inch for each 1 per cent in- 
crease in moisture content below 26.7 per cent, the 
critical moisture. For increase in moisture content 
above 26.7 per cent the deformations increase at the rate 
of 0.022 inch for 1 per cent increase in moisture content. 
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Ficure 36.—Tue Sor Ipentirication Cuart: ReLations Existina Between Liquip Limit anp Oruer Test ConstTants 

The ratio of applied load to corresponding deforma- 
tions for different soils is not related to the critical 
moistures of these soils. As a consequence, therefore, 
the relation between the critical moisture of one soil 
and the critical moisture of another soil is not indicative 
of the relative supporting powers of the two soils. 
Furthermore, the degree of support indicated by the 
load-deformation relationship of soils at the critical 
moisture content varies widely in different soils. 

The critical moisture is approximately equal to the 
lastic limit of cohesive soils and to 75 per cent of the 
iquid limit of cohesionless soils, which do not have 

plastic limits (12). The determination of the critical 
moisture is not a routine test. It assists in the expla- 
nation of the significance of the plasticity tests, and is 
of considerable practical importance, because it indi- 
cates the extent to which the moisture contents of soils 
must be reduced in order that they may be stabilized by 
drainage. 

Plastic limit.—This constant is defined as the lowest 
moisture content, expressed as a percentage of the 
weight of the oven-dried soil, at which the soil can be 
rolled into threads one-eighth inch in diameter without 
the threads breaking in pieces. 
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Figure 38 shows the nature of the test for determina- 
tion of the plastic limit. The upper sample, having a 
moisture content above the plastic limit, can be rolled 
into threads less than one-eighth inch in diameter 
without crumbling under the pressure exerted by the 
hand. The pressure required to deform the threads 
varies widely with the character of the soil. The 
lower part of the drawing shows a soil thread which 
has crumbled because the moisture content of the soil has 
been reduced by evaporation to the plastic limit or below. 

The prime importance of the plastic limit with respect 
to this discussion is the fact that it furnishes part of the 
data required for computing the plasticity index. The 
following significant relationships should also be noted: 

may have plastic limits. Clay and colloids have 
plastic limits. Of the representative subgrade soil con- 
stituents referred to in this report (p. 119), the silt 
has a plastic limit equal to 20, that of the clay is 46, 
and that of the colloids is 45. 

Liquid limit.—The liquid limit is defined as that 
moisture content, expressed as a percentage of the 
weight of the oven-dried soil, at which the soil will just 
begin to flow when lightly jarred 10 times. According 
to this definition soils at the liquid limit have a very 
small but definite shear resistance, which may be over- 
come by the application of very little force. This resist- 
ance, it should be noted, is by definition practically con- 
stant for all soils when at the liquid limit, as contrasted 
with the variable support furnished by different soils 
when at the plastic limit. At the liquid limit the cohe- 
sion is practically equal to zero (12). 

The nature of the liquid limit test is indicated in 
Figure 39. The soil sample is placed in a porcelain 

DIVIDED SOIL CAKE BEFORE TEST 

CRUMBLING OF SOIL THREAD BELOW 

THE PLASTIC LIMIT 

FicurRE 38.—PHENOMENON OccURRING DURING THE PLAS- 
tic Limit TEest 

The plastic limit (a) equals approximately the mois- 
ture content at which a minimum capillary pressure of 
2.5 kilograms per square centimeter acts upon the 
soil sample; (b) equals the moisture content at which 
the coefficient of permeability of homogeneous clays 
becomes practically equal to zero; (c) equals the 
moisture content above which water evaporates about 
4 per cent faster from a clay sample than from the free 
water surface; (d) equals the moisture content at which 
the speed of evaporation starts to decrease; (e) equals the 
moisture content below which the physical properties of 
water are no longer identical with those of free water (12). 

Sand, mica, diatoms, and peat have no plasticity and 
therefore do not have plastic limits. Silts occasionally 

SOIL CAKE AFTER TEST 

FraurE 39.—PHENOMENON OccuURRING DURING THE 
Liquip Limit TEst 

evaporating dish about 4% inches in diameter, shaped 
into a smooth layer about three-eighths inch thick at 
the center, and divided into two portions by means of 
a grooving tool. The dish is held firmly in one hand 
and tapped lightly 10 times against the palm of the 
other hand. If the lower edges of the two soil portions 
do not flow together as shown in the lower part of 
Figure 39, the moisture content is below the liquid 
limit. If they flow together before 10 blows have been 
struck, the moisture content is above the liquid limit. 
The test is repeated, with more or less moisture present, 
as the case may be, until a condition is reached where 
the two edges exactly meet after 10 blows have been 
struck. The arrows indicate the lateral flow, or shear 
failure, caused by the 10 blows. 

The force created in the soil during the test is a function 
of the specific gravity of the soil particles combined with 
fullor partial hydrostatic uplift, depending upon whether 
the soil is of the expansive or nonexpansive type. 

Liquid limits of nonexpansive cohesionless soils indi- 
cate the moisture content required to lubricate the 
grain surfaces sufficiently to cause flow under the pre- 
scribed force. Liquid limits of expansive cohesionless 
soils indicate the degree of expansion required to reduce 
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to practically zero the cohesion furnished by capillary 
pressure, skin friction, etc. Liquid limits of expansive 
cohesive soils indicate the degree of expansion required 
to reduce to practically zero the true cohesion of 
the soil particles in addition to that furnished by 
the capillary pressure, skin friction, etc. 

In this way the liquid limit serves to distinguish (a) 
sands, with respect to the resistance which they furnish 

200 

LIQUID LIMIT 

Ficgure 40.—Liquip Limits or REPRESENTATIVE SOIL 
CONSTITUENTS 

to flowing, and ()) all other soils with respect to the 
relative volume of the pores of capillary dimension 
which these soils possess. The wide range in the liquid 
limits of different soils is illustrated by Figure 40, 
which show graphically the liquid limits of the represen- 
tative soil constituents. 

The liquid limits of the uniform subgrade groups 
may be stated approximately as follows: 

Group A-1.—Generally greater than 14 and less than 25. 
Group A-—2.—Generally greater than 14 and less than 35. 
Group A-3.—Varies in value from slightly less than 10 to 

slightly more than 35. Small liquid limits, such as 10 to 14, 
signify the beach and other rounded sand grains which, when 
sufficiently wetted, will slide over each other, i. e., flow, because 
of the lubrication of their surfaces. Grains uniform in size and 
perfectly spherical in form would probably flow without being 
lubricated. An abnormally large liquid limit, 30 to 35 in the 
case of sands, signifies high resistance to sliding furnished by a 
high degree of surface roughness or angularity of grain. 

Group A-4. Generally greater than 20 and less than 40. 
Groups A-5, A-6, and A—-7.—Usually greater than 35. 
Group A-8.—Likely to be greater than 45. 

Plasticity index.—This term is defined as the differ- 
ence between the liquid limit and the plastic limit. 
Plasticity indices equal to zero designate nonplastic 
soils, i. e., those which have no plastic limits.* At the 
plastic limit the soil particles may be considered as 
having acquired a degree of lubrication sufficiently high 
to permit them to slide over each other when loaded, 
although still possessing cohesion in appreciable amount. 
At the liquid limit, according to definition, the soil 
particles are separated to such an extent that practically 
no cohesion exists between them. 

It follows, therefore, that the difference between the 
plastic limit and the liquid limit indicates the increase 
in moisture content required to increase the thickness 
of the water films separating the soil particles to a 
degree such that the cohesion existing between them is 
reduced practically to zero. Thus the plasticity index 
may be considered as a measure of the cohesion pos- 
sessed by the soil. 

8 Only a very few soils of the thousands tested in the subgrade laboratory of the 
Bureau of Public Roads have had plastic limits equal to the liquid limits. 

molecule from the pebble surface increases. 

As stated above, this cohesion consists of two parts: 
(a) That furnished by capillary pressure, skin friction, 
etc., and (b) that furnished by the true cohesion 
(molecular attraction) of the soil particles. To illus- 
trate, assume that a pebble is first immersed and then 
removed from water. The adhesion existing betw een 
the surface of the pebble and the water particles in 
intimate contact with it is very high, but decreases 
rapidly in amount as the distance separ ‘ating the water 

Conse- 
quently the water molecules separated farthest from 
the pebble surface flow off under the force of gravity. 
Two soil particles may be held together by both the 

adhesion possessed by water for the surface of the soil 
particles and the cohesion existing between water 
molecules. With increasing thickness of water film 
separating the two soil particles the attraction which 
tends to hold them together rapidly decreases to the 
vanishing point. 

True cohesion existing between soil particles, like the 
adhesion existing between water molecules and the 
pebble surface, decreases rapidly in degree as the 
distance separating the soil particles increases. When 
the two soil particles possess true cohesion they are 
held together by a force exceeding that furnished by 
the molecular attraction of water. Consequently, the 
thickness of water film required to overcome the true 
cohesion existing between soil particles is greater than 
that required to overcome the adhesion due to capillary 
pressure, skin friction, etc. 

If two glass plates are wetted with a small amount of 
water and pressed together they can not be pulled 
apart without the application of an appreciable external 
force. A very slight force, however, may serve to 
cause one plate to slide upon the other. This condition 
is analogous to the moisture content of the soil when at 
the plastic:limit. By increasing the thickness of water 
film separating the two plates, one may be caused by 
only its own weight to separate from the other. This 
is analogous to the moisture content of the soil when at 
the liquid limit. The increase in thickness of water film 
required to produce the change from the sliding to the 
separated state represents that portion of the plasticity 
index required to equalize only the cohesion furnished 
by the molecular attraction existing between the water 
and the surfaces of the glass plates. 

If, before being wetted and pressed together, the 
glass plates had been coated with a gluey colloid, the 
thickness of water film required to produce the change 
from the sliding to the separated state would of necessity 
have been larger than if the plates had not been so 
coated. The difference between the amount of water 
required to change the coated and the uncoated plates 
from the sliding to the separated state may beregarded as 
analogous to the amount of water required to overcome 
the cohesion possessed by the colloidal particles. 

It was stated above that the critical moisture of cohe- 
sionless soils equals 75 per cent of the liquid limit. It 
follows that 25 per cent of the liquid limit may be as- 
sumed to indicate the amount of water required to over- 
come the cohesion furnished by the capillary pressure, 
skin friction, etc., in soils. If the same principle is 
applied to cohesive soils, it may be ee that that 
portion of the plasticity index exceeding 25 per cent of 
the lower liquid limit is the amount of water required 
to overcome the true cohesion existing between the indi- 
vidual soil particles. Consequently, the quantity ob- 
tained by subtracting 25 per cent of the liquid lmit 
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from the plasticity index, indicates the relative amounts 
of true cohesion possessed by the surfaces of the soil 
particles. Thus the relation existing between the 
liquid limit and the plasticity index may serve very well 
to disclose certain characteristics of the soil. 

Figure 36, A, illustrates relations existing between 
the plasticity index and the liquid limit. The large dots 
denote the relations given in Table 5 for representative 
soil constituents. Curve 1, indicating a plasticity 
index of zero, is characteristic of sand, mica, peat, and 
diatoms. Curve 2 represents the relation, plasticity 
index =0.25 Xliquid limit. This relation is character- 
istic of soils containing sand, silt, mica, peat, or dia- 
toms in dominating amounts.. Curve 3 indicates the 
statistical relationship given by tests of a very large 
number of samples of soils containing clay, colloids, 
and elastic materials such as peat or mica, and also 
soils containing colloids not fully active because of 
either heat treatment or state of flocculation. Curve 4 
shows the relation given by compressible mixtures of 
fully active colloids. The crosses adjacent to curve 4 

Figure 41.—SHRINKAGE OF REPRESENTATIVE SOIL CONSTITU- 
ENTS. Tor Row, Lert to Rieut, Diaroms, Prat, CotL- 
Loips; Borrom Row, Lert to Rieut, Mica, CuAy, SILT, SAND 

denote results given by tests of soil samples containing 
admixtures of bentonite, 1.5 to 50 per cent. 

The members of the uniform subgrade groups gener- 
ally have plasticity indices as follows: 

Group A—1.—Usually less than 8 and generally related to their 
liquid limits according to the relation shown by curve 2. 

