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THE PRESENT STATUS OF SUBGRADE STUDIES 
Reported by A. C. ROSE, Associate Highway Engineer, U. S. Bureau of Public Roads 

The review of the progress of subgrade research to which this entire issue is devoted is the first of a series of similar articles which 
will present an abstract of the results of highway research in all its phases. Other articles dealing with the status of research affecting 
the design and construction of road surfaces, the economics of highway transportation, highway finance and administration, and other 
aspects of the highway situation will appear in later issues. 

Glenn Frank, the editor of the Century Magazine, who retires this month to assume the presidency of the University of Wisconsin, 
writing in his valedictory editorial of the need of utilizing the contributions of research in all the sciences as the basis for a renaissance of 
western civilization, has so fully expressed our idea in presenting these reviews that we can no better explain our purpose than by quoting 
a single paragraph. 

“The end of all research and analysis,” says Mr. Frank, ‘‘is synthesis and social application. This must mean, it seems to me, 
that every now and then we must gather up the results of a period of research into what, for want of a better term, may be called a series 
of tentative dogmatisms upon which society can act until further research reveals wisér bases of action.” 

Mr. Frank is referring, of course, to a broad application of the product of all the sciences to the condition of society in general, but 
if he had been writing directly to highway engineers he could not have touched more accurately wpon the present need. 

A brief exposition of the existing knowledge of 
highway subgrades should be of value at this time in 
order to bring together in one paper the principal 
findings. From these the trend of the investigations 
may be indicated, the missing data may be identified, 
and the specific studies may be determined which are 
necessary in order to make the next step in the progres- 
sive development of this subject. In general, this 
article will discuss the results of experience and research 
which add to the possibility of distinguishing between 

not seem to have developed any principles of practical 
value will be avoided. 

An illustration of this is the difference of opinion 
which seems to exist concerning the character and 
effect of the colloidal fraction of a soil. One of the 
latest concepts of this matter seems to have been given 
by P. L. Gile, of the United States Bureau of Soils. 
The following quotations from this article are believed 
pertinent: 

“Tt is now recognized that the colloidal material is 
good and bad_ subgrade not of definite composition 
soils. By quotations from 
test data gathered from 
many sources it will pre- 
sent the concrete findings 
which may now be prac- 
tically applied to determine 
the design of a pavement 
on a specific kind of sub- 
gerade; and, by revealing 
the missing links in the 
chain of information, it 
will indicate the further 
research immediately re- 
quired to accelerate the 
progress of our knowledge 
concerning this funda- 
mental phase of highway 
design and construction. 

It is gratifying to note 
the rapid_advance toward 
the Pinon of the sub- 
grade’ problem which has 
occurred during the past 
decade. Prior to this 
period one might have 
searched through all the 
engineering literature and 
found nothing more than 
general and _ indefinite 
observations on the sub- 
ject. This discussion will 

seems to fall off rapidly. 

clay soils. 

PRINCIPAL FINDINGS OF SUBGRADE STUDIES 

TO DATE 

Rae QUANTITY AND CHARACTER of the clay con- 

tent of a soil in the United States seems in general to 

determine whether it will make a good or bad subgrade. 

Laboratory and field tests have been devised for dis- 

tinguishing between good and bad subgrade soils. 

The moisture equivalent percentage seems to be a critical 

value in respect to the bearing power of a subgrade soil. 

When wetted beyond this percentage, the bearing power 

At a depth below the surface of the soil sufficient to be 

removed from the influence of surface water and other 

forms of free water, there are indications that the moisture 

content rarely exceeds the moisture equivalent percentage. 

There are indications that by proper subgrade design it 

may be possible to control the moisture content of a sub- 

grade soil to a maximum value approximately equal to the 
moisture equivalent percentage. 

Construction methods which may be used to overcome 

the effect of bad subgrade soils are as follows: 

(a) Use coarse-grained soils for building fills over heavy 

(b) Use side ditches of special design. 

(c) Use tile drains beside but not under the pavement. 
(d) Use a granular subbase. 

(e) Thicken the pavement. 

(f) Add steel reinforcement. 

and that it may form a 
large part of the whole 
SOL eS a te oe 

“The quantity of col- 
loidal material in the soil 
probably varies from a 
trace to almost 100 per 
cent. Usually, loams con- 
tain from 20 to 25 per 
cent of colloid; coarser 
textured soils contain less; 
and clays usually contain 

| from 40 to 50 per cent, 
although they may run 
much higher. <A few soils 
that have been examined 
appear to be more than 90 
per cent colloidal material. 
These figures are not based 
only on determinations by 
ratio methods. From a 
sample of Houston clay 
soil 65 per cent of colloidal 
material was actually iso- 
lated. By far the greater 
part of the isolated ma- 
terial was made up of 
submicroscopic — particles. 
Shoe aE 

“The quantity of col- 
loidal material in a soil 

contrast these general 
observations with the more scientific treatment to 
which the problem has recently been subjected, promi- 
nent in which have been the laboratory and _ field 
tests of the Bureau of Public Roads, the Pittsburg 
test road in California, and the Bates test road in 
Illinois, together with the contemporaneous studies of 
the various State highway departments. 

Reference will be made principally to the specific 
data which are believed to be of practical use in highway 
design. Theoretical studies which up to this time do 

§9681—25,——1 

does not appear to differ 
greatly, as a rule, from the quantity of the old ‘clay 
fraction’ given by various systems of mechanical 
analysis. It is now evident, however, that, in certain 
cases, the nature of the clay fraction (which is largely 
colloidal material) may be a more important factor in 
determining how a soil will act than the quantity 
of this separate. * * *.” 

1 Recent investigations of soil colloids, by Philip L. Gile. Proceedings of the 
American Society of Civil Engineers, vol. 51, No. 5, May 1925. 

(137) 
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It is evident from these quotations that the free 
colloidal material which may be isolated from a soil 
sample by the process of centrifuging may represent 
only a portion of the entire colloidal material present 
or else all of it. The balance of the colloidal material 
seems to be in a combined form and exists in particles 
larger than those which may be identified by cen- 
trifuging. 

The above data, therefore, confirms the conclusions 
arrived at by the Bureau of Public Roads that the 
portion of the suspension clay in a soil which may be 
isolated by centrifuging is usually such a small fraction 
of the entire soil sample that its effect upon the various 
physical properties of the soil is of minor importance 
as compared with the effect of the entire clay fraction. 
An examination of the laboratory determinations of 
the bureau shows that the variation of the volumetric 
shrinkage values and other characteristics of 57 samples 
of different soils do not vary with a corresponding 
variation in the suspension clay (which resembles the 
colloidal material) but rather with the variation of the 
entire clay fraction including the suspension clay. ? 

After giving examples which indicate the trend of 
engineering opinion, an attempt will be made to 
harmonize the data and by synthetic process to bring 
out general conclusions which are representative of 
the most advanced practice. These will include con- 
struction methods used on bad subgrade soils. It will 
be evident that our present knowledge is far from 
satisfactory either as to degree or extent. The paper 
will conclude, therefore, with brief allusions to the 
studies which are believed of critical importance at 
this time in order to hasten the solution of the problem. 

QUANTITY AND CHARACTER OF THE CLAY CONTENT SEEM TO 
DETERMINE SUITABILITY OF SUBGRADE SOIL 

All the data submitted in this discussion point to 
the conclusion that, in the United States at least, the 
amount and character of clay in a soil determine its 
suitability for a highway subgrade. The results enum- 
erated here should not be applied in foreign countries 
without a careful check against the local conditions. 
As Mr. H. H. Bennett * points out: 

“In humid tropic countries there are very extensive 
areas of clay of exceedingly fine texture, which are 
markedly unlike the common clays of the temperate 
zone in their physical characteristics—notably in their 
open nature. The colloidal material has reached an 
advanced stage of weathering which gives the property 
of flocculency or’a tendency to segregate into clusters, 
and the colloids do not mix with water readily. This 
gives rise to a condition of porosity which permits 
ready downward passage of rainwater. In parts of 
Central America there are clays of this nature that 
will plow into a good condition of tilth immediately 
after a rain or even while rain is falling. Types of 
this kind possess but slight plasticity and stickiness, 
and will serve admirably as subbase material even 
where almost the entire mass is made up of particles 
as fine as the finest clay. In Cuba large areas of very 
fine-textured red land are so porous that practically 
all of the rain passes downward, the aa being in- 
sufficient to develop streams or drainage depressions. 
In the humid tropics as in the humid temperate zone, 
the pale yellow, bluish and mottled clays will be found 
least satisfactory for subbase material. 