Group A—2.—Usually less than 15. 
Group A-8.—Have no plasticity; therefore, do not have 

plasticity indices. 
Group A—4.—Less than those indicated by curve 38. 
Group A-5.—Seldom greater than those indicated by curve 3. 
Group A-6.—Approximately equal to those indicated by 

curve 4. 
Group A-7.—Generally greater than those indicated by curve 3 

and smaller than those indicated by curve 4. 
Group A-8.—Generally less than those indicated by curve 3. 

Shrinkage limit and shrinkage ratio——The mechanics 
of soil shrinkage was described in Part I of this report 
(Pustic Roaps, June, 1931, pp. 102 and 103) and will not 
be repeated here. The shrinkage limit is defined as the 
moisture content, expressed as a percentage of the dry 
weight, required to fill the pores of a soil sample which 
has been dried to constant weight from a moisture con- 
tent sufficient in amount to fill the soil pores completely. 
Those soils which shrink during this drying process are 
referred to as possessing significant shrinkage limits. 
The shrinkage limits of nonexpansive soils such as 
sand, etc., which do not shrink during this drying pro- 
cess may be computed, as shown later, when the specific 
gravities of the soils are known. Such shrinkage limits 
are termed “theoretical” to distinguish them from the 
“significant” shrinkage limits. Sand and mica have 

theoretical and the other constituents have significant 
shrinkage limits. In general, only the significant limits 
are given in routine test reports. 

Figure 41 illustrates the shrinkage of representative 
soil constituents. The pats shown were dried to con- 
stant weight from a moisture content slightly above the 
liquid limit. The container in which the pat rests 
represents the original volume of the pat. 

The capillary pressure per square centimeter exerted 
upon the surface of the drying soil sample may be com- 
puted as follows: 

Assume the voids in the soil mass to be of square 
cross section and to have each a width equal to a. 
The perimeter of each tube equals 4a. Since the force 
exerted by capillary pressure is equal to 0.0764 grams 
per centimeter (1), the force exerted upon each tube, is 
given by the expression, 4 a@ X 0.0764 =0.306a. 

If we should assume that the soil surface is com- 
pletely covered by such openings, the number of 
openings per square centimeter equals the reciprocal of 
the area, a’, of each opening. Consequently, when we 
designate S. F. as the force causing shrinkage in a soil, 
we have 

gy. pa 0:306a _ 0.306, 
be a 

According to this relation, illustrated graphically in 
Figure 42, the pressure exerted upon a soil possessing 
voids 0.1 millimeter wide equals 30.6 grams per square 
centimeter and that exerted upon a soil possessing voids 
0.001 millimeter wide equals 3,060 grams per square 
centimeter. This is the explanation of the fact, illus- 
trated in Figures 41 and 43, that colloids upon drying 
compact the greatest amount, clay a less, and silt a 
still less amount. . 

The shrinkage ratio is defined as the volume change, 
expressed as a percentage of the volume of the dry soil 
cake, divided by the moisture loss above the shrinkage 
ane expressed as a percentage of the weight of the dry 
cake. 
A determination of skrinkage limit and shrinkage 

ratio is illustrated in Figure 44. As a soil pat consisting 
of Yaguajay clay was being dried from the wet state, 
the changes of both volume and moisture content were 
determined at different times. The results of these 
observations are plotted as small circles in the figure. 
The abscissa of any point on the curve denotes volume 
change expressed as a percentage of the volume of the 
dry pat; the ordinate denotes moisture content, ex- 
pressed as a percentage of the weight of the dry pat. 

These points, it will be noted, lie practically on a 
straight line which intersects the zero line at a moisture 
content of 11.1 per cent. Consequently no volume 
change will occurr in the soil cake when the moisture 
content is reduced from 11.1 to 0 per cent, and 11.1 
per cent is the shrinkage limit. 

As the moisture content was reduced from 107.8 to 
11.1 per cent, the pat underwent a volume change equal 
to 200 per cent of its volume when dry. The shrinkage 
ratio is therefore obtained by the computation, 

200 200 9.07 
107.8=11.1 96.7 

The shrinkage limit, the shrinkage ratio, and the 
specific gravity are interrelated as follows: 

~~ a 
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Figure 42.—THEORETICAL RELATION BETWEEN PorRE WIDTH AND CAPILLARY PRESSURE 

Let 
S=shrinkage limit. 
w=moisture content. 
V=volume of wet soil cake. 
V,=volume of dry soil cake. 
W=weight of wet soil cake. 
W,=weight of dry soil cake. 
R=shrinkage ratio. 
G=specific gravity of soil particles. 

The total volume change, V—V,, is equal to the 
moisture loss occurring between the original moisture 
content, w, and the shrinkage limit, S. 

The weight of water lost between these two limits is 
given by the expression, 

wxW, SW,_W. (w—S) 
100 100 100 

If measurements are made in grams and centimeters, 

ee =volume of water lost. 

=V-V, 
Wow— W.S'=(V—Vo) x 100 

WoS=Waow—(V—V.) x 100 
V-V, 
Ww 

V-Ve 
W, 

S=w- 

And 

w-S= 

65595—31——-2 

The shrinkage ratio, R, defined as the volume change 
in percentage of the dry volume, divided by the moisture 
loss above the shrinkage limit in percentage of the dry 
weight, is given by the equation, 

V— Vex 100 

~ o-S 

Substituting the value of w—S previously obtained, 
we have 

Mae Stiles 
paige nc Dae ae (16) 

Vevey 100 
W, 

The specific gravity equals the weight of the dry soil 
in grams divided by its true volume in cubic centimeters. 
The true volume of the dry soil equals the apparent 
volume, V,, minus the water content at the shrinkage 

limit, 00" We have, therefore, 

ed IS) 2 og es 17) 
Gea Vamsi aor 8. : 

ee O0an een 00 2 aet 00 

At one determination of the volume of the Cuban 
(Yaguajay) soil the weight of the wet pat, W, was 43.74 
grams and its volume, V, was 28.04 cubic centimeters. 
In the dried state the weight of the pat, Wo, was 25.08 
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FiGuRE 43.—SHRINKAGE Limits oF REPRESENTATIVE SOIL 
CoNSTITUENTS 

grams and its volume, V,, was 12.16 cubic centimeters. 
The value of the moisture content, w, of the wet soil is 
given by the expression 

W-W, AS 14 — 20,08 
WwW Sr ataiina. a 100 aoe (5 al x 100 =74.40 per cent. 

And the shrinkage limit, 

V-YV, WES. U4 12516 
Pe yaar 500 =74.40 Woe” <x 100 = 

11.1 per cent. 
This value checks with that shown in Figure 44. 
The volume change which occurred during the loss of 

74.4 per cent of moisture, is given by the equation 

VV 28.04 —12.16 
eae Vi 12.16 
This value is shown in Figure 44 by means of a double 

circle. 

The shrinkage ratio R = 4 myeile =2.06 as com- 

pared with 2.07, the value objained from Figure 44. 

x 100 = x 100 =130.6 per cent. 

It will be noted that the shrinkage ratio R is also the 
apparent specific gravity of the soil. Thus the weight 
of a cubic foot of the Cuban clay in the dried state equals 
62.5 X 2.06 =128.75 pounds. 

The specific gravity computation may be subject to 
appreciable error, since it is based on the assumption 
that the relation which exists between moisture loss and 
percentage volume change is as consistent as that indi- 
cated in Figure 44. Certain elastic soils are likely to 
expand during the period when the moisture content is 
being reduced from the shrinkage limit to zero. Mica 
is one of these materials and the degree to which it may 
expand under these conditions is illustrated in Figure 45. 
This accounts in part for the high shrinkage limit given 
for mica in Figure 43. Furthermore, the presence of 
air in the pores of a drying soil may prevent it from 
shrinking exactly in accordance with the relation shown 
in Figure 44. Figure 46 shows how different soils may 
vary in drying from the relation as stated. Table 6 
illustrates the variation which may exist between actual 
and computed specific gravities of soils. 

TABLE 6.—Comparison of specific gravities as obtained by actual 
determination and by computation from formula 17 

RON NNoOnNnNon 

Specific Specific Specific Specific 
gravity, gravity gravity, gravity 

Soil No. actual computed Soil No. actu: computed 
determi- from determi- from 
nation formula nation formula 

2, 262 4he bean 2.72 DOM e ekeses ae ee 2. 640 2.6 
&, 2OAL casos 2.70 2) 7512400 eee eee ee 2.815 2. 8 

280 UR sce cone 2. 59 2:.660l| (2, 4432525 pe aes 2. 752 2.7 
2, LOO eee 2. 50 QEOS ile, Goose. a= oe 2. 716 2a 

AP pee OSS 2. 64 D558 ile COC seas aaa ae 2. 740 2e7. 
2) 261s See eee 2. 62 D2 TOO 64 ee es oe 2. 653 2.6 

D7 Aap ES 2. 65 A EN OR ECG US ee aca 2. 612 2. 6 
2, 243 oe ees 2071 DESTROY tee 2.715 2.7 
2 colueseaeceted 2. 54 262 seo} C0Sssae eee 2. 660 2.6 
248. Se 2. 63 2565 e236 bseeeneee oes 2. 640 2.5 

2; 260 Sac eeee se Pay Al 2. 67 

Figure 36, B illustrates relations existing between 
the shrinkage limit and the liquid limit. The large 
dots denote the relations given in Table 5 for the repre- 
sentative soil constituents. Curve 5 is characteristic 
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FIGURE 44.—RELATION BETWEEN MOISTURE CONTENT AND VOLUME CHANGE FOR YAGUAJAY CLAY 
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Figure 45.—Sipr Virw or Mica Pat SHowING EXPANSION 
on Dryine To CoNnsTANT WEIGHT FROM A MOISTURE 
CoNTENT SLIGHTLY ABOVE THE Liquip Limit. THrEr Mica 
Just FILLED THE CuPp WHEN WET 

of silt, clay, and colloidal soils. It also indicates ap- 
proximately the average relation given by tests of a 
large number of natural soil samples (21). The small 
crosses adjacent to this curve represent results of tests 
performed on natural soil containing bentonite in admix- 
tures varying between 1.5 and 50 per cent. Curve 6 
indicates the moderately high shrinkage limits charac- 
teristic of mucks, peats,and kaolins. Curve 7 represents 
diatoms and mica, which have high shrinkage limits. 

Shrinkage limits characteristic of the uniform sub- 
grade groups are as follows: 

Group A-1.—Generally greater than 14 and less than 20. 
Group A-2.—May be either theoretical or significant depend- 

ing upon other constants. Not likely to exceed 25 when signifi- 
cant. 

Group A-3.—No significant shrinkage limit. 
Group A-4.—Generally less than 25. Increase in expansive 

properties of members of this group indicated when shrinkage 
limits Re 20 and approaches relationship represented by 
curve 6. 

Group A-5.—Generally greater than 30 and greater than 50 
for very undesirable members of this group. May approach 
relation indicated by curve 6 for silts containing peat and 
approach relation indicated by curve 7 for soils containing either 
diatoms or mica in appreciable amount. 

Group A-6.—Not likely to exceed in appreciable amount 
values represented by curve 5. 

Group A-7.—For flocculated varieties of this group, may 
slightly exceed values given by curve 5. For varieties containing 
mica, peat or diatoms, may exceed very appreciably values indi- 
cated by curve 5, but generally less than those indicated by curve - 
6. Soils of this group subject to frost heave have the higher 
shrinkage limits. 

Group A-—8.—Generally in neighborhood of values indicated 
by curve 6, and seldom greatly in excess of those values. 

Centrifuge moisture equivalent—This constant is 
defined as the moisture content, expressed as a per- 
centage of the weight of the oven-dried soil, retained by 
a soil sample after first being soaked in water for 6 
hours, then drained in a humidifier for 12 hours, and 
finally centrifuged under an acceleration of 1000 xX 
gravity for 1 hour. 