? Physical properties of subgrade materials; by J. R. Boyd, Table 1. Proceedings 
of the American Society for Testing Materials, vol. 22, 1922, pt. 2, p. 350. 

§ Soil Scientist, United States Bureau of Soils, 

“Tn determining the clay content of soils with an 
exceptionally high percentage of organic matter, some 
deduction should be made for the organic matter, 
since this material, if thoroughly decomposed will be 
largely colloidal and will appear in the results as clay. 
In most clays this feature may be disregarded as the 
humus will probably be in that form which will not 
materially lessen the plasticity.” 

Generally speaking, however, all the data submitted 
in this country indicate—the character of the clay 
remaining constant—that good subgrade soils have a 
low clay content by mechanical analysis and bad sub- 
grade soils are characterized by a high percentage of 
clay. Some exceptions to this general statement have 
been pointed out by Mr. H. H. Bennett. 

“ Certain materials occurring in both the humid and 
arid regions, but much more commonly in the latter, 
will show in the mechanical analysis a composition as 
fine grained as the heaviest clay, and yet have very 
different physical characteristics from normal clays. 
These materials have a common property of being 
chalky. They are composed largely of carbonate of 
lime, or sulphate of lime, or both, and are known by | 
such names as ‘caliche,’ ‘plains marl,’ ‘gyp beds,’ 
and ‘rotten limestone.’ All of them are low in con- 
tent of colloids, at least in that type of colloids which 
impart plasticity and water-logging properties common 
to plastic clays. 

“In the presence of excessive moisture the tendency 
of these materials is to remain firm rather than to be- 
come soft and miry. For this reason they can be relied 
upon generally as constituting good subbase soil for 
roads. The ‘rotten limestone’ formation is of very 
extensive occurrence in the Black Waxy Belt of Texas 
and southeastern Oklahoma, and the prairie region of 
Alabama and Mississippi; while the other materials 
underlie or outcrop over vast stretches of the Great 
Plains and arid regions. 

“Clays of whitish, bluish gray, and pale yellow 
colors, or those showing a mottling or streaking of 
these colors, along with red, usually will be found more 
unfavorable (more subject to water-logging and lacking 
in firmness) than clays of red, brown, and uniform deep- 
yellow color. The common red clay of the eastern 
Piedmont region, for example, should make a good sub- 
base for highways because it is of a more open nature 
and allows excess water to pass through.” 

Further studies may bring out the adverse qualities 
of the clay soils which will predetermine their usefulness 
for subgrades. At the present time, however, it seems 
that an increase in the quantity of the clay fraction, 
its character remaining constant, will increase the 
amount of heaving when the soil is frozen, increase the 
volume change of the soil due to shrinkage and swelling 
with variations in the moisture content, make the soil 
less permeable to water and thus make tile drains 
ineffectual in most cases in heavy clays, lend an elastic 
popes to the soil when subjected to reversals of load, 
make it lable to permanent deformation when sub- 
jected to repeated or excessive loads when moist, 
increase the moisture-holding capacity of the soil, make 
the soil plastic when wet, increase the amount but 
decrease the rate of capillary movement of water, and 
reduce the allowable maximum bearing value of the soil. 

4 Researches on the structural design of highways by the United States Bureau of 
Public Roads, by A. T. Goldbeck, Transactions of the American Society of Civil 
Engineers, vol. 88, p. 264, 1925. 
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DISCUSSION INCLUDES OUTSTANDING OBSERVATIONS OF LAST 
DECADE 

Some of the extraordinary observations concerning 
the behavior of subgrade soils which have been made 
by various investigators during the past decade are 
enumerated in this paper with the hope that they will 
be useful in solving the problems of some particular 
locality. These observations are given in detail at 
random without any attempt to correlate the individual 
cases because of the wide differences in degree and kind. 
They will bring out, for example, the moisture-resisting 
quality of the dry, brown silt loam of the Bates Road 
tests; the effects of admixtures such as granular 
material, Portland cement, and hydrated lime; the 
merits of a sand cushion under macadam roads; the use 
of tar paper on the loess soil of western Iowa to prevent 
hair cracking in concrete pavements during the curing 
period; the great volume 

cing in the presence of water; the dye adsorption test 
which is a measure of those properties of the soil that 
make for lack of stability. The interpretation of the. 
tests for any given sample must be very general unless 
all the conditions existing in the field are known. In 
general, however, it may be said that soils with a high 
percentage of clay show a high moisture equivalent 
percentage, a high capillary moisture capacity, a high 
volumetric shrinkage percentage, a low comparative 
bearing value, a long time for the slaking value, and a 
high dye adsorption percentage. 

Field methods? for identifying good and bad sub- 
erade soils consist in the use of United States Bureau 
of Soils survey bulletins to determine the general char- 
acteristics of the soil, checked by establishing the lineal 
shrinkage percentage and moisture equivalent by 
methods outlined by the Bureau of Public Roads. 

changes occurring in 
adobe-soil subgrades; the 
value of layers or sub- 
bases of sand, gravel, | 
or other granular ma- | 

SUBGRADE SOIL STUDIES SEEN AS URGENTLY 

NEEDED 

CLASSIFICATION OF SOILS to conform as nearly 

THE OUTSTANDING FINDINGS 
OF PAST AND PRESENT SUB- 
GRADE STUDIES 

Early subgrade «nvesti- 
gations.—Intensive studies 
of the character of the 

terial: the worst pave- as possible to the nomenclature and grading used by : 

ep In the United States Bureau of Soils in its soil survey bulletins. subgrade : to determine fail ] y ment faiuures prevalent : the relative stability of 
in clay cuts of excava- The adoption of standard methods for making laboratory various soil tvpes for 
tions; the impractica- and field tests on subgrade soils. foundations for a sur- 

bility of ; the selection The determination of the distribution of the maximum faces have been initiated 

and substitution of sub- pressure through pavements and subbases of various types only within the last five 

grade materials mS) Bt and thicknesses to subgrades of various soil types. years. But even at this 

general solution of the The determination of the maximum intensity of pressures late date it is still a 
subgrade problem; the permissible on soils of various types such as sand, silt, and common occurrence’ to 
adequacy of topsoil clay. These maximum pressures for the same soil may see the safe load to 
and sand-clay methods differ in proportion to the area in contact with the subgrade which foundation mate- 
where local conditions. resulting from the character and possibly the thickness of rial may be subjected 
permit but the restrict- || the pavement. expressed somewhat as 
ed use of we ET OUESs The determination of the maximum and minimum mois- follows: 

as a general solution ture contents which may be controlled in the subgrade 
of the subgrade  prob- . eee ae aa cc soil by proper subgrade design in the various climatic Safe load per square foot 
See ; 5 regions of the country. T 

tion of the laboratory 2 aie ue Bie Ped Ik 36 
: The determination of the test limits for good and bad Se oe i ae eee eee 

and field tests which are ; Hardpates <2. en oes 8 
Focmitiae subgrade soils for the various regions of the country, where Ciavel 5 

; climatic, soil, and traffic conditions are similar. Cloawusand foe bo eS ad 

The determination of the test limits of soils, with varying os ee ee eer 
LABORATORY AND FIELD TESTS || degrees of permeability, which establish whether tile drains OY AY aie ee re eee NOW IN USE 8 Pp Loar ae Pe ese eee 1 

A number of labora- 
tory tests have been 

are unnecessary, effectual, or worthless. 

The discovery of the stages which accompany the phe- 

nomena of freezing of soils under existing pavements. 

The limitations of these 
figures are usually pointed 

devised by the Bureau out by calling attention to 
of Public Roads. These 
include the method of preparation of the soil 
samples; the determination by a mechanical analy- 
sis of the various percentages of sand, silt, and 
clay in the soil; the moisture equivalent test for 
the amount of water the sample will hold against 
1,000 times the force of gravity; the capillary 
moisture test for the amount of capillary water 
the sample will take up under prescribed condi- 
tions; the volumetric shrinkage test for the amount 
the soil will shrink when oven-dried after being wetted 
to capillary moisture saturation; the comparative 
bearing value test to determine the relative bearing 
power of different soils with desired amounts of water; 
the slaking value of the soil or the quality of deliques- 

the many kinds and mix- 
tures of the materials and the impossibility of applying 
specific rules to all cases. It is usually further empha- 
sized that an ample and varied experience in foundation 
work is necessary before any definite allowable pressures 
for the foundation can be selected. These qualifica- 
tions make it plain that at best only an approximate 
estimate of the bearing power of the soils can be made 
because of the lack of test data upon which more 
precise estimates may be formulated. 

In the early years of highway construction in this 
country these figures for the bearing power of founda- 
tions for bridges were assumed to be applicable to high- 
way subgrades in lieu of more pertinent information. 
In a vague way this grading did represent the relative 

5 Many soils make good subgrades which might not meet the requirements of a 
sand-clay or topsoil road. 

6 Procedure for testing subgrade soils, by J. R. Boyd, PUBLIC ROADS, vol. 6, No. 2, 
April, 1925. 

phe field tests for subgrade soils, by A. C. Rose, PUBLIC ROADs, vol. 5, No. 
6, Aug. 1924 
Field methods used in subgrade surveys, by A. C. Rose, PUBLIC ROADs, vol. 6, 

No. 5, July, 1925. 
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bearing power of the subgrades but a more critical 
analysis in the hope of a more detailed differentiation 
led highway engineers to the conclusion that below the 
sands and through the clay there is a wide difference 
in soils caused by their character as well as the size of 
the soil particles. This difference affects the amount of 
swelling or shrinking of the soil with variations in 
moisture content and apparently also the amount of 
heaving when subjected to freezing. 

The California study of the Bureau of Public Roads.— 
The question immediately arose as to what character- 
istic of a soil determined whether it would make a 
good or bad subgrade. One of the first attempts to 
solve the problem in a scientific manner was made in 
connection with the study of the California highway 
system by the United States Bureau of Public Roads 
in 1920.8 The soils in this report were classified as 
follows: 

(1) Clay and adobe soils (includes clay, silty clay, 
clay-loam, and clay). 

(2) Marsh lands (ncludes salt, marsh, and peat 
lands). 

Fic. 1.—Shrinkage cracks in the adobe soil in the open field adjacent to the 
Pittsburg test road were large enough to admit the arm halfway to the elbow 

(3) Loams (includes loam, clay-loam, silt-loam, and 
silty clay-loam). 

(4) Sandy loam (includes coarse sandy loam and fine 
sandy loam). 

(5) Sand, and sand and gravel. 
Crack surveys were made of the pavements and on 

this basis they were classified as to their relative con- 
dition. The report concluded that 70 per cent of the 
defective pavements occurred on adobe soils. A 
typical failure on the adobe soils consisted of the dry- 
ing out and shrinking of the subgrade under the edge 
of the slab because of the evaporation due to the hot, 
dessicating summer winds. ‘Traffic then broke down 
the unsupported cantilever of the pavement with the 
result that longitudinal cracks at the third point of the 
pavements were characteristic for long distances. As 
stated by the report, ‘“‘ Typical longitudinal (and other) 
cracking found on adverse subgrade soils, and shown 
by many of the 7,500 photographs now on file in the 
Bureau of Public Roads, indicates a distortion of the 
subgrade due to varying moisture content and shrink- 
age. ‘The diagrams showing lines of equal moisture 
content clearly indicate the influence of the concrete 
pavement in preventing evaporation. The high capil- 
larity of adobe soils and the great shrinkage in the long, 

* Report of a study of the California highway system by the United States Bureau 
of Public Roads. Issued 1920. Revised 1921. Government Printing Office. 

hot summers thus produce very unfavorable conditions 
for a thin pavement under increasing traffic.” 

While this report recorded a decided forward step 
in the development of a classification of subgrade soils, 
it did not point out the fundamental characteristics of 
the soil which determined whether it would make a 
good or bad subgrade. The tests made on the soil 
samples included the standard moisture equivalent test 
used by Briggs and Shantz and volumetric shrinkage 
tests with the samples wetted to about capillary satura- 
tion. An analysis of these shrinkage tests shows that 
in general the values increase with the moisture 
equivalent percentage but there is a wide range in the 
values for the same percentages of moisture. 

The progress in subgrade investigation which marked 
the California study may be summarized as follows: 

(1) A definite classification of soils with respect to 
their suitability for highway subgrades was made upon 
the basis of soil types. 

(2) Tests were made to determine the moisture con- 
tent, moisture equivalent and volumetric shrinkage 
percentages of subgrade soils. 

(3) The moisture equivalent percentage was indi- 
cated to be a critical value in respect to the bearing 
power of the soil. 

(4) Seventy per cent of the defective pavements were 
shown to have occurred on the adobe soils. (fig. 1.) 

(5) Typical longitudinal (and other) cracking found 
on adverse subgrade soils indicated a distortion of 
the subgrade due to varying moisture content and 
shrinkage. 

The California study did not suggest any method for 
identifying poor subgrade soils nor did it develop any 
means of identifying the fundamental characteristics 
of a soil which determine its value for a highway sub- 
grade. It did give, however, observed test values for 
subgrades which had been previously expressed only 
as generalities or at best in a much less specific manner. 
Of the earlier contributions to the subject, one of the 
most valuable was the excellent paper entitled “‘ Water 
and the Subgrade.’® The writer outlines in detail 
the necessity and reasons for adequate subgrade drain- 
age, shows that capillary water, because it is unaffected 
by gravity can never be removed by tile drains, 
describes what may possibly be the natural processes 
which take place when soils freeze, and among other 
things urges the necessity of testing subgrade soils 
and using in the subgrade only those soils which 
meet certain recognized requirements. One of the 
most important statements in the article is that: 
“The obvious remedy for this condition of affairs (the 
plasticity or inadequate bearing power of clay soils 
with capillary moisture present) is to use less clay in 
highway subgrades.”’ 

THE MOISTURE EQUIVALENT PERCENTAGE CRITICAL IN RESPECT 
TO BEARING POWER 

In the California study samples of the soil containing 
varying percentages of moisture were tested in the lab- 
oratory of the Bureau of Public Roads with uniformly 
increasing loads applied through a bearing block 10 
square inches in area and the corresponding penetrations 
were measured. The statement was made that ‘‘* * * 
the moisture equivalent percentage is a critical per- 
centage in respect to bearing power.” While this is 

oa and the subgrade, by J. L. Harrison, PuBLIc RoAps, vol. 1, No. 12, April, 
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in accord with the other findings of the Bureau of 
Public Roads at the Arlington Experimental Farm,” 
it does not mean that soils with a moisture content in 
excess of the moisture equivalent percentage do not 
have sufficient bearing power to support reasonable 
loads. It does mean, however, that the bearing power 
of the soil falls off rapidly when the moisture equiva- 
lent percentage is exceeded. A more recent deter- 
mination of this characteristic by the Bureau of Public 
Roads may be seen in Figure 2. The soil sample has 
a moisture equivalent percentage of 25.4. With incre- 
ments of moisture up to 25.5 per cent there is very little 
increase in the penetration. An additional 4.3 per cent, 
however, which makes a total of 30.8 per cent of mois- 
ture, makes for a decided increase in the penetration, 
and further increments of water cause the penetration 
to increase rapidly. 