The action which takes place is illustrated in Figure 
47. Water is forced outward through the bottom of the 
cup under the influence of two forces, the centrifugal 
force acting on the water and the pressure which the 
soil particles exert on one another. The centrifugal 
force acting on the water is proportional to the distance 
from the surface of the sample. Since the acceleration 
is 1000g the pressure at a distance y will be equal to y 
kilograms per square centimeter. ‘The pressure which 
the individual particles exert upon each other in the 
direction of the axis of the cup is a function of the 
specific gravity of the particles, the distance from the 
surface, and the extent of hydrostatic uplift. If the 

PUBLIC ROADS 127 

60 

X ahs 50 

20 MOIST URE=~ PER CENT 

3 

aaa bee 

S 

ioe at eS NER ial Ne 
ie) 10 20 

VOLUME CHANGE-PER CENT 

Figure 46.—TypicaL Curves SHOWING VARIATION OF 
VOLUME CHANGE WiTH MoistURE CONTENT 

soil particles are not surrounded by water, the hydro- 
static uplift is negligible, and we may define the 
pressure on the particles as Py kilograms per square 
centimeter, where P is a function of the specific gravity. 
This is the case with nonexpansive soils. In the case 
of expansive soils the hydrostatic uplift is much greater. 
If we assume it as full, the pressure becomes (P-1)y, or, 
at the bottom of the cup, (P-1)h. 
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FIGURE 47.—PHENOMENON OccURRING DURING THE CEN- 
TRIFUGE Moisture EQUIVALENT TEST 

This combination of forces results in pressures which 
are equivalent to an average pressure on the sample of 
about 2 kilograms per square centimeter. As the inti- 
macy of contact between soil particles is increased, the 
tendency is for water to be squeezed from the sample at 
both top and bottom. The tendency for water to be 
forced to the top is resisted by the centrifugal force 
acting on the water. This force is in turn opposed by 
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the frictional resistance to flow offered by the surfaces 
of the soil pores and the capillarity of the soil, both of 
which increase as the soil mass decreases in volume 
during the test. If the resisting force is greater than 
the centrifugal force water remains at the top of the 
sample, producing the condition called waterlogging. 
The amount of water which is forced through the sample 
and escapes through the outlets at the bottom of the 
cup is thus dependent on the permeability of the soil. 

Thus the centrifuge moisture equivalent (a) serves 
to distinguish soils which are permeable (sand, silt, 
mica, diatoms, peat or flocculated clay dominating) 
from those which are impermeable (clay and colloids 
dominating) when compressed by a centrifugal force 
equal to about 2 kilograms per square centimeter (12); 
(b) serves to disclose to some extent the degree of capil- 
larity possessed by permeable soils; (c) furnishes a 
means of distinguishing permeable soils of the non- 
expansive from those of the expansive varieties. 

The moisture equivalents of permeable soils, for in- 
stance, decrease consistently when the sand content of 
the soils is increased. The shrinkage limits of silt and 
clay soils having capillarity in appreciable amount 
increase at a very slow rate with increase in the sand 
content of the soils until the amount of sand added be- 
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Figure 48.—RELATION BETWEEN CENTRIFUGE MOISTURE 
EQUIVALENT AND SHRINKAGE Limit ror SAND ADMIXTURES 

comes sufficient to reduce the capillary properties of the 
soil very appreciably. At this sand content the shrink- 
age limits of the soils. become theoretical instead of 
significant and increase at an abnormally high rate with 
further additions of sand. Therefore, by plotting the 
centrifuge moisture equivalents against the correspond- 
ing shrinkage limits of soils to which sand has been 
added in increasing amounts, the centrifuge moisture 
equivalent value at which the shrinkage limits sud- 
denly begin to increase is easily determined. This value 
of the centrifuge moisture equivalent should indicate 
the degree of capillarity below which expansion and 
shrinkage become negligible in amount. 

Figure 48 shows the results furnished by a determina- 
tion of this character. The soil constants were obtained 
from tests performed upon a number of soils containing 
sand in amounts varying between 20 and 80 per cent. 
The results, it will be noted, are grouped in a well de- 
fined band which indicates a very pronounced increase 
in the theoretical shrinkage limits when the amount of 
contained sand is sufficient to reduce the centrifuge 
moisture equivalents to less than 12. 
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30 

Fiaure 49.—RELATION BeTweEEN Liquip Limit AND CEN- 
TRIFUGE MoiIstTuRE EQUIVALENT FOR DIFFERENT TYPES 
OF SAND 

Since detrimental frost heave occurs only in soils 
having capillarity in appreciable amount, it should not 
occur in soils which have centrifuge moisture equiva- 
lents less than about 12. And this seems to be verified 
by the subgrade surveys of the bureau now in progress. 
To provide a proper factor of safety, however, materials 
used for porous (7) base courses in practice, should 
have centrifuge moisture equivalents not exceeding 6 
or 8. 

The centrifuge moisture equivalents of the represent- 
ative soil constituents (Table 5) are shown graphically 
in Figure 36,C. This figure contains also curves 8, 9, 
and 10, which indicate important relations existing be- 
tween the centrifuge moisture equivalent and the liquid 
limit. Curve 8 represents the relation between the 
liquid limits and the centrifuge moisture equivalents of 
average sands (absence of hydrostatic uplift). Curve 9 
represents the statistical relation between the average 
liquid limits and centrifuge moisture equivalents ob- 
tained from a great number of heat-treated soil sam- 
ples (21). Curve 10 represents the relation between 
the liquid limits and the centrifuge moisture equiva- 
lents of average silt and colloidal soils (particles acting 
under full hydrostatic uplift). 
Members of the uniform subgrade groups may have 

centrifuge moisture equivalents as follows; 
Group A-1.—Seldom appreciably greater than 15. 
Group A—2.—Not likely to exceed 25. 
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Group A-3.—Not likely to exceed 12. In combination with 
the liquid limit, discloses the relative resistance to flowing pos- 
sessed by sands equal in degree of capillarity. (See Fig. 49). 

Group A-4.—Generally greater than 12, approaching values 
indicated by curve 10, but not likely to waterlog, although ex- 
ceptions eccur. When greater than the liquid limits in the 
absence of waterlogging, indicates especially unstable silts. 

Group A-—§.—Greater than 12 and not likely to waterlog, al- 
though exceptions occur. Often has values between curves 9 
and 10. May approach those indicated by curve 8 for sand- 
mica mixtures. 

Group A-6.—May approach values indicated by curve 10 for 
the highly colloidal soils, with values lying between curves 9 
and 10 for clay soils containing sand in appreciable amount. 
Likely to waterlog when exceeding 40. 

Group A—7.—Generally greater than values indicated by curve 
9 and less than values indicated by curve 10. May not 
waterlog with centrifuge moisture equivalents as high as 90. 

Group A—8.—Generally between curves 9 and 10. 

SURFACE SMOOTHED OFF 

WATER FAILS TO PENETRATE 

Figure 50.—PHENOMENON OccURRING DURING THE FIELD 
Moisture EQuIvVALENT TEST 

It is interesting to note also that adding sand to the 
silt and clay mixes, which are represented by curve 10, 
will change these soils to graded mixes of the Group 
A-1 or Group A-2 variety and the test relationship will 
approach that indicated by curve 9. Adding both 
sand and mica to a silt may cause its centrifuge mois- 
ture equivalent to assume the relation to the liquid 
limit represented by curve 9. 

Field moisture equivalent—This term is defined as 
the minimum moisture content, expressed as a percent- 
age of the weight of the oven-dried soil, at which a drop 
of water placed on a smoothed surface of the soil will 
not immediately be absorbed, but will instead spread 
out over the surface and give it a shiny appearance. 
(See fig. 50.) 
The drop of water fails to penetrate the wet and 

smoothed soil sample (a) when the pores of nonex- 
pansive soils (sands) are completely filled, (b) when the 
capillarity of cohesionless expansive soils (diatoms and 
mica) is completely satisfied, and (c) when cohesive 
soils possess moisture in amount sufficient to cause the 
smoothed surface of the sample to become impervious. 
This impervious skin may occur at moisture contents 
far below those required to satisfy the capillarity of 
cohesive soils. 

That the moisture content at which the impervious 
skin is formed measures a definite soil property and is 
not dependent upon the time during which the soil re- 
mains wetted is evidenced by the fact that highly 
colloidal clays, whether wetted for several minutes 

or for 24 hours, generally resist the penetration of 
the drop of water at practically equal moisture contents. 

Figure 36, D contains curves showing relations exist- 
ing between the liquid limit and the field moisture equiv- 
alent. Curve 11 represents the statistical relationship 
which was found to exist between the averages of re- 
sults furnished by tests performed upon a large number 
of natural soil samples (21). This curve, it will be noted, 
represents also the relation given by results of tests 
performed upon the soils containing admixtures of 
active colloids. 

The positions of curves 12 and 13 were chosen arbi- 
trarily to represent high and very high field moisture 
equivalents. The field moisture equivalents of the 
representative soil constituents (Table 5) are also 
shown graphically in Figure 36, D. The field moisture 
equivalent individually and in its relation to the other 
constants serves to furnish the following supplementary 
information with respect to the identification of sub- 
grade soils. 

Group A—1.—Field moisture equivalent not significant. 
Group A—2.—Field moisture equivalent not significant. 
Group. A~3.—Field moisture equivalent indicates the porosity 

of these cohesionless materials when completely saturated; in 
combination with the liquid limit discloses the degree of satura- 
tion required to cause sands to have a very small shear resist- 
ance. 

Group A-—4.—When approximately equal to or larger than 
centrifuge moisture equivalents the field moisture equivalents 
indicate presence of expansive properties in detrimental amounts. 

Group A-5.—Field moisture equivalents may approach values 
indicated by curve 12 for silts containing peat in appreciable 
amount and those indicated by curve 13 for highly elastic silts 
containing mica or diatoms in appreciable amount. May not 
exceed those indicated by curve 11 for kaolins possessing good 
binder properties. 

Group A-6.—May approach values indicated by curve 11 
generally, but smaller when the grading of the colloidal clay soils 
of this group is such as to cause smoothed surface of soil when 
wetted to become highly impermeable. 

Group A—7.—Soils of this group either flocculated or contain- 
ing organic matter partially decomposed into the colloidal state 
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may have, as in the case of the Group A-6 soils, shrinkage limits 
approaching those represented by curve 5. Their field moisture 
equivalents, however, are likely to be appreciably greater than 
those indicated by curve 11. 

Group A-8.—Same as group A-5. 

Volumetric change.—Only in certain instances does 
the degree to which soils may shrink when dried out 
from an arbitrary wet state furnish information with 
respect to the identification of subgrade soils supple- 
mentary to that furnished by the constants discussed 
above. Volumetric changes from the field moisture 
equivalent are now computed only to determine whether 
those of graded materials and silty clays are larger 
or smaller than about 17. This limit, according to 
computation, is equivalent to a lineal shrinkage of 5, 
a value which has been established by A. C. Rose and 
C. H. McKesson (Pustic Roaps, August, 1924, Septem- 
ber, 1925, and September, 1927), as representing the 
maximum degree of shrinkage properties which may 
be possessed by good soil mortars or stable subgrade 
soils. Thus, in certain instances the volumetric change 
assists in distinguishing the Group A-6 and Group 
A-7 soils which are inclined to shrink in appreciable 
amount (volumetric change approximately equal to or 

ereater than 17) from the Group A-2, A-4, or A-5 
fa tieies in which shrinkage is not important. 

et 
F. M. E. =field moisture equivalent, 

G =specific gravity of soil particles, 
S =shrinkage limit, 
R =shrinkage ratio. 

The volumetric change, C;, is given by the formula 

Grp=(F M.. Eo Sx Rae ee (18) 
We have 

Hence, 
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_ No computation of the volumetric change is required 
for the average clay soils of the Group A-6 or Group 
A-7 variety when the shrinkage limits do not exceed 
those shown by curve 5 and the field moisture equi- 
valents are not less than those indicated by curve 11. 
With a liquid limit of 35, for instance, such soils have 
shrinkage limits not exceeding 15 and field moisture 
equivalents not less than 26. By substitution of these 
values in equation 18, we find that the volumetric 
change, with an average R equal to 1.8, exceeds 20, and 
for this value the lineal shrinkage is larger than 5. 

Lineal shrinkage.—The volumetric change, C;, is ex- 
pressed as a percentage of the dry volume of the soil 
cake. The lineal shrinkage, L. S., expressed as a per- 
centage of the length of wet soil bar, is defined by the 
formula 

a 100 Tes! =100] 1 J i a Wana Cen (20) 

The lineal shrinkage, as such, possesses no more sig- 
nificance than the volumetric change. However, the 
lineal shrinkage combined with the field moisture equiva- 
lent offers a means of estimating the shrinkage limit which 
may be used when the first two values are known and 
the shrinkage limit has not been determined by test. 