POSSIBILITY OF CONTROLLING MAXIMUM MOISTURE CONTENT 
IN A SUBGRADE SOIL 

The field investigations of the Bureau of Public 
Roads indicate that there is a possibility of controlling 
the moisture content of a subgrade soil to the moisture 
equivalent percentage as an approximate maximum 
value. Observations in the Pacific Northwest " gen- 
erally indicated that the moisture content percentage 
was greater than the moisture equivalent percentage 
in the subgrade soils under recent failures in pavements 
but that the reverse was true when the pavements were 
in good condition. It was also found that a Cove clay 
soil, in the open field before any pavement had been 
laid and where the surface drainage was good, showed 
a moisture content less than the moisture equivalent 
percentage at a point 6 inches below the surface (to 
offset the effect of surface water) and immediately 
after heavy winter rains. It was considered possible, 
therefore, that a condition which existed naturally 
might be reproduced in a subgrade soil by a proper 
pavement and subgrade design. The natural soil seems 
to absorb water up to the moisture equivalent percent- 
age and the balance runs off if the surface has sufficient 
slope for drainage. On the contrary, the pavement when 
placed on a soil acts as a roof which sheds rain water 
that does not leak through the cracks which develop 
in the pavement. The pavement, however, retains 
two kinds of water which wet the subgrade from below: 
(a) Water of condensation which is precipitated upon 
the lower side of the slab and falls back upon the sub- 
grade; (b) water derived from “needle ice” which melts 
and runs over the subgrade. It seems hopeful that a 
pavement design may be adopted which will prevent an 
accumulation of water in the upper layer of the sub- 
grade soil which is in excess of the moisture equivalent 
percentage. 

The investigations of the bureau indicate that the 
subgrade soil at depths below the surface sufficient to 
eliminate the effect of surface water, generally has a 
maximum moisture content throughout the year which 
does not exceed the moisture equivalent percentage. 
The importance of this possibility of water control in 
the subgrade is apparent because the moisture equiva- 
lent percentage also seems to be the critical percentage 
in regard to the bearing power of asoil. Sufficient data 
have not been collected to formulate this as a general 
observation for the country at large but it has been 
found to be generally true in the States of Oregon and 

10 Physical properties of subgrade materials, by J. R. Boyd. Proceedings of the 
American Society for Testing Materials, vol. 22, 1922, Pt. II, pp. 352-353. 

il Practical field tests for subgrade soils, by A. C. Rose, PusBiic Roaps, vol. 5, 
No. 6, August, 1924. 

Washington where the freezing temperatures are in- 
frequent, in Minnesota during freezing conditions, and 
at the Arlington Experimental Farm in Virginia where 
alternate freezing and thawing occurs. In many of 
these cases, however, the surface of the poorly drained 
subgrade soil was found to contain moisture in excess 
of the moisture equivalent percentage and even to 
complete saturation. The California study also was 
significant in showing the- moisture equivalent per- 
centage as the maximum for the subgrade soil in the 
lower depths. The moisture contents seemed to in- 
crease with the moisture equivalent percentages of the 
soil. Of 103 soil samples which were tested, only seven 
samples showed a field moisture content in excess of 
the corresponding moisture equivalent percentage and 
in only one of these cases was this difference greater 
than 214 per cent. This applied to samples taken near 
the surface as well as at considerable depths. These 
investigations were made during the summer months 
and there is no direct evidence to show that the maxi- 
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mum moisture content during the winter did not ex- 
ceed the moisture equivalent percentage in a number 
of cases. In the California study, however, 49 of the 
103 soils were sampled at a depth of more than 3 feet. 
Although the excessive evaporation in California would 
tend to increase the depth beyond which the moisture 
content remains uniform, the comparison of these 
figures should be interesting. Of these 49 samples, in 
only 3 cases did the moisture content exceed the 
moisture equivalent percentage. In one case the ex- 
cess was 2.3 per cent, in another 2.2 per cent, and in 
the last 1.4 per cent. The California study lends 
strength to the observation that the moisture content 
of a well-drained subgrade may possibly be controlled 
below the moisture equivalent as a maximum. 

Experiments were made by the Bureau of Public 
Roads to determine whether it was possible to con- 
trol the moisture content of a subgrade by various 
means, such as tile drains and cut-off walls and vari- 
ous subgrade treatments such as gravel subbases 
and water-gas tar. These experiments apparently 
yielded negative results although they confirmed the 

12 Subgrade drainage tests yield interesting preliminary data, by Ira B. Mullis, 
PuBLic RoAps, vol. 4, No. 6, October, 1921. 
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findings of other experimenters that tile drains re- 
move free water from the subgrade but not capillary 
water. The observed moisture contents of the first 
four of the 10 treated subgrades throw light upon the 
possible maximum seasonal limit of the moisture con- 
tent of a subgrade, although moisture equivalent values 
were made only upon similar samples taken at the 
sides of the slabs and not upon the same samples for 
which moisture contents are shown. 

In the first four cases there was used either no treat- 
ment as in the first, a subbase combined with tile 
drains as in the second case, or gravel subbase alone as 
in the third and fourth sections. In the first case 
without tile drains or subbase the maximum moisture 
content 6 inches down from the base of the pavement 
was 23.4 per cent. Moisture equivalent percentages 
adjacent to the same slab varied from 16.2 to 17.4 per 
cent and capillary moisture percentages from 26.6 to 
35.7 per cent. In the second case the maximum 
moisture content 6 inches down from the base of the 
subbase was 22.6 per cent and moisture equivalent 
values in the nearby soil varied from 17.0 to 20.9 per 
cent and the capillary percentage from 26.2 to 35.4 
per cent. In the third case the maximum moisture 
content 6 inches down from the base of the subbase 
was 21.8 per cent and moisture equivalent values in 
the soil adjacent to the test slab were 13.5 to 21.5 per 
cent and capillary percentages from 33.3 to 41.9 per 
cent. In the fourth case the maximum moisture con- 
tent 6 inches down from the base of the subbase was 
23.7 per cent and moisture equivalent values made, as 
in the first three tests, varied from 13.2 to 18.4 per 
cent and capillary percentages from 31.2 to 32.4 per 
cent. 

Only in the case of the untreated subgrade did the 
maximum moisture content at the 6-inch depth exceed 
ereatly the moisture equivalent percentage and even 
in this case, as in all the others the maximum moisture 
content of the subgrade during the entire season was 
closer to the moisture equivalent percentage than to 
the capillary percentage. Six inches below the sub- 
base was considered representative in order to avoid the 
effect of surface water seeping under the pavement and 
excessively wetting the upper layers of the soil. The 
effect of frost in causing an increase in the moisture 
content of the soil near the under side of the pavement 
is evidenced by the tests only in the first case. The 
results strongly indicate that it should be possible to 
control the maximum moisture content of the subgrade 
very closely to the moisture equivalent percentage by 
subbases or tile drains. 

STABILITY RATIO AS AN INDEX OF BEARING POWER 

Defining the term stability ratio as the actual moisture 
content percentage of the soil divided by its moisture 
equivalent value, the field investigations of the Bureau 
of Public Roads in Oregon and Washington seem to 
indicate that the bearing power of a soil is relatively 
low when the stability ratio is greater than unity and, 
conversely, that when the stability ratio is less than 
unity, subgrades are generally well compacted, firm, 
and hard. The application of this criterion is limited 
to soils with moisture equivalent percentages greater 
than 20, but such soils have been shown by investiga- 
tion to be, in general, the only ones of the suitability 

18 Practical field tests for subgrade soils, PUBLIC ROADS ,vol. 5, No. 6, August, 1924. 

of which there is any doubt.4® Whether the stability 
ratio is more or less than one can be easily determined 
by the ease or difficulty with which a drill penetrates 
the soil. When less than unity, the drillings come from 
the ground in hard, shiny spirals; when more than 
unity, the soil is generally soft and sloppy or putty- 
like, and the drill may be pushed down without rota- 
tion. Under new pavement failures in the Pacific 
Northwest the stability ratio was found to be almost 
invariably more than unity. This observation is full 
of potential possibilities. Certainly a marked advance 
in the progress of highway subgrade evaluation would 
be made if it were definitely shown that the maximum 
moisture content of a well-drained soil could be con- 
trolled and maintained below the moisture equivalent 
percentage at all seasons of the year. 

It is interesting to note that a relation quite similar 
to the stability ratio was established in the subgrade 
laboratory of the Bureau of Public Roads and called 
the moisture index.4 .The relation was expressed as 
follows: 

volume of moisture 

volume of voids in soil 
(1) Moisture index = 

Based upon data determined in the laboratory, it was 
found that when the moisture index of the soil is less 
than unity, the bearing value was high, but low when 
the relation was more than unity except in instances 
where the dye absorption number of the soil was high. 

It should be interesting to compare the equation (1) 
with the stability ratio, which is expressed as follows: 

moisture content percentage 

moisture equivalent percentage 
(2) Stability ratio= 

THE RECENT TREND OF ENGINEERING OPINION 

It might be well to add here that for many years 
engineers have recognized the adverse effects of clay 
in subgrades without evolving any adequate method to 
evaluate the character and quantity of the clay pres- 
ent, or to determine the degree to which it would affect 
the stability of the road surfacing, or without attempt- 
ing to arrive at an adequate surfacing or pavement, 
subbase or drainage design to overcome the trouble. 
Citations to the mass of data which have been piling 
up throughout the years as evidence of the effect of 
the character of the subgrade are given here briefly to 
show that these observations are not original with any 
one engineer or any group of engineers nor are they 
confined to any single period. On the contrary, they 
have been made by representative members of the en- 
gineering profession throughout its entire history and, 
therefore, the composite conclusion which may be drawn 
from the testimony is based upon comprehensive as 
well as authentic information. For brevity and com- 
pleteness only recent data will be referred to. 

Life of railway trackage affected by character of sub- 
soil.—An abstract of a report to the joint committee 
on life of railway physical property of the American 
Electric Railway Engineering and Accountants’ Asso- 
ciations® presents some instructive data concerning soil 

14 Physical properties of subgrade materials, by J. R. Boyd. Proceedings of the 
American Society of Testing Materials, vol. 22, 1922, pt. 2. 

6 R. N. Wallis, Fitchburg & Leominster Ry., Fitchburg, Mass., and Martin 
Schreiber, Public Service Ry., Newark, N.J., chairmen. Presented at the annual 
convention in Atlantic City, N. J., Oct. 16, 1918. Engineering News, vol. 70, No 
20, Nov. 13, 19138, p. 972. 
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as well as climate and their effect upon the foundation 
and drainage of railway property. ‘On no two sepa- 
rate properties are climatic and soil conditions so simi- 
lar that the physical elements of such properties would 
not be affected differently. * * * Property in a 
mild climate would not be affected by the conditions 
met with in a cold climate. Wet and dry climates 
affect physical properties differently, as also do the dif- 
ferent soils of different localities. Construction on a 
rock foundation has a physical life materially different 
from the construction on any less firm foundation. 
Two localities may have the same soil, but one is situ- 
ated topographically so that it is easily subjected to 
adequate drainage, while the other may be almost im- 
possible of drainage owing to its topography. This 
would also affect differently the physical life of each. 
Any attempt to establish the life of physical railway 
property based on climatic and soil conditions would 
result in as many different periods of life as there are 
properties under consideration.” 

Sand subbase prevents soil from working up into 
voids of macadam.—Another adverse effect of clay was 
brought out in a discussion before a meeting of the 
Boston Society of Civil Engineers, by John R. 
Rablin, chief engineer, park division, Metropolitan Dis- 
trict Commission of Massachusetts.1¢ ‘We have 
found, where we have a clay subgrade, that if we lay 
crushed stone or coarse gravel over it before laying 
our macadam, in a few years, if we have occasion to 
excavate, most of the stone seems to have disappeared 
and the clay to have come to the surface or mixed with 
the stone. This action is probably due to frost and 
moisture. We have also found that by covering the 
clay with a layer of fine sand before putting on the 
coarse gravel or stone, it will prevent that to a large 
extent.’? Here are data which not only describe a con- 
dition but also advocate a sand subbase as a method 
of correction. Experiments of the Bureau of Public 
Roads at the Arlington Farm confirm this as a prac- 

‘tical subgrade treatment. 
Cracking of pavements due to shrinkage of adobe soil.— 

The experience of the city of San Antonio, Tex., in 
laying pavements upon what appears to be adobe soil 
is of interest..7 ‘The subsoil is a sticky, black material 
when wet and it cracks in drying, with the result that 
the concrete usually cracks too. When the dried soil 
again takes up water it swells an appreciable amount. 
Successive wetting and drying enlarge even a hair crack 
in the pavement surface into wide breaks * * *.” 
This exemplifies the shrinking and swelling of heavy 
clay soils with variations in moisture content. A 
similar condition was noted by the writer in the city 
of Rio Vista, Calif. 

Excessive heaving by frost in clay souls.—The excessive 
heaving in clay soils due to freezing is outlined in an 
article by Stephen Taber'® in which it is stated 
that “in a middle west city 16-ton concrete piers 
resting on ‘solid blue clay’ were elevated 3 inches dur- 
ing the unusually severe winter of 1916-17, and that 
Eioeettian tly they settled back to their original posi- 
tion.” The theory had been advanced that this lifting 

16 A detail of road foundations in clay, Engineering News-Record, vol. 88, No. 11, 
Mar. 16, 1922. 

17 Texas soil requires paving base to be reinforced, Engineering News, vol. 75, 
No. 14, Apr. 6, 1916. ; \ : 

18 State geologist and professor of geology, University of South Carolina. ‘‘Ice 
forming in clay soils will lift surface weights,’’ Engineering News-Record, vol. 80, 
No. 6, Feb. 7, 1918. 

was due to the hydraulic pressure resulting from the 
progressive freezing of the ground from the surface 
downward. Since the frost could not have penetrated 
more than 6 inches to 1 foot below the bottom of the 
piers and the expansion of this depth of water would 
not be sufficient to account for the 3-inch heave, Mr. 
Taber points out that this theory is inadequate because 
the specific gravity of the concrete is greater than that 
of the earth and, therefore, if there were any hydraulic 
pressure it would be expected that the frozen crust of 
the earth would be forced up rather than the concrete. 

Mr. Taber states that the hypothesis of the soil 
being acted upon by a force similar to hydraulic 
pressure does not offer an adequate explanation of the 
phenomena. On the contrary he explains the case on 
the basis of his experiments which showed the pressure ** 
exerted by growing crystals of ice. The following 
excerpts from his discussion are of singular interest to 
highway engineers: 

“In the course of some of the writer’s experiments, 
carried out on cold nights, weights placed on wet clay 
were lifted through the gradual formation of virtually 
pure ice between the weights and the clay. Weights 
that were similarly placed on wet sand were not lifted, 
or at least their elevation was imperceptible, and no 
pure ice was formed under the weights, although the 
water occupying the interstices between the sand 
grains was frozen. 

‘Water in extremely small capillary spaces remains 
in a liquid state at temperatures much below freezing. 
Most of the interstices in clay are in the form of very 
small capillary spaces, while in sand they are much 
larger. Therefore, the interstitial water freezes much 
more readily in sand than in clay. 

“In the experiments referred to above the weights 
cooled off rapidly, thus chilling the film of water in 
contact. with their lower surfaces until ice began to 
form. Where the weights rested on wet sand freezing 
eradually continued downward, thus firmly cementing 
the sand grains together. The grains of sand were 
slightly separated in places as a result of the freezing, 
but the total elevation of the mass was so slight as to 
be imperceptible. Where the weights rested on wet 
clay, however, the ice forming at the surface gradually 
increased in thickness because of the freezing of addi- 
tional water that slowly reached the surface of the clay 
through the small capillary openings. Because of 
its manner of growth the ice had a fibrous texture, and 
as additions were made to its lower surface the ice was 
slowly elevated, together with any weights resting 
upon. it. 