The relation between lineal shrinkage, field moisture 
equivalent, and shrinkage limit computed by equations 
19 and 20 for soils having a specific gravity of 2.65 is 
shown graphically in Figure 51. According to this 
figure a soil having a lineal shrinkage of 17 combined 
with a field moisture equivalent of 82 would have a 
shrinkage limit of approximately 30. 

The relation between shrinkage limit and shrinkage 
ratio for specific gravities varying from 2.25 to 2.95 is 
shown in Figure 52. 

TEST CONSTANTS AND MECHANICAL ANALYSES STATISTICALLY 
RELATED 

Tn addition to knowing the interrelationships between 
the test constants it may prove helpful also to have some 
conception of the average relations existing between the 
clay, silt, and sand contents of soils and their test 
constants. 

The relations represented by curves 3, 5, 9, and 11 
(fig. 36) are, in general, those which have been reported 
previously as ‘‘statistical’’ relationships between the 
averages of large numbers of individual soil tests (21). 
The average mechanical analysis of soils whose tests 
are related according to these statistical laws is shown 
in Figure 53 as a function of the liquid limit. 

Both the erading represented in Figure 53 and the 
constants represented by curves 3, 5, 9, and 11 may be 
considered as characteristic of ‘‘average soils,” and 
this fact may serve as a basis for estimating the relative 
degree to which particular soils possess certain 
characteristics. 
An “average” or “statistical” soil containing 72 per 

cent clay and no sand has, according to Figures 53 and 
36, constants as follows: Liquid limit, 100; plasticity 
index, 54; shrinkage limit, 11; centrifuge moisture 
equivalent, 72; and field moisture equivalent, 45. Ifa 
soil being investigated contains 72 per cent of clay and 
no sand, but the constants have the values, liquid limit, 
50, plasticity index, 30, shrinkage limit, 15, centrifuge 
moisture equivalent, 60, and field moisture equivalent, 
55, its constants may be expressed as ratios of the 
constants possessed by the statistical soils. 

As the investigations in progress disclose more and 
more the soil constituents which cause the constants of 

LIQUID LIMIT 

co) 10 20 30 40 50 60 70 80 90 1090 

PER CENT 

Fieure 53.—AVERAGE MbrcHANICAL ANALYSIS OF SOILS 
. WuHosk Tests ARE RELATED ACCORDING TO CURVES 38, 5, 
9, AND 11, FiaureE 36 

various soils to differ from the constants of statistical 
soils, the relations discussed above will serve to reveal 
more accurately the constituents of which the soils being 
investigated are composed. 

It is interesting to note that the representative soil 
constituent, clay, in Table 5, is for all practical pur- 
poses an “‘average”’ soil. 

The constants of statistical soils containing both clay 
and sand in amounts equal to those indicated in Figure 
53 are obtained in the same manner as the constants of 
statistical soils containing clay and no sand. 

Thus*the constants of a statistical soil containing 
36 per cent clay and 16 per cent sand have the following 
values: Liquid limit, 50; plasticity index, 23; 
shrinkage limit, 13; centrifuge moisture equivalent, 36; 
and field moisture equivalent, 32. 

It may prove helpful also to be able to estimate what 
might be termed the average influence exerted by sand 
admixtures upon the constants possessed by soils. The 
conversion curves of Figures 54 and 55 furnish a means 
of making estimates of this character. These curves 
are based on tests performed upon soils containing 
sand admixtures in different amounts. The sand con- 
tent, referred to in these figures as “‘per cent sand,”’ 
is expressed as a percentage of the combined weights 
of both sand admixture and soil. 

Estimates furnished by means of conversion curves 
decrease in accuracy as the amount of the assumed sand 
admixture isincreased. ‘This is due to the fact that the 
curves indicate the average influence exerted by a 
number of sands and not the influence exerted by a 
particular sand. As admixtures of a particular sand 
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increase in amount, its individual characteristics, 
which depend on its grading, the size and shape of its 
grains, etc., will exert an increasingly important 
influence upon the test constants of the mixture, and 
cause them to vary from the estimates furnished by the 
conversion curves. This is especially true when the 
sand admixture increases in amount above about 45 per 
cent. As the sand admixture decreases in amount below 
about 45 per cent, the physical characteristics of the 
sand exert less and less influence on the soil test results. 

In order to illustrate the use of Figures 54 and 55 
let us assume that a soil sample has constants equal to 
those designated for sample A, Table 7. It is de- 
sired to estimate the influence exerted by adding sand 
in amount equal to 25 per cent of the weight of the 
soil. The assumed admixture in this case equals 

oe per cent or 20 per cent of the resulting combi- 

FIELD MOISTURE EQUIVALENT 

20) BS 

PERCENT SAND 

Figure 55.—ConveEeRSION CHARTS FOR DETERMINING EFFECT OF SAND ADMIXTURES ON Soi. Trest Constants 

10 15 30 35 40 45 

nation of sand and soil. Consequently, we reduce each 
constant of sample A by an amount indicated in the 
corresponding conversion diagram for a sand admixture 
of 20 per cent. The resulting constants are given 
opposite sample X in Table 7. 

TaBLE 7.—Test constants estimated on the basis of the conversion 
curves for sand admixtures 

Chasis Moisture equiva- 
Shrinkage lant 

Liquid {Plasticity 
Sample limit | index Z 

Ak at : entri- . 
Limit Ratio fuge Field 

Per cent | Per cent | Per cent Per cent | Per cent 
LA Tesi Semen ve eee 45 19 20 ek 33 30 
BE oe See eae aae ee 37 16 20 Uae 26 26 

1 Specific gravity assumed to equal that of sample A. Therefore, with equal 
shrinkage limits the shrinkage ratios will be equal. 
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PART III: UTILIZATION OF THE SUBGRADE SOIL IDENTIFICATION CHART 

The soil identification chart, shown in revised form 
in Figure 56 serves a triple purpose. First, it offers a 
means of identifying those subgrade soils whose per- 
formance in service has been learned; second, it assists 
in predicting the performance of soils comprising the 
subgrades of roads to be constructed; and, third, it 
assists in disclosing the influence exerted by either 
physical or chemical admixtures upon the performance 
of subgrade soils. 

In order to demonstrate how these purposes are 
accomplished the improvement of soils by means of 
admixtures is illustrated and a limited number of soils 
belonging to the different groups are analyzed with 
respect to their constants. To facilitate this demonstra- 
tion the basic requirements of good sand clay roads are 
discussed and both the grading and the constants 
indicative of soils of the different groups are reviewed. 

GRADING OF GOOD TOP SOILS DEPENDS UPON THE CHARACTER 

OF THE BINDER 

Theoretically stable mixtures consist of a well graded 
coarse material (grains larger than about 0.05 mill- 
meter in diameter) possessing high internal friction, and 
a binder. The binder, which may be visualized as 
occupying the sand pores, should have sufficient cohe- 
sion to cement the sand grains together; and, upon 
wetting, the binder should expand in amount just 
sufficient to close the surface pores and thus prevent 
water from penetrating and softening the interior of the 
road surface. When the binder expands an amount 
greater than that required to close the sand pores, the 
sand grains are likely to become unseated, thus reduc- 
ing the stability of the mixture. When the binder does 
not expand sufficiently to close the sand pores, water 
may enter and soften the road surface. It follows that 
the amount of binder required to furnish stable mix- 
tures depends upon the expansion properties of the 
binder. Binders which are only slightly expansive may 
be used in an amount sufficient to fill the pores of the 
sand almost completely. As the expansive properties 
of the binder become more and more important, the 
amount used without danger of unseating the sand 
grains must of necessity become smaller and smaller. 

Of two soils whose tendency to shrink or expand are 
equal, the one having the greater amount of cohesion 
should be the better binder. Of two soils having equal 
cohesion, that having the less tendency to shrink or 
expand should be the better binder, since a greater 
amount of it can be used than of the more expansive soil. 

This theoretical conception that the amount of 
binder required depends upon the characteristics of the 
binder is substantiated by Doctor Strahan’s (22) 
studies of roads in service. He emphasizes the fact 
that while soil mixtures having particular gradings are 
likely to produce stable wearing courses, the gradings 
are a qualitative rather than a quantitative measure of 
efficiency. The cohesive and shrinkage properties of 
the fine material are of utmost importance. Doctor 
Strahan reports kaolin as being an exceptionally good 
binder; and according to its constants kaolin possesses 
properties theoretically required by good _ binders. 
These constants are: 

Liquid limit.o22 one. whatnot oes Coe eee ee 60 
Plasticity index 4... +..cs @aseoe oss ee eee ee 26 
Shrinkage Units. 5 n.d beeen ee e 36 
Shrinkagowatio. ~ - pncc uke AO ane ee ee ee ee ee 13 
Centrifuge moisture equivalent________.._.__..----_-___- 49 
Field moisture equivalent .a= ee ane ee ee ee 36 

The liquid limit of 60, for instance, combined with a 
plasticity index of 26 indicates cohesive properties 
approaching those of an inert clay (curve 3). The 
shrinkage limit of 36 equals that of elastic silts and muck 
(curve 6). The centrifuge moisture equivalent of 49 
indicates a water capacity slightly greater than that of 
average soils (curve 9). The field moisture equivalent 
of 36 indicates a resistance to water penetration char- 
acteristic of colloidal soils (curve 11): and the shrinkage 
limit being equal to the field moisture equivalent, the 
lineal shrinkage, like that of sand, is equal to 0. 
It is clear that kaolin has both cohesion and water- 

retentive properties in moderate amount, relatively 
high resistance to water penetration when at the shrink- 
age limit, and negligible shrinkage properties. The 
constants possessed by kaolin may, therefore, serve as 
a basis for identifying good binders. These character- 
istics, it will be noted, indicate a plastic variety of the 
Group A-5 subgrade with an exceptionally low field 
moisture equivalent. 

SUBGRADE SOILS MAY BE IMPROVED BY ADMIXTURES 

It is natural that efforts should be made to increase 
the stability of certain varieties of subgrade soil by 
admixtures of suitable materials. The success of such 
efforts depends upon the manner and the extent to 
which unstable mixed materials differ in character from 
those which are stable. The changes which admix- 
tures produce in the test constants indicate their effect 
on the physical properties of the soil. 

If, according to mechanical analysis, the soil is defi- 
cient in coarse material and has appreciable plasticity, 
admixtures of coarse, granular materials, such as sand, 
slag, gravel, or crushed stone, may prove beneficial. 
It has been observed that the efficiency of rounded 
gravel may-be increased considerably by either crushing 
or adding angular fragments to the rounded material. 

If the active portion of the soil mortar, because of 
domination of clay, is high in both plasticity and 
shrinkage properties, admixtures of either porous silt or 
materials such as hydrated lime, diatoms, etc., having 
high shrinkage limits may serve to reduce the shrinkage 
properties without reducing too much the plasticity of 
the soil. Penetrative bituminous materials applied to 
reduce the moisture capacity of the clay may prove 
beneficial. 

TABLE 8.—Test results on several soils combined with various 
admixtures 

; Moisture 
Shrinkage equivalent 

Soil ; Liq- | Plas- Volu. 
WG: Admixture uid | ticity metric 
z limit | index Cen- change 

Limit |Ratio} tri | Field 
fuge 

Pct. (PNCt| Ps Ch. |\bea Ch nice PE CE er 
None: . oS. -She ss eee 2: 20 ales 15 24: eee 
60 per cent A sand 1________- 25 Ones ae eee ee 10 25 |-=eeeee 

3. 770 20 per cent mica___-_----_-_- 44 0 38 1.2 23 Ad ee 
z 15. per cent peat__--___- == -> 37 0 28} 1.3 26 34 if 

15 per cent diatoms________- 73 38 36: | 153 38 ym RESP 
6 per cent colloids_-2-__ 2-22 39 20 160 .0.6 32 23; (ees 

(on6:.. 5.2 eee ee en 66 40 il 2.1 283 29) | aoe 
60 per cent A sand_.___----- 36 20 17 1.9 23 Py flier ee 

4, 056 20:-per cent micaeess: aa 70 42 16 1.8 63 61 | ees 
y 16 per cent peatss = sss ase 72 38 15 | 18 66 40 eee 

15 per cent diatoms________-_ 89 54 28 1.6 75 ayy) Pee 
6 per cent colloids____._____- 89 62 10 | 2.1 | 2133 60st aes 

5, 041 [INOe.22 5. ee eee aoe eee 65 36 Tat = 189 55 50 68. 4 
\15 per cent hydrated lime_. 84 58 24) 1.6 59 42 28. 8 

1 Angular sand consisting of crushed diabase. 
2 Waterlogged. 
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Figure 56.—TuHeE Sort IDENTIFICATION CHART 

If the soil contains an abundance of coarse material 
and lacks clay and silt, cohesive materials obviously must 
be added. In this case either a proper clay binder may 
be added or the cohesionless coarse material may be 
treated with a highly penetrative bituminous material 
and covered with alight applicatic a of granular material. 

If the soil, according to mechanical analysis, has 
proper grading but is low in Loth plasticity and shrink- 
age, and is to be placed ou a very dry subgrade, the 
addition of a cohesive material may prove beneficial. 
Thus the gluey colloids which are detrimental to soil in 
large amounts may prove beneficial when present in 
very small amounts. Bentonite, for instance, added in 
the laboratory to a fine sandy loam in amounts not ex- 
ceeding 3 per cent has the effect of introducing plas- 
ticity and resistance to erosion without increasing the 

\ 

shrinkage in detrimental amounts. Admixtures of 
bituminous materials, referred to above, may also serve 
this purpose very efficiently. 

The data contained in Table 8 illustrate how the test 
constants disclose the influence exerted by different 
kinds of admixtures upon the characteristics of soils. 

It is interesting to note that when mica and diatoms 
are added to the nonplastic soil, No. 3,770, both the 
shrinkage limits and the field moisture equivalents are 
very appreciably increased. The same is true when 
diatoms are added to the plastic soil, No. 4,056. When 
mica is added to the plastic soil only the field moisture 
equivalent is very appreciably increased. 

It is interesting also to note that the volumetric 
change of soil No. 5,041 is 68.4 and that of the mixture 
of this soil and hydrated lime is only 28.8. 



136 PUBLIC ROADS Vol. 12, No. § 

100 -—— Ta eas 

90 ae oes bis 
x 
WwW 

a 80 —: 
a) 
< 

See etO 
Ras 

& N50 sz: EAS 
an SS 

4 Z 40 1 if LV S hb 

SF so SS a 
o EWN S a 
= 20 es RENN SSS 
uJ 

S q XN S 

ROV“x“*~papss 
. 10 _ | TSS 

=< Ree ARRAN 

re) 
(oe) (oe) (oe) (o) ORO} [o) [e) ° Oo Oo 

3 : S 8 38 8 oR rsmons 8 OE BEE 8 3 
2 ° ° OF OO ° ° ys) &: ° ° Om mO ~ at 

PARTICLE SIZE — MM. 

Figure 57.—GRADING OF Goop Soi Mortars 

GRADING AND CONSTANTS OF SUBGRADE GROUPS REVIEWED 

The gradings of the various subgrade groups and 
the values of the test constants characteristic of them 
are repeated here as an aid to the discussion of soil 
identification, with which this part of the report is 
chiefly concerned. 

Group A-1.—Grading: Material retained on the No. 10 
sieve not more than about 50 per cent. The soil mortar, that 
fraction passing the No. 10 sieve, to consist of clay, 5 to 10 per 
cent; silt, 10 to 20 per cent; total sand, 70 to 85 per cent; and 
coarse sand, 45 to 60 per cent. Average effective size approxi- 
mately 0.01 millimeters and uniformity coefficient greater than 
15. The band shown in Figure 57 illustrates graphically the 
grading of good soil mortars. 

Constants: Liquid limit not less than 14 nor greater than 25; 
plasticity index approximately equal to that indicated by curve 
2 (fig. 56, A) and seldom greater than 8; shrinkage limit seldom 
less than 14 or greater than 20; and centrifuge moisture equiva- 
lent not apt to be greater than 15. 

Fraction passing the No. 200 sieve—see constants of kaolin, 
p. 134, and Group A-5 subgrade below. 

Group A-—2.—Grading: Not less than about 55 per cent of 
sand in the soil mortar. 

Constants: Liquid limit generally not less than 14 or greater 
than 35; a plasticity index of zero with a significant shrinkage 
limit or a plasticity index greater than zero and less than 15 
with or without a significant shrinkage limit; centrifuge mois- 
ture equivalent not greater than 25. 

Group A-3.—Grading: Effective size not likely to be less than 
0.10 millimeters. 

Constants: Liquid limit not appreciably greater than 35; 
no plasticity index; no significant shrinkage limit; centrifuge 
moisture equivalent less than 12. 

Ability of sands to resist sliding when wet indicated as follows: 
Liquid limits of 10 to 14 signify beach and other rounded sands 
which slide easily; liquid limits of 30 to 35 indicate rough angular 
particles which do not slide easily. In addition, liquid limits 
when lower than field moisture equivalents indicate materials 
which flow under partial saturation; when equal to the field 
moisture equivalents, the liquid limits indicate average sands 
which flow under full hydrostatic uplift. Liquid limits greater 
than field moisture equivalents indicate rough-grained sands 
which flow only when in a state less consolidated than that rep- 
resented by the field moisture equivalent. (See fig. 58.) 

Group A-4.—Grading: Less than 55 per cent sand. 
Constants: Liquid limit seldom less than 20 or greater than 40; 

plasticity index not greater than those indicated by curve 3; 
shrinkage limit not likely to be greater than 25; centrifuge moisture 
equivalent approaching those indicated by curve 10, between 12 
and 50; when greater than liquid limit indicates varieties of soils 
inclined to be especially unstable in the presence of water; field 

moisture equivalent equal to or somewhat greater than those indi- 
cated by curve 11, with a maximum of about 30. 

Increase in expansive properties generally indicated when 
shrinkage limits exceed 20 and approach those represented by 
curve 6; especially likely when field moisture equivalent exceeds 
centrifuge moisture equivalent. 

Group A—5.—Grading: Less than 55 per cent sand. 
tions occur.) 

Constants: Liquid limit usually greater than 35; plasticity index 
seldom greater than those indicated by curve 3; centrifuge mois- 
ture equivalent greater than 12, often lying between curves 9 
and 10; not likely to water-log. (Exceptions occur.) 

(Excep- 

ROUGH ANGULAR 

SANDS REQUIRING 

HYDROSTATIC 

UPLIFT BEFORE 

FLOW OCCURS. LIQUID LIMIT 
ROUNDED SANDS 

WHICH FLOW AS 

SOON AS SURFACES 

OF GRAINS ARE 

LUBRICATED 

CENTRIFUGE MOISTURE EQUIVALENT FIELD MOISTURE EQUIVALENT 

Figure 58.—SIGNIFICANT RELATIONS BETWEEN Test Con- 
STANTS FOR Group A-3 SUBGRADE SOILS 

Shrinkage limit generally greater than 30 and greater than 50 
for very undesirable members of this group. May approach 
values indicated by curve 6 for silts containing peat and approach 
those indicated by curve 7 for soils containing either diatoms or 
mica in appreciable amount. Field moisture equivalent ap- 
proaching those indicated by curve 12 for silts containing peat in 
appreciable amount and thuse indicated by curve 13 for highly 
elastic soils containing mica cr diatoms in appreciable amount. 
The kaolins, representing gooa’ binders, are members of group 
possessing relatively high plasticit;indices and low field moisture 
equivalents. 

Group A-6.—Grading: Seldom contains less than 30 per cent 
clay. 

Constants: Liquid limit usually greater than 35; plasticity index 
approximately represented by curve 4; shri. ‘kage limit not likel 
to be appreciably greatr than that indicated by curve 5; centri- 
fuge moisture equivalent test generally productive of water-log- 
ging; likely to lie between curves 9 and 10; field ‘moisture equiva- 
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lent seldom exceeding those indicated by curve 11, but may be 
appreciably less for certain colloidal soils. Volumetric change 
generally greater than 17. 

Group A-—7.—Grading: Seldom contains less than 30 per cent 
clay. 

Eanstants: Liquid limit usually greater than 35; plasticity index 
varies between those indicated by curves 3 and 4; shrinkage 
limit generally varies between those indicated by curves 5 and 6; 
centrifuge moisture equivalent varies between those indicated 
by curves 9 and 10; water-logging in centrifuge test may not 
occur even at very high moisture equivalents. Field moisture 
equivalent greater than those indicated by curve 11. Relatively 
low shrinkage limits with high field moisture equivalents indi- 
cate presence of colloidal organic matter. Relatively high 
shrinkage limits indicate the possibility of frost heave. 

Group A-8.—Grading: Not significant. 
Constants: Liquid limit greater than 45; plasticity index gen- 

erally less than those indicated by curve 3; shrinkage limit 
indicated approximately by curve 6; centrifuge moisture equiva- 
lent between curves 9 and 10; field moisture equivalent likely to 
be greater than those indicated by curve 12. 

Water-logging in the centrifuge test is characteristic of the 
mucks containing clay and colloids, whereas very high equiva- 
lents without water-logging are characteristic of peat not more 
than slightly decomposed. 

NOMENCLATURE AND FORMULAS LISTED 

The equations of the relationship curves 1 to 138, 
inclusive, and the basic formulas which have been 
developed in this report are listed below. The nomen- 
clature for these equations is as follows: 

P. J. =plasticity index. 
L. L. =liquid mit. 

S. =shrinkage limit. 
OC. M. E. =centrifuge moisture equivalent. 
F. M. E. =field moisture equivalent. 

é =volds ratio. 
é, =voids ratio of dry sample. 
V,=volume of voids. 
V.=volume of soil particles. 
V =volume of wet soil sample. 
V,=volume of dry soil sample. 
C,=volume change, percentage of V,. 
O;=volumetric change, from Ff. M. E., percent- 

age of V,. 
L. S. =lineal shrinkage, percentage of wet length. 
M,, =weight of moisture. 
W =weight of wet sample. 
W,=weight of dry sample. 
w=moisture content, percentage of W,. 
W,=Mmoisture content, percentage of V,. 
G=specific gravity of soil particles. 
P =porosity. 
h =height of capillary rise in centimeters. 
r=radius of capillary tube in centimeters. 
a=width of pores in centimeters. 

S. F. =shrinkage force in grams per square centi- 
meter. 

EQUATIONS OF CURVES FOR SOIL IDENTIFICATION CHART 

Curve 1.—P. I. =0 

Curve 2.—P. J. =0.25 L. L. 

L. £.—14 
Curve 3.—P. ihe Rie 

L.. £.=14 
Curve 4.—P. I.= aap 

Thy Woe 
Curve 5.—S =2/-1.1 sy L.- =300- 

Curve ee 
4.1 

wT 16 
Curve OS a gee 

Piaieeat 
Curve 8.—C. M. Eg. — rol Gln 

Curve 9.—C. M. EH. =0.72 L. L. 

DL. Li 14 
Curve 10.—O. M. Doar at 

Curve 11.—F. M. E. =-+/15.2 (L. L.— 16.3) +9 

LL. £.—10 
Curve 12.—F. M. E.=—T 93. 

LL 4 
Curve 13.—F. M. f.=—y oe 

BASIC SOIL FORMULAS 

OS 7. ~~ = 22 n nnn (1) 
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Mea WW gave ere ee (5) 
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pais (See reference (1).) 
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SOIL SAMPLES ANALYZED BY GROUPS 

In the pages which follow the test results from a large 
number of soil samples are tabulated and analyzed. 
With the aid of the soil identification chart, the place 
of each soil in the uniform subgrade classification is 
determined. From this procedure the reader may gain 
an idea of how identifications of this sort are accom- 
plished in practice. 

The plastic limit, shrinkage limit, centrifuge moisture 
equivalent, and field, moisture equivalent of a number of 
samples from each subgrade group are plotted as func- 
tions of the liquid limit on the soil identification chart, 
Figure 56, in order that the comparative relations of the 
constants may be studied in reference to the numbered 
curves 1 to 13. 

Group A-1 and Group A-2 subgrades.—The constants 
and grading of samples of soil containing both coarse 
andfine materials are included in Tables 9 and 10, 
respectively. 