“The ice columns, or ‘needle ice,’ formed on bare 
clay soils are familiar to most people living in regions 
where the nights are cold eaauen for heavy frosts. 
These ice columns, which commonly support sand 
grains, pebbles, and sometimes larger objects, are formed 
in the manner explained above; and all of the facts 
cited * * * indicate that the elevation of the 
concrete piers was probably due to this same process. 
If the piers had rested on sand instead of clay it is 
improbable that any elevation would have been 
noticed, no matter how thoroughly saturated with 
water the ground may have been. 

“The elevation of the weights in the writer’s experi- 
ments is not to be explained by attributing it to the 

i¢Pressure phenomena accompanying the growth of crystals. Proceedings of the 
National Academy of Sciences, vol. 3, pp. 297-302, April, 1917. 
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expansion in volume, which occurs when water freezes 
to form ice, for the distance through which the weights 
were lifted was approximately equal to the total thick- 
ness of theice. The lifting of the weights was due to the 
growth of the ice crystals, and this would continue in 
spite of the pressure as long as water was available for 
growth and the temperature was low enough to cause 
freezing. With any increase in pressure, however, a 
lower temperature would be required in order that freez- 
ing should continue, for the melting point of ice is 
raised by increasing the pressure or in any way placing 
the ice under additional strain.’’ These very interesting 
observations of Mr. Taber’s indicate strongly that the 
greatest heaving due to freezing occurs on clay soils. 

Frost-heaving phenomena of two classes.—These ex- 
periments, however, do not offer an explanation of the 
phenomena of heaving under pavements. There are 
two general types of these phenomena. The first is a 
progressive lifting of the pavements as the winter 
advances and the penetration of the frost increases in 
depth. This happens principally in sections of the 
country where extremely cold winters are the rule, 
such as Minnesota, and where the thermometer only 
occasionally rises above the freezing point after the 
cold weather has set in until the spring thaw begins. 
In this case the pavement gradually subsides into its 
original position when the frost gradually leaves the 
ground, and if the upward movement has been uniform 
and there has been no warping of the surface there 
seems to be little cracking due to the freezing. Un- 
fortunately this uniformity of subgrade is rarely found 
and warping often occurs. For this reason cracking is 
generally the rule under this condition of heaving. 
The second condition is found in the Eastern States 
where the temperature throughout the winter rises and 
falls periodically above and below the freezing point. 
After a long thaw and usually in the spring there may 
come a severe drop in temperature. The result is that 
freezing occurs first in the earth shoulders between the 
ditches and the pavement and seems to progress inward 
toward the center of the road. It seems possible that 
the free water and moist subgrade under the center of 
the pavement is the last portion to freeze and in ex- 
panding rapidly exerts pressure upon the surrounding 
subgrade and the pavement above. Since the sub- 
grade is more stable than the pavement the latter is 
heaved and broken badly over night. Observers who 
have seen this condition testify to mounds of ice which 
have been seen under the pavement at the heaved 
sections. These mounds are believed to have been 
caused by the outrushing water from under the pave- 
ment which froze immediately after the pavement was 
heaved and the pressure released. 

IKxxamples of the first or gradual type of heaving seem 
to have aa furnished by the observations on existing 
pavements in Minnesota made by the Bureau of Public 
Roads which showed the progressive lift of the pave- 
ment at the end of the season to have reached a maxi- 
mum height in some cases of 7 inches. 

The condition of rapid heaving is ably discussed in a 
paper published in the Engineering News-Record.” 
“Tf the pressure is relieved by an outpouring of water 
only,” according to this writer, “the pavement will 
settle back in place when the ground thaws out in the 
spring. Unfortunately, however, the water often car- 
ries with it enough solid matter so that the bunch 

*0 First frost is never responsible for cracked concrete roadways, by J. L. Harrison, 
Engineering News-Record, vol. 80, No. 9, Feb. 28, 1918. 

formed at the point of rupture will not completely 
disappear.” oe 

Experiments by the Bureau of Public Roads show 
that there is a greater percentage of water freezable in 
sands than in clay.21_ This does not mean that the 
amount of heave in sands due to freezing will be greater 
than in clays. On the contrary, it would seem that the 
greater heaving would occur in clay with capillary 
water present because of the greater total amount of 
water frozen. Further experiments are needed to de- 
termine the relative heaving of coarse and fine-grained 
soils with varying moisture content. 

Vertical displacement of concrete pavements by frost 
heaving of subgrade.—In a paper advocating the use of 
cut-off walls under the edge of a pavement to control 
the variation in moisture content of the subgrade, 
given before a convention of the American Concrete 
Institute, John W. Lowell, division engineer of the 
Universal Portland Cement Co.,?? makes some inter- 
esting observations with regard to the effect of heaving 
on the pavement. Investigations of the Bureau of 
Public Roads throw considerable doubt upon the 
efficacy of cut-off walls in controlling the subgrade 
moisture content; but the data presented with respect 
to heaving have considerable value, especially the fol- 
lowing quotations: 

“Tn climates where freezing occurs, it has been found 
from general observation of pavement slabs less than 
60 feet in length, that the following is true: 

(1) Transverse cracks do not occur as frequently 
as longitudinal cracks. 

“(2) For width over 18 feet, frequency of longi- 
tudinal cracks is apparently unaffected by width of 
avement. 
““(3) Cracks seldom occur in pavement lying on sand 

or well-drained porous subgrades. 
(4) On clay or heavy loam soils, longitudinal cracks 

are of frequent occurrence. 
‘“‘(5) The more compact the subgrade soil, the more 

frequently cracks occur. 
(6) Cracking of pavements on clay or heavy loam 

soils can not be entirely prevented by artificial 
drainage.” 
A section of concrete pavement 32 feet wide, 10 

inches thick in the center, and 7 inches thick at the 
sides was selected to make the tests. The base was 
1:244:4 pebble concrete and the wearing surface 
1:1:1% concrete. The reinforcement consisted of No. 
27 triangular wire mesh fabric weighing 41 pounds per 
100 square feet placed between the base and the wear- 
ing coarse. Precise levels and data on temperature 
and rainfall were taken. ‘‘From slab 1 to 38 the sub- 
gerade may be described as spongy, tough, compact 
clay; from 39 to 45, sand-loam with spongy under- 
stratum and compact crust; from 56 to 70, clay and 
loam with some fine sand, the ground being spongy 
with sand below; and from 79 to 86, the south end of 
the pavement, sand of more than 3 feet depth. * * * 
Out of 86 slabs, 56 cracked. Thirty-eight which cracked 
deflected at one or both points more than seven-six- 
teenths inch in the 32-foot width between outside 
points, 18 deflected less than seven-sixteenths inch 
and of these deflections eight were between three- 
eighths inch and one-sixteenth inch, while four slabs 
having as great deflection failed to crack. Six of the 

21 Percentage of water freezable in soils, by A. M. Wintermyer, PUBLIC ROADS, 
vol. 5, No. 12, February, 1925, ‘p. 5. 

22 Impervious Bituminous Wall Suggested to Prevent Seepage Under Paving, 
Engineering News-Record, vol. 81, No. 5, Aug. 1, 1918. 
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10 remaining slabs which cracked, having maximum 
deflection of from three-eighths to three-sixteenths 
inch, evidently cracked from abnormal settlement of 
a portion of the subgrade below the original level. 
The cracking of four slabs, with maximum deflections 
between three-sixteenths and five-sixteenths inch, is 
hard to explain unless the deflection had been greater 
at some period between readings. Every slab reaching 
a deflection of more than seven-sixteenths inch cracked. 
Therefore, it is safe to assume that such deflection in 
32 feet of width is sufficient to crack any pavement 
built in accordance with present specifications. It is 
also evident that even greater deflection than seven- 
sixteenths inch can be expected when the subgrade is 
clay or loam with no other protection than underdrain- 
ing. From study of the data collected it was shown 
that practically no longitudinal cracks occurred where 
the deflection was less than eleven thirty-seconds inch, 
and that where the subgrade has a uniform moisture 
content the deflection would probably never reach this 
figure, which conclusion is substantiated by those slabs 
which were over the sand subgrade.”’ 