Sample 1, which represents a stable soil from South 
Carolina, satisfies both the grading and the constant 
requirements of the Group A-1 subgrade. 

TABLE 9.—Group A-1 and Group A-—2 subgrades, coarse fractions 
and binders. Constants of material passing the No. 40 sieve 
except as noted 

an. Moisture equiv- 
sat Shrinkage valent 

Sample No. ne ticity 

nee ini ~ | Centri-| py; 
imit | Ratio fuge Field 

Per cent|Per cent|Per cent Per cent| Per cent 
17 4 15 1.9 13 14 
19 6 ili 1.8 12 15 
20 7 18 1.8 13 16 
25 Me 21 sears 14 22 
26 12 17 1.8 24 19 
25 69 See eee 23 23 
31 8 22 1.6 21 23 
PLS | | pee Pen ee Seamer [be eee ae net 19 27 
28 13 22 a, 16 21 
30 15 21 Mee 20 22 
49 20 5| Sere ee eee Fin see ee 
58 34 Seer hale eee 36 | eeaeeee 
DAS eee a Det eee al ea eet 5 25 
23 \p| cae settee | seen Se ee ae ae 2 27 

1 Fraction passing No. 200 sieve. ‘ 
2 Fraction passing No. 40 sieve and retained on No. 200 sieve. 

TaBLE 10.—Mechanical analyses of Group A-1 and Group A-2 
subgrades 

Mortar 

Gravel 
particles 

Sample No. seer ey Finesand| Silt 0.05 | Clay | Colloids 
milli- to 0.25 |.9:25to | to 0.005 | below | below 
rbloes milli. |9-05milli-| milli- | 0.005 mil-| 0.001 mil- 

aa or meter meter limeter | limeter 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
sue wae SM 145-60. | eee 10+20 5-10 —5 

10 51 20 16 8 6 
p 37 33 18 12 5 
1 21 58 | 6 15 12 
3 26 45 16 13 9 

66 31 29 18 22 15 
0 1 87 5 7 5 
8 36 30 26 8 3 
0 | 45 29 16 10 4 

50 37 39 3 21 18 
48 53 19 5 23 20 

1 Total sand 70 to 85 per cent. 

Sample 2, which was obtained from a soil performing 
satisfactorily as fill in Escambia Bay, Fla., satisfies the 
constants but not the grading requirement of a Group 
A-1 material. 

Its low centrifuge moisture equivalent of 12 indicates 
that the slight excess of clay above that generally indi- 
cating A-1 mortars is not likely to prove detrimental; 
and since the coarse sand in which this soil is deficient 
functions primarily to furnish the hardness required 
in wearing surfaces, this soil would probably prove 
highly stable as a subgrade. 

The same is true for both sample 3, which was taken 
from a soil serving as a road surface in South Caro- 
lina, and sample 4, which was taken from a soil moder- 
ately stable when used as an untreated road surface 
in Madison County, Va., and highly stable when covy- 
ered with bituminous surface treatments. (See fig. 59.) 

Figure 59.—SuRFACE-TREATED Roap or Group A-2 Ma- 
TERIAL IN MapiIson County, VA. 

Sample 5, obtained from gravel used as road surface 
in Oklahoma; sample 6, from soil found by W. H. 
Dumont, of the United States Bureau of Fisheries, to 
be very unstable when occurring as bottom in Deep 
Creek, Ga.; and sample 7, from soil productive of frost 
heave in New Hampshire, fail to satisfy either the 
erading or the subgrade constant requirements of the 
Group A-1 material. 

Sample 8, representing the Florida limerocks, satisfies 
the grading but not the constant requirements of the 
Group A-1 subgrade. ’ 

The high clay content of sample 5 is disclosed by 
the correspondingly high plasticity index of 12 and the 
centrifuge moisture equivalent of 24. The high plas- 
ticity index might indicate a desirable property, but 
the relatively high centrifuge moisture equivalent sug- 
gests water retentive properties not productive of 
stability. This detrimental property is probably off- 
set to some extent by the fact that the field moisture 
equivalent is appreciably less than the centrifuge 
moisture equivalent. 

The high silt content of sample 7 has produced a 
relatively high centrifuge moisture equivalent without 
raising the plasticity index in corresponding amount, one 
of the characteristics of soils productive of frost heave. 

Special attention is called to sample 6, which, when 
submerged in water, has the properties of quicksand. 
This fact is disclosed by the nonuniform grading, which 
shows that the sample consists of 87 per cent fine sand, 
and the relatively high water-retentive property. The 
centrifuge moisture equivalent of this sample, contain- 
ing but 12 per cent of particles smaller than 0.05 milli- 
meter in diameter is practically the same as that of 
sample 5, which contains 40 per cent of particles 
smaller than 0.05 millimeter in diameter, and, further- 
more, equals the field moisture equivalent which, in 
‘this case, can be assumed to indicate the amount of 
water required to fill the pores of the soil completely. 
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Sample 8 represents the nonplastic variety of the 
shell rocks. Tests performed on small beams of this 
material disclosed that when thoroughly dry this 
variety of limerock has practically no cohesion. Therefore, 
the stability of this’ material when used as a road 
surface must be due to the cohesion furnished by 
capillary pressure. Figure 60 shows how limerock 
occurs in nature. 

ALTERNATE METHOD OF INVESTIGATING GRADED MATERIALS 
DISCUSSED 

A somewhat elaborate method suggested for investi- 
gating the properties of mixed materials consists of 
testing the mixture as such and also testing separately 
both the nonexpansive and expansive soils of which 
it is composed, and thus investigating soil mixtures 
in a manner similar to that employed when investiga- 
ting bituminous mixes, concrete, or other materials 
consisting of a binder and an aggregate. 
A procedure of this kind includes (a) the determina- 

tion of the relative resistance furnished by the soil 
mortar to water absorption by means of slaking tests; 
(6) the determination of the relative strength of 
the mortar when dried, by means of a crushing or 
impact test; (c) the determination of the grading of 
the soil mortar by means of the combined sieve and 
hydrometer method; (d) the determination of both the 
plastic and shrinkage properties of that fraction of the 
material passing the No. 200 (0.074 millimeter) sieve 
by means of the test constants; and (e) the deter- 
mination of the character of that fraction of the sample 
retained on the No. 200 sieve according to the procedure 
employed in identifying the characteristics of Group 
_A-3 subgrades discussed subsequently. 

Samples 9 and 10, Tables 9 and 10, representing, 
respectively, a stable and an unstable soil in South 
Carolina, serve to illustrate how coarse and fine ma- 
terials may be investigated separately. 

Table 10, for instance, discloses that sample 9, com- 
pared with the average good soil, contains an excess 
of clay and fine sand and is deficient in silt and 
coarse sand. Sample 10, compared with sample 9, 
contains a greater amount of coarse and a less amount 
of fine sand. 

The binders of the two samples, 9-B and 10-B, 
Table 9, are similar in character, although the con- 
stants of 10-B are higher than those of 9-B. Both, 
however, have plasticity indices greater than that of 
kaolin (greater than that indicated by curve 3), com- 
bined with relatively low water retentive properties 
(curve 9). This indicates open-structure clays unlikely 
to shrink or expand in appreciable amount. 

_ The constants of the sand fractions 9-C and 10-C, 
Table 9, are not radically different. Sample 9—C, how- 

-ever, which contains the greater amount of fine sand, 
has the higher centrifuge moisture equivalent. The 
liquid limit of sample 9—C is practically equal to the 
amount of water (field moisture equivalent) required to 
saturate the sample completely, whereas the liquid limit 
of sample 10—C is reached at a moisture content slightly 
below that required to saturate the soil- completely. 

From these evidences it would seem that the excellent 
quality of the binder primarily accounts for the fact 
that the soil represented by sample 9 can contain so 
large a clay content and yet remain stable. 

That the same high clay content proved detrimental 
to the soil represented by sample 10 may be explained 
by the fact that, because of difference in grading, the 
surface area of the grains in the sand sample 9 may 

Figure 60.—Exampies oF SHELL Rock 1n Naturau Lo- 
CATION: A, CHALKY LIMEROCK OF THE OCALA, FuLA., REGION. 
B, Cocutna Rock Near OrmMonpD Beacu, Fua. C, Oaus 
Rock, Lower East Coast or FLORIDA 

exceed by more than 40 per cent that of the grains in 
the sand fraction sample 10. Therefore, if the colloidal 
material, approximately the same in both samples, can 
be considered as a glue which coats the surfaces of the 
sand grains, sample 9, with the larger surface area, will 
cause the glue to be distributed in films thinner than 
those in sample 10. For this reason the quantity 
of glue (colloidal material) which causes the films to be 
excessively thick in sample 10 may not prove detri- 
mental to sample 9. 

Group A-3 subgrades——The samples included in 
Tables 11 and 12 satisfy in both grading and constants 
the requirements of the cohesionless sand subgrades 
which provide good drainage and which do not have 
the tendency to heave under frost action. 
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TABLE 11.—Group A-8 subgrades; Constants of material passing 
the No. 40 sieve 

Shrinkage Moisture equivalent 

7 Liquid |Plasticity a 
Bample No: limit index aw. ‘ Gentric ; 

Limit Ratio fuge Field 

Per cent | Per cent | Per cent Per cent | Per cent 
Me ee el ap ae ae 11 LER pals SER a eaten Eas 5 16 
PP eRe Tale hen CARE 20 CAN) fetter ee el [iS ee ey 4 25 
9.4 Se ane eee 19 Obes oe es | ee 3 17 
yee See Cards eaey Ae SD 20 Olea aes locw a take = 3 21 
[fee eck SS oe ed 22 (0h (Eee Al eee Ne Ped 4 21 
(ieee ee ee eae oe 36 (aes al ee ts 6 30 

TABLE 12.—Mechanical analyses of Group A—3 subgrades 

Gravel Coarse Fine P oe 
particles | sand sand | 9 aa i ee eee 

Sample No. larger 2.0 to 0.25 to 0.005 0.005 0.001 

than 2.0 0.25 0.05 ilimeter| milimiter milimeter milimeters|milimeter|milimeter| M47 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
1)... See eee 0 74 18 3 3 
So see eee 0 25 72 1 2 1 
Ce EIS oe Fe Pade = 0 20 78 1 1 0 
5 UR er eee 0 41 56 2 1 0 

Figure 61.—TuHrReEE-INcH GrouTED Brick Roap Con- 
STRUCTED ABOUT19160N Group A-3 SUBGRADEIN FLORIDA. 
STILL IN SERVICE. CONCRETE SHOULDERS CONSTRUCTED 
IN 1921 

Sample 1 was obtained from a Florida sand which 
serves excellently as subgrade, when prevented from 
flowing laterally, for relatively thin road surfaces. 
(See figs.61 and 62.) Sample 2 represents that fraction 
of Potomac River sand passing the No. 20 and retained 
on the No. 100 sieve. Sample 3 was obtained from a 
California sand which serves excellently as a subgrade 
for concrete pavements 4% inches thick (23). Sample 
4 was taken from a Minnesota sand which becomes 
highly stable when treated with bituminous materials 
possessing penetrative properties in high degree, and 
covered with a thin application of granular material. 
Sample 5 is a New Hampshire sand which furnishes 
excellent support when treated in a manner similar to 
that described for sample 4. Sample 6 represents 
that fraction of crushed diabase passing the No. 20 
and retained on the No. 100 sieve. 

According to the significance of the relation existing 
between the liquid limits and the centrifuge moisture 
equivalents of these soils, the soils represented by sam- 
ple 1 would be expected to have very low stability and 
those represented by sample 6 would be expected to 
have very high stability in the presence of water. 

Additional information on the character thees of soils 
is furnished by the relation between the liquid limit 

and the field moisture equivalent. Assuming that the 
field moisture equivalents of sand equal the amounts of 
water required to fill the pores of the sands completely 
when compressed by a very small but constant pressure, 
the glacial sands represented by samples 4 and 5, Table 
11, are likely to flow when completely saturated (full 
hydrostatic uplift). The beach and river sands of 
samples 1 and 2 will flow when the grains are lubricated, 
rather than as a result of full hydrostatic uplift. The 
angular fragments of sample 6 require water in amounts 
greater than the field moisture equivalent to cause flow. 

Figure 62.—SurFAcE TREATED LimeRocK Roap Srx INCHES 
THICK IN FLORIDA 

The fact that the liquid limit is greater than the field 
moisture equivalent indicates that, in order to flow, the 
angular particles must exist in a state looser than that 
represented by the field moisture equivalent. It - 
appears from these facts that sample 1, when in the 
presence of water, is likely to be the least, and sample 6 
the most stable of the sands listed in Tables 11 and 12. 

Group A-4, subgrades—Samples 1 to 9, inclusive, 
Tables 13 and 14, have constants indicative of those 
soils which have the tendency to heave under frost 
action and to lose stability as a result of water absorp- 
tion even when not manipulated. 

Samples 1 and 2 were made up, respectively, from 
commercial rotten stone and chalk. Although these 
materials are not natural soils they have the properties 
common to the A-4 subgrades. Sample 3 was composed 
of marl from Florida. Marl when kept dry and not 
subjected to frost action serves excellently as base 
course material. Samples 4 and 5 were obtained from 
New Hampshire silts which have been observed to 
heave in detrimental amounts under frost action. 
Sample 6 was obtained from a silt found in Missouri. 
Pavements laid on this soil have been observed to 
crack in appreciable amount. Samples 7 and 8 repre- 
sent soils in the Minnesota frost-boil area which heave 
under frost and lose stability during the spring thaws. 
(See fig. 63.) Sample 9 was composed of lithopone, 
which has been found by Prof. Stephen Taber to suffer 
important frost heave. 

In grading this soil should belong to the highly 
colloidal clays of either Group A-6 or A-7. The plas- 
ticity index of 15 compared with the liquid limit of 34 
is slightly higher than those designating the A-4 
subgrades. The relatively high shrinkage limit and 
low field moisture equivalent, indicating that this 
material is unlikely to shrink in appreciable amount, 
suggests the performance of silt instead of clay. Com- 
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TABLE 13.—Group A-4 subgrades; constants of material passing 
the No. 40 sieve 

Moisture equiva- Shrinkage lent 

Liquid | Plasticity 
Sample No. limit index 

pate * Centri- . 
Limit Ratio fuge Field 

Per cent | Per cent | Per cent Per cent | Per cent 
32 ll 22 Lore 139 24 
29 6 28 15 34 26 
38 12 24 1.6 37 30 
25 0 25 1.6 19 24 
Aas 0 27 1.6 23 27 
32 10 24 Led 29 28 
38 13 22 1.6 35 30 
32 14 22 Hae 33 27 
34 15 22 2.0 29 22 

1 Water-logged. 

TaBLE 14.— Mechanical analyses of Group A—4 subgrades 

Gravel : 
particles | Coarse | Fine. | sit 0.05 | Clay | Colloids 
lar sand 2.0 |sand 0.25 to 0.00 bel ial 

Sample No. PoE toM Inet ete OObe nrc coe Al Belov than 2.0] snii- milli- tmilli-. | 0.005 mil-| 0.001 mil- 
ea meters Preton meter limeter | limeter 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
0 0 7 57 36 es 
0 0 13 37 50 3 
i 14 34 28 24 1 
0 13 21 42 24 2 
0 5 10 58 27 12 
iy a 20 52 21 4 
1 9 26 46 19 4 
0 0 2 3 95 67 

parison of the constants of this material with those of 
statistical soils also discloses its inactivity. 
A statistical soil, for instance, containing 95 per cent 

clay has a liquid limit of 132, a plasticity index of 74, 
a shrinkage limit of 10, a centrifuge moisture equivalent 
of 95, and a field moisture equivalent of 51. Thus, 
lithopone, irrespective of its grading, has relatively 
very low cohesive properties, and this fact, combined 
with its negligible shrinkage properties and a liquid 
limit smaller than 40, causes lithopone to be grouped 
with the silts. 

Group A-& subgrades—The constants and the grad- 
ing characteristic of Group A—5 material are shown in 
Tables 15 and 16. In grading, these samples contain 
either clay or silt in dominating amounts. Only one 
sample has a liquid limit smaller than 35; all samples 
have plasticity indices smaller than those indicated by 
curve 3 and all but two samples have shrinkage limits 
equal to or greater than 30. The four samples whose 
shrinkage limits are not given have values of this 
quantity higher than the liquid limit. 

Samples 1, 2, and 3 were made, respectively, from 
commercial hydrated lime, pumice, and tale. Samples 
4 and 5 were made from barium sulphate and reground 
quartz, respectively. Professor Taber found the former 
to heave very appreciably and the latter to heave but 
very little as a result of frost, in experiments performed 
in the laboratory. Samples 6 and 7 were composed of 
silt found in St. Peter, Minn., which, according to F. 
C, Lang, heaved several feet during the winter of 1928- 
29. Samples 8 and 9 were obtained from New Hamp- 
shire silts which have been found by W. F. Purrington 
to heave in appreciable amount under frost action. 
Samples 10 and 11 were made up from Oregon silts 
which have been observed by R. H. Baldock to suffer 
important frost heave. 

In grading, samples 6, 7, and 8, which are comparable 
to barium sulphate (sample 4), contain clay in dominat- 
ing amount. Samples 9, 10, and 11, which are com- 

AS Seow ee 8 Sees ees Rae, 

FicurEe 63.—Tyricat Frost Bort Causep By LACK oF 
STABILITY IN SOIL 

TaBLE 15.—Group A-—5 subgrades; constants of material passing 
the No. 40 sieve 

. Shrinkage Moisture equivalent 

r Liquid |Plasticity == 
penp eno: limit | index | pore 

Limit Ratio fuge Field 

Per cent | Per cent | Per cent Per cent | Per cent 
Er See ee ee aes 67 OG eee Sag es ea 84 69 
Deo Re See oes 58 Om ese 5 ee rg 36 62 
Bae n= pee ee 43 17 41 1.3 48 36 
4 eet ee eee 50 Tn | (oe ae ES a 1 64 45 
fies A re es eee ean a 47 OU a Pee. Boece 22 28 
6 37 8 30 1.5 251 32 

36 9 28 1.5 240 31 
45 18 37 1.4 54 37 
37 11 33 1.5 41 35 
40 8 33 1:3 36 37 
43 9 37 thee) 38 41 
81 19 60 0.9 89 87 

119 42 94 OR 94 107 
49 0 42 2 34 44 
34 12 26 1.5 25 30 

1 Tendency to waterlog. 2 Waterlogged. 

TABLE 16.—Mechanical analyses of Group A-6& subgrades 

Gravel | Coarse 
particles mand 2.0 Fine sand]! Silt 0.05 | Clay be- | Colloids 

Sample No larger to 0.25 0.25 to to 0.005 | low 0.005| below 
. ; than 2.0 mali 0.05 mil- | milli- milli- | 0.001 mil- 

milli- meter limeter meter meter limeter 
meter 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
i 0 1 7 86 (1) (4) 
2 0 0 10 78 12 8 
3 0 0 9 74 17 7 
4 0 0 1 6 93 26 
5 0 0 8 78 14 4 
6 0 2 5 16 (hs 17 
7 0 0 14 27 59 40 
8 0 1 6 32 61 8 
9 0 1 5 60. 24 2 
10 3 6 23 57 14 0 
11 3 6 27 60 7 0 
12 0 0 29 42 29 12 
13 0 0 40 28 32 9 

1 Flocculated. 

parable to reground quartz (sample 5), contain silt in 
dominating amounts. Sample 9 contains mica, while 
samples 10 and 11 contain an appreciable amount 
of organic matter. 

The soils represented by samples 6 to 11, inclusive, 
in addition to appreciable frost heaving, are likely to 
lose stability during thaws. In addition, these soils 
are capable of raising water in detrimental amounts 
through great heights during frost action. 

Samples 12 and 13 were obtained from Maryland 
soils containing diatoms in appreciable amount. Soils 
of this character, especially when their shrinkage limits 
are equal to or greater than 50, are almost sure to 
produce pavement failure because of their high porosity. 

‘ 
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With a specific gravity of 2.0, for instance, and a 
shrinkage limit equal to 50, these soils in their dried 
state have voids in amount equal to the volume occu- 
pied by the soil particles. Figure 64 shows a dried 
pat of sample 13 floating on the surface of water. 

Samples 14 and 15 were taken from micaceous soils 
in Maryland. These samples are representative of the 
elastic subgrades which are productive of the early 
cracking in concrete pavements illustrated in Figure 
15, A, Part I, of this report. 

Figure 64.—Driep Pat or Diatomacrous Eartu (SAMPLE 
13, Tapie 15) FLoatTiInG IN WaTER AFTER BEING COATED 
WITH SHELLAC. APPARENT SPECIFIC GRAVITY Less THAN 
ONE 

A comparison of Tables 14 and 16 shows that it 
would be impossible to distinguish Group A-4 from 
Group A-5 subgrades on the basis of the mechanical 
analyses alone. The difference in the constants 
(Tables 13 and 15), however, indicates a difference in 
the characteristics of the soils. The higher liquid 
limits combined with the high shrinkage limits and 
field moisture equivalents differentiate those soils 
possessing elasticity (Group A—5) from those which are 
compressible (Group A-4). 

Samples 4 and 7, according to the mechanical analy- 
ses, contain colloids in amount sufficient to produce 
high plasticity and shrinkage properties in appreciable 
amount, were the colloids active. These soils, however, 
according to their constants shown in Table 15, have 
low plasticity and neghegible shrinkage properties and, 
consequently, should be grouped with the A—5 instead 
of the A—7 subgrades. 

It is interesting to note that two soils (samples 7 and 
9) which are likely to heave in appreciable amount have 
similar constants in spite of the fact that sample 7 
contains 40 per cent of particles of colloidal size and 
59 per cent of clay, whereas sample 9 contains but 
2 per cent of colloidal particles and 24 per cent of clay. 
This is further evidence that grain size alone does not 
control the performance of subgrade soils. 

Group A-6 subgrades.—The samples included in 
Tables 17 and 18 illustrate the constants and the 
grading characteristic. of the nonelastic colloidal clay 

subgrades. Sample 1 was obtained from a colloidal clay 
soil which has proved troublesome because of sliding 
in a cut in Missouri, and sample 2 from a colloidal clay 
soil which has caused similar difficulties when used for 
fill material, in the same State. Samples 3 and 4 were 
composed of colloidal clays furnished by a survey of 
the soil existing under the Potomac River at Wash- 
ington, D. C. These soils were considered unfit for 
use as hydraulic fill material. Sample 5 represents a 
very highly colloidal clay soil productive of landslides 
in Virginia. This soil contains about 30 per cent of 
material so fine that it remains in suspension for weeks. 
If located on an impervious undersoil, this soil when 
in a soft condition acts as a lubricant facilitating 
the sliding of the upper soil layers. (See Fig. 65.) 
Sample 6 was obtained from a colloidal soil from Texas, 
and sample 7, when occurring as subgrade, produced 
failure in a limerock base course being constructed on 
a road north of Gainesville, Fla. 

TaBLE 17.—Group A-6 subgrades; constants of material passing 
the No. 40 sieve 

Shrinkage Moisture equivalent 

pees Plas- 
Sample No. ere hee tee 

index Fee : entri- : 
Limit Ratio fuge Field 

Per cent | Per cent | Per cent Per cent | Per cent 
ei ea oe ee Se 1 sii 13 1.9 1 56 4 
DEE fea Sere a aha Ea 55 36 13 1.9 155 36 
See sane ene 58 40 12 1.9 145 28 
i Be ee ee 57 40 12 1.9 145 28 
On. oe eee eee 132 101 11 1.9 1178 33 
(ae A eE RORS SENS oer 5M 75, 49 il 2.0 190 30 
[Ee ee eee ee 50 32 18 17, 35 30 

1 Waterlogged. 

TABLE 18— Mechanical analyses of Group A-6 subgrades 

Gravel- k Fine . 
particles ha so sand Silt 0.05 Real Cees 

Sample No. —_| , i878 |2.0 to.0.25] P2520 | to0005 | go05 | 0.001 
milli- cas milli- | meters le sae 
matone meters meters meters meters 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
ete ne ee eee 0 0 1 52 40 15 
DE bbe ahs aes em ae 0 0 11 57 32 16 
Bhar Seni ant Ee ee) 0 19 30 11 50 24 
Aa Sati ie ee Gee 16 25 12 30 43 27 
aes. see le eee 0 3 3 6 88 78 
Ge eaten ene 0 3 20 29 48 24 
ae sy Shy O25 oe RSPR 0 28 32 17 23 10 

The relatively large plasticity indices and the rela- 
tively small shrinkage limits and field moisture equiva- 
lents, combined with waterlogging in the centrifuge test, 
identify samples 1 to 6, inclusive, as containing clay 
highly active in character. This is emphasized by the 
mechanical analyses, which disclose that only one of 
the six samples contain more than 50 per cent of clay. 