“Thirteen consecutive slabs at the extreme south 
end of the pavement and on a sand subgrade acted 
quite differently and more uniformly than the others. 
The average upward movement was seven-sixteenths . 
inch on the west side and 1-;); inches on the east side, 
while the center rose thirty-one thirty-seconds inch. 
However, the movements were so uniform that the 
greatest deflection was one-eighth inch and no cracking 
occurred. Unlike the other slabs, there was practically 
no settlement below the initial reading, the greatest 
settlement recorded being three thirty-seconds inch. 

“The movements of two typical ’slabs, together with 
the rainfall and temperature, are shown in the charts. 
(fig. 3.) Upon freezing, the sides and centers of these 
slabs at first began moving up uniformly. During 
cold weather considerable snow fell, and then in the 
first week of January a thaw occurred, followed by 
extremely low temperature for the next eight weeks. 
In this period the sides of slab 18 on clay subgrade rose 
more rapidly than the center, until a maximum deflec- 
tion of five-eighths inch occurred, while slab 86 on 
sand subgrade rose only six-tenths as high, there being 
practically no deflection. These concrete slabs were 
exactly alike, and precipitation and temperature were 
the same, the only difference being in the character of 
the ground on which they lay.” 

Mr. Lowell’s explanation of the phenomena of heay- 
ing follows: ‘‘Upon freezing, the soil expands in pro- 
portion to the moisture contained, and the greater the 
difference in moisture between the sides and_ the 
center the greater the distortion of the pavement slabs. 
When a thaw occurs, if the soil is not fully saturated, 
the water sinks and spreads out under the pavement 
as far as it can go by virtue of head and capillary 
power. ‘This moisture settles in until it freezes in the 
voids at some depth where the temperature is still 
below freezing. In this way an impervious stratum 
is formed through which the water will not pass. 
The later seepage is retained above this stratum, and 
the soil rapidly becomes more water soaked. With the 
return of colder weather and subsequent freezing of all 
moisture this subsoil expands, and, being restrained 
laterally, the pavement is heaved. Naturally, the 
vertical movement or heaving is greatest at the sides 
where moisture is at a maximum.” 
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Mr. Lowell brings out clearly the amount of heaving 
due to freezing in a soil of high clay content, describes 
accurately the increase in vertical movement with a 
progressive drop in temperature, and shows that a 
center deflection of seven-sixteenths inch in the con- 
crete slab 32 feet wide is sufficient to cause a longitu- 
dinal crack to form. The explanation of the phe- 
nomena of freezing, while probably sufficient for this 
bergen problem, does not explain the matter satis- 
actorily where physical conditions are different and 
where the heaving is by a rapid rather than by a slow 
progressive lift. 

It is unfortunate that most of the articles bearing 
upon the subject of heaving of pavements are discus- 
sions of the possible process of the heaving based upon 
experiments made in connection with other structures 

INCHES 

FAHRENHEIT 

MILLIMETERS 

MILLIMETERS 
VERTICAL MOVEMENT OF SLAB No. 86 ON SAND SUBGRADE 

Fic. 3.—Climatic statistics and comparison of the vertical movement of a concrete 
pavement on clay and sand subgrades due to freezing 

than pavements or are discourses Nae upon heay- 
ing data rather vaguely expressed by a second party. 
At this time there seem to be no authentic data availa- 
ble as to the progressive stages in the freezing of the 
subgrade and the heaving of the pavement. The 
problem will never be satisfactorily solved until some 
research organization carries on a series of intensive 
studies on existing pavements. Such studies should 
include the raising of the pavement slabs and the 
making of photographs of conditions underneath 
throughout the winter when the frost lift is gradual, 
and up to, through, and after the period when the 
thaw causes the break-up of the pavement. Precise 
level readings at all stages would be invaluable. Until 
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some work of this character is carried on there seems 
little hope of arriving at an intelligent or satisfactory 
solution of this problem. 

Operation of tile drains affected by permeability of 
soils.—The permeability of soils is discussed in an 
interesting article? in which it is shown that the 
porosity of the soil increases with the size of the grains. 
M is defined as “‘the quantity of water that would be 
transmitted in a unit of time through a cylinder of the 
porous medium, one unit in length, one unit cross- 
sectional area, and under one unit head or difference of 
pressure at the ends of and just inside the cylinder. 
M may be called the ‘modulus’ of the me- 
dium. * * *,” The following figures are due to 
Professor Nazzani, of Rome: 

Kind and size of material—V alues of M in 24 hours 

Cubic feet 

Small ora vela(sizers DOU bee rms) =e eee een? 1 () (ie) 
OOATSE SANG ACSI 7Zera OO Ut: 2. Tle) ee eee = 224 
Hinessanagc(Sizeya boul tO s2. cnet eee aS 40 
Sand y s0ilst eet Bat ee ee eee a ee ate 88) 
Sandy clay__-_-- ng ata es «pe, ea 10 
Olay UA. peers eee eek 2 et i ae cre Ne = ae 2.8 

The adequacy of tile draining for subgrades has been 
discussed pro and con by highway engineers for some 
time. The opinion now seems to prevail that there are 
certain soils such as sands in which tile drains are 
unnecessary; there are others in which the porosity of 
the soil is sufficient to permit effectual operation of the 
tile drain, and others, principally the clays, in which 
the porosity seems to be so small as not to permit 
sufficient water to enter the tile drains to make them 
effective. There seem to be special cases in clay soils, 
however, where tile drains are valuable. Examples 
are drains installed on the uphill side of long slopes 
to prevent the softening of the subgrade by stand- 
ing surface water, water in soil pores or seams, seep- 
age, porous strata, and hydrostatic pressure. It 1s 
evident, however, from Professor Nazzani’s_ table 
that it should be possible to determine the soil types 
in which tile drains would be effective by carrying on 
experiments on soils with different sizes of grains, the 
character of the grains remaining constant. 

Bearing power of soils.—The relative bearing power 
of soils has been demonstrated by a number of tests 
‘made by the Bureau of Public Roads.24 Curves are 
shown with the load in pounds plotted as ordinates 
and the penetration in inches as abscissae for six soil 
types with moisture equivalent values of 2, 10, 19, 23, 
34, and 41 and respective percentages of clay by me- 
chanical analysis of 2, 19, 26, 26, 38, and 57. In order 
to compare the relative bearing power of these soils 
with the sizes of the grains increasing in fineness from 
one sample to another, it would be necessary to select 
arbitrary loads in pounds with the soils wetted to the 
moisture equivalent percentage. Upon such a basis 
these test results show no increase in bearing power with 
decrease in the clay content. This should not be ac- 
cepted as a definite conclusion, because the tests were 
limited in their scope and intended to explain the 
method of soil testing rather than to present experi- 
mental data as to the relative bearing power. / 
part of the article, however, is considered of sufficient 
significance to warrant quotation here: “Results of 
the tests would indicate also that the bearing power 

of most soils is not appreciably reduced by the addi- 
tion of moisture up to the moisture equivalent. 
* * * When the soils become saturated beyond 
the moisture equivalent, however, a rapid reduction 
apparently takes place in bearing power, which usu- 
ally disappears completely at or before the water- 
holding capacity of the soil has been reached. ‘These 
general comments are given here simply to indicate 
possible existing relations and are in no sense definite 
conclusions, which manifestly can not be drawn with- 
out much additional study.” 

Depths of macadam varied with subgrade and height 
of fill—An interesting contribution relative to the 
bearing of the character of subgrade soil, the depth 
of fills, and the density of traffic on the required depth 
of macadam surfacing was published by the Superin- 
tendent of Roads of Monroe County, N. Y., in 1920. 
The data are not sufficiently detailed to be of any 
great value at the present time for design, but the 
method of attacking the problem shows the trend of 
thought toward a selection of surfacing based upon 
traffic, soil, and other subgrade conditions. The third 
variable, climate, which is essential for evaluating de- 
signs over the country at large, was omitted since the 
area involved was only New York State, where the 
climatic variations were relatively small. Table 1 and 
its accompanying remarks are quoted from the article. 

TABLE 1.—Recommended depths in inches of macadam for different 
conditions 

Depth of macadam in 
fills 

| Depth 

Class of traffic Subgrade soil of ma- Depth of fills 
cadam 
in cuts DT Sl es 

| Less T1OBREO 
than 1 © MARE 
roar feet 3 feet 

Inches | Inches | Inches | Inches 
Class a eteae Coarse sand and fine gravel ____- 9 9 9 

Clay-loam(3o 2 =a. ae eae | 12-15} 12-15 | 10-12 10 
Heavy clay and quicksand__ ___- | 20-24 | 20-24 | 12-18 10 

@lass ieee Sand’ and’ graveliis2-22_-)- === 7-8 7-8 7-8 7-8 
LOGM a2. 252.2 eee ee | 912 9-12 9 8 
Clay and quicksand____*-==_=2- | 15-22 | 15-22) 12-15 9 

Class ULL tees Sandtandiera Viele = ees = ee 5-8 5-8 5-8 5-8 
Logit! 2-24: S22 a eee | 812 8-12 8 7-8 
Clay andquicksand 2). == | 15-22} 15-22] 10-15 9 

| 

1 Under Class III, it-is better to use the depth recommended for Class II and reduce 
the width of metalling, if economy is desired, as all improved roads are bound at 
times to be subjected to the extreme loading produced by heavy trucks. 

Class I. Large volume of ordinary vehicles and heavy auto trucks. 
Class II. Large volume of ordinary traffic; a few heavy trucks. 
Class III. Moderate volume of ordinary farm loads; very few heavy trucks. 

The writer recognizes in a general way the necessity 
for an increase in thickness with increasing clay content 
of the soil and specifically a decrease in thickness with 
an increase in the depth of the fill because of the 
improved drainage conditions. 

Hair cracks in concrete pavements on loess soil elimi- 
nated by tar paper.—An example of a loess soil causing 
hair cracks in a cement concrete pavement during 
the process of curing is reported by R. W. Crum, 
engineer of materials and tests of the Iowa Highway 
Commission.”* The soil runs about 20 per cent clay 
and 80 per cent silt according to the mechanical analysis 
of the United States Bureau of Soils. The lineal 
shrinkage is only 2.3 per cent and the moisture equiva- 
lent 21.9 per cent. This is an example of a soil with 

*8 Wells and permeability of soils, from Engineering, London, Dee. 31, 1920. Engi- 
neering and Contracting, Mar. 30, 1921, p. 312. 
ian: Tests for subgrade soils, by A. T. Goldbeck, PUBLIC Roaps, vol. 4, No. 3, July, 

25 Variable designs for county highway systems, Engineering News-Record, vol. 
84, No. 5, Jan. 29, 1920. ; 

26'Tar paper on loess subgrade lessens hair cracks in concrete pavement, by R. W. 
Crum. Pusctic Roaps, vol. 6, No. 6, August, 1925. é 
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a small clay content which does not shrink, swell or 
heave sufficiently to cause extraordinary trouble after 
a concrete pavement is completed but which causes hair 
cracks to develop in the concrete pavement during the 
period of construction. The hair cracking was over- 
come by interposing a layer of tar paper between the 
subgrade and the pavement during construction. 

The explanation for the physical phenomena is not 
given. ‘The angular shape of the grains and the large 
percentage of voids in a loess soil, may cause rapid 
capillary action with the result that the waterin the fresh 
concrete is withdrawn before the crystallization of the 
concrete has reached completion. This would cause a 
shrinkage of the concrete with the result that hair cracks 
would develop. Climatic conditions such as wind and 
a low relative humidity of the atmosphere might 
contribute to the formation of the hair cracks. The 
grading and character of the sand and coarse aggregate 
might also reduce the rententivity of the concrete to 
water. Whether the cracking in this case is due entirely 
to soil conditions or to a combination of causes should 
furnish an interesting subject for further investigation. 
At least the methods adopted for the Iowa loess soil 
should not be used elsewhere without thoroughly 
checking against the local conditions. 

It is of prime importance to note at this time, how- 
ever, that the experiments of Mr. Crum as well as his 
observations on completed pavements show that the 
use of tar paper on the subgrade has been effectual in 
practically eliminating hair cracks. 

Selection and redistribution of subgrade soils.—The 
selection and redistribution of soils to secure a stable 
subgrade is a possible method of construction. The 
general practice however is to place a granular subbase 
upon the undisturbed subgrade soil. This has been 
accomplished to a certain extent by the method of stage 
construction practiced in the Southeastern States. 
There pavements have been constructed on old topsoil 
roads. The topsoil therefore became a subbase for the 
pavement or a subgrade with adequate and uniform 
supporting value which overcame the adverse effects 
of the bad subgrade soils lying beneath. 

FIELD SUBGRADE INVESTIGATIONS OF THE BUREAU OF PUBLIC 
ROADS 

Having presented representative data from various 
sources to show the trend of engineering opinion on the 
subject of subgrades, the discussion of the more specific 
subgrade investigations, begun with the California 
study by the Bureau of Public Roads, will be continued. 
The same bureau in April, 1920, began a field inspection 
of road failures produced by poor subgrade conditions 
with the idea of determining the proper design of 
pavement and subgrade. One result of this work has 
been the development of field tests for subgrade soils 
and the suggestion of a method for measuring the 
character of the subgrade. . 

A field test for the moisture equivalent percentage 
was developed which gave, for soils with a moisture 
equivalent percentage greater than 20, identical results 
with the amount of water retained by a soil sample 
in opposition to one thousand times the force of gravity 
by the standard centrifuge method. The test was 
believed to be valuable for determining the degree of 
fineness of the soil grains since soils with fine grains 
would have a larger total surface area than those with 
coarse grains and therefore the fine-grained soils would 
generally show a large moisture equivalent percentage. 

This is not always true because the moisture equivalent 
percentage varies with the character as well as the size 
of the grains and, therefore, whether the grains be 
glazed or rough, solid or porous, will materially affect 
the result. The character of the surface of the grains 
may affect the thickness of the water film on each 
grain; their texture affects their surface area and in 
that way their capacity to retain water, the more 
spongy the grain the greater the surface area. The 
character of the grains affects the moisture equivalent 
values to such an extent that it has never been found 
possible to develop an empirical formula for the 
derivation of the moisture equivalent from the mechani- 
cal analysis of the soil separates such as sand, silt, clay, 
etc. In general, however, the clay content of the soil 
increases with the moisture equivalent percentage. 

The significant test developed in these field investi- 
gations was the lineal shrinkage test. It was con- 
sidered desirable to determine this value because the 
vertical distortion or displacement of the subgrade 
resulting from the shrinking or swelling of the soil is 
a factor which limits the life of a road surface. From 
an investigation of the condition of a number of pave- 
ments coupled with an analysis of their subgrades the 
conclusion was reached that a lineal shrinkage of 5 
per cent, equivalent to a volumetric shrinkage of 14 
per cent, would represent the maximum value for a 
good subgrade soil. Soils with a moisture equivalent 
of 20 per cent or less were found quite generally to 
have a lineal shrinkage of less than 5 per cent and were 
therefore considered as good subgrade soils. Soils 
with a moisture equivalent between 20 and 30 per cent 
were classed as doubtful subgrade material because 
the lineal shrinkage in these cases often exceeded 5 
per cent