Sample 7, on the basis of its grading and its shrink- 
age limit would be classed an A-2 subgrade. Its 
volumetric change of 20.4 ((30—18)X1.7) and its 
plasticity index of 32 for a combined clay and silt 
content not larger than 40 definitely place this soil 
with the colloidal clays. The clay contained in this 
sample was similar in stickiness to chewing gum. 
This clay is the only subgrade material found thus far 
in the subgrade investigations which has an activity 
practically equal to that of bentonite. It is interest- 
ing to note that the plasticity index of this sample, 
which contains but 23 per cent of clay, is more than 
double that of lithopone, which contains 95 per cent 
of clay. 

Fst, 

a 
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The presence of gluey colloids generally serves to 
protect the Group A-6 subgrades from detrimental frost 
heaving. These soils are likely to contain relatively 
large amounts of the unfreezable water productive of 
frost heave. The rate at which capillary moisture 
moves through them, however, is so slow that detri- 
mental heave will probably not occur unless well-defined 
seepage planes furnish the necessary moisture at the 
required rate. 

Group A-7 subgrades—The samples contained in 
Tables 19 and 20 illustrate the grading and the con- 
stants characteristic of those clay subgrades which are 
likely to be elastic under certain prevalent conditions. 
Sample 1, furnished by F. V. Reagel, was taken from 
an expansive clay on which a concrete pavement in 
Missouri cracked in appreciable amount during the 
setting period of the concrete. Sample 2, furnished by 
W. C. McKnown, was obtained from an expansive clay 
in Kansas on which similar cracking occurred in a 
concrete pavement. Sample 3, furnished by W. D. 
Ross, was obtained from an expansive clay in Colorado 
on which similar cracking occurred in the pavement. 

TaBLE 19.—Group A-—?7 subgrades; constants of material passing 
the No. 40 sieve 

Shrinkage Moisture equivalent 

Liquid | Plasticity SSS 
Sample No. limit index eh 7 sont ; 

Limit Ratio fuge Field 

em —— 

Per cent | Per cent | Per cent Per cent | Per cent 
eS a ees 51 29 17 ie yi 36 39 
Pcp le ae 39 20 15 1.9 28 27 
Goins ae 42 24 14 1.9 35 34 
8 See ee 71 42 14 1.8 169 43 
oe = 63 38 17 1.8 160 46 
Whe See 89 54 31 1.9 |~ 278 46 
Pee elie Sooo. 67 37 20 ir 2 46 39 
Meet oe tole es 68 42 12 2.0 167 47 
Uh ae See 112 82 9 2.0 116 52 
Omens 8, SSL: 100 68 11 250 1132 63 
Ls 2 i ak ae 83 53 13 1.9 172 64 

1 Waterlogged. 2 Tendency to waterlog. 

TaBLE 20.—Mechanical analyses of Group A-7 subgrades 

Gravel : 
particles | CO87S® |Fine sand] silt 0.05 | ,Clav_ | Colloids 
larger = 0.25 to to 0.005 

Sample No. to 0.25 Peet rae 0.005 0.001 than 2.0 ail 0.05 milli-| milli- ili ili 
milli- ee meter meter es ee 
meters meters meter meter 

Per cent | Per cent | Per cent | Per cent | Per cent | Per cent 
1 oo 0 0 i 55 38 24 
Et ahi s = oe ne cis 0 1 14 52) 33 16 
Oi eee 0 2 5 45 48 21 
As = ee 0 74 9 43 46 22 
i. eee 0 1 13 43 43 24 
G.. ee 0 0 2 6 92 78 
‘eee 0 0 5 23 72 29 
U2 ae eee 0 a 8 35 54 27 
LO eecae 0 0 4 15 81 18 
Wik. oe i 0 1 9 54 36 16 
jo 5tef i eee ee 0 1 14 28 57 21 

These three soils, it will be noted, are similar in 
several respects. They all contain approximately 50 
per cent of silt; the plasticity indices of the three soils 
bear similar relationships to their liquid limits, being 
slightly less than those represented by curve 4; the 
centrifuge moisture equivalents of all three soils are 
relatively small, being approximately equal to those 
represented by curve 9; and the field moisture equiv- 
alents are either approximately equal to or greater 
than the centrifuge moisture equivalents. It will be 
recalled that the micaceous silts of the Group A-5 
subgrade, on which cracking occurred during the early 

age of the concrete, also have field moisture equiv- 
alents generally larger than the centrifuge moisture 
equivalents. 

Samples 4 and 5 were composed of gumbos from the 
Red River Valley, Minn., which do not suffer detri- 
mental frost heave and which are stabilized when oil- 
treated and covered with granular material. 

ORIGINAL SLOPE LINE OF FILL 

_—— SS 

a 

ye <n ~~ ty 

we 
HE 
Figure 65.—D1acram ILLUSTRATING LANDSLIDE CAUSED 

BY PRESENCE oF HiGHLy CoLLompAL Cuay SucnH as 
SaMP_LeE 5, TaBLeE 17 

Sample 6 was composed of kadox, which, according 
to laboratory experiments performed by Professor 
Taber (24), is productive of important frost heave. 
Except for low colloidal activity and high shrinkage 
limit this material seems to be a normal A~7 subgrade. 
The shrinkage limit of 31, however, is approximately 
equal to those of the Group A-5 silts of New Hampshire 
(samples 8 and 9, Table 15) in which detrimental heave 
due to frost is likely to occur. 

The relative activity of the colloids in the two 
samples, 5 and 6, is disclosed when their constants are 
expressed as decimals of those characteristic of the 
average or statistical soils. Thus the plasticity index of 
sample 5 is 1.31 times that of an ‘‘average”’ soil con- 
taining 43 per cent of clay, and the plasticity index 
of sample 6 is only 0.76 times that of an “‘average”’ 
soil containing 92 per cent clay. Kadox, therefore, 
possesses both the relatively inactive colloids and the 
high porosity productive of frost heave. 

Sample 7, obtained from a soil in Michigan similar to 
sample 6, has a relatively low plasticity index, only 
0.69 times that of an “average” soil containing 72 per 
cent clay; and also a relatively high shrinkage limit, 
1.82 times that possessed by the average soil referred to. 
This soil has been observed to have detrimental elastic- 
ity in dry weather. Increasing the moisture content 
of the soil, however, causes a decrease in its elasticity. 
This is true also for certain varieties of the micaceous 
silts. 

This soil displays the properties indicative of frost. 
heave. The current surveys, however, have not yet 
disclosed whether or not such heave occurs. 

Sample 8 was obtained from a soil which became 
exceedingly troublesome because of sliding when used 
in a high fill in Missouri. The organic matter which 
causes this soil to be placed in the A~7 group has decom- 
posed to such an extent that its presence is disclosed 
only by the relatively large field moisture equivalent. 
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Sample 9 represents a flocculated, highly colloidal 
soil from Mississippi. Only the absence of water- 
logging with a centrifuge moisture equivalent as large 
as 116 prevents this soil from being grouped with the 
A-6 subgrades. This soil, which contains both lime 
and gypsum, supports concrete slabs which have warped 
in detrimental amounts. Soil of this character can not 
be used efficiently in fills and in cuts it should be 
separated from concrete pavements by a good topsoil 
base course at least 2 feet thick. 

Sample 10 was made up from a Texas black waxy soil. 
Its high field moisture equivalent causes it to be grouped 
with the A-7 subgrades. Sample 11 is another soil of 
the gumbo type which proved troublesome when used 
in fills in Arkansas. 

Figure 66.—Dry Lanp Fitt Constructep on Group A-8 
SUBGRADE IN VIRGINIA 

Group A-8 subgrades.—Constants of representatives 
of the soft peats and mucks are contained in Table 21. 
The grading of these materials is not significant. 

TABLE 21.—Group A-8 subgrades; Constants of material passing 
the No. 40 sieve 

Shrinkage Moisture equivalent 

Sample No. | ‘Yiguid | Plasticity ea 
; hoa : Centri- Field 

Limit Ratio fuge ie 

Per cent | Per cent | Per cent Per cent | Per cent 
| IF ee ae) te Se eae Sea: 1 22 33 1.4 162 51 
>) ee ee 9S PERE ee 62 26 38 1.4 1 56 47 
5s |S ae se aoe. Abo 59 19 31 1.4 68 51 
ONES RPA a eg a 265 0 141 0.5 263 265 
ite eS eyo Lee ee ae 445 0 * AST 0.3 395 440 

IW aterlogged. 

Samples 1 and 2 were obtained from Potomac River 
bottom muck which failed to support hydraulic fills 
without displacing laterally. The high shrinkage limits 
and high field moisture equivalents indicate the presence 
of partly decomposed organic matter. The relatively 
high plasticity indices and the water logging in the cen- 
trifuge test disclose the presence of clay or colloidal 
organic matter which in combination with the partly 
decomposed organic matter comprises muck. Sam- 
ple 3 was obtained from Minnesota muck, which has a 
tendency to displace laterally when supporting fills. 
The presence of sand in this material may account for the 
absence of water logging in the centrifuge test. Sam- 

ple 4 was composed of a peat which failed to support a 
dry land fill in Virginia (fig. 66) and sample 5 from a 
peat which has proved inadequate to support fills in 
Minnesota. 

Samples 4 and 5 illustrate the very high water- 
absorptive properties characteristic of the peat soils 
which have not yet reached the colloidal state by decom- 
position. That these two soils have not yet reached 
this state is indicated by the fact that their plasticity 
indices are equal to zero and by the absence of water 
logging in the centrifuge test. 

CONCLUSIONS SUMMARIZED 

The foregoing discussion serves to emphasize that 
relatively few and comparatively simple laboratory 
tests may serve to identify fairly accurately the impor- 
tant characteristics of subgrade soils. Consequently 
these tests may serve to identify the dominating con- 
stituents composing the soils and to suggest the proper 
corrective measures to be used in pavement construction. 

The following generalizations, based on the data given 
in the preceding pages, illustrate the service performed 
by the test constants in identifying the characteristics 
of subgrade soils. 

Graded materials having centrifuge moisture equiva- : 
lents greater than 15 have been found to be related to 
loss of subgrade stability in the presence of water. 

Groups A-4, A-5, and A-7 subgrades having field 
moisture equivalents approximately equal to or greater 
than the centrifuge moisture equivalents have been 
found to be conducive to the cracking which occurs in 
pavements during the early life of the concrete. 

Groups A-2, A-4, and A-5 subgrades having rela- 
tively high centrifuge moisture equivalents and Group 
A-7 subgrades having exceptionally high shrinkage 
limits seem to favor detrimental frost heave. 

Group A-3 subgrades and groups A-6 and A-7 sub- 
erades having relatively high plasticity indices are — 
unlikely to heave under frost action. 

Groups A-6 and A-7 subgrades are likely to shrink 
and expand in appreciable amount. 

Group A-7 subgrades, having relatively high shrinke 
age limits, and Group A-5 subgrades, because of their 
elasticity, are likely to prove troublesome in the prep- 
aration of the subgrade. 

The plastic varieties of the Group A-—5 subgrades, 
with exceptionally low field moisture equivalents, gen- 
erally have.the properties required in good binders for 
sand-clay and topsoil roads. 

The principal purpose of this report is to describe a 
method according to which soil research yielding profit- 
able results may be performed. 
to illustrate (a) the effort which may be required to 
interpret the test constants properly, (b) the character 
of the information which may be obtained by the intelli- 
gent use of the test constants, (c) the necessity for 
understanding the full significance of each constant, 
and (d) the impossibility of stating in simple terms the 
general procedures by means of which the constants of 
all soils may be readily interpreted. 

It is expected that future invetigations will improve 
the procedure for making soil tests, and will increase 
the precision and facility with which soils may be iden- 
tified by the use of test constants. 

© 

It should serve also — 
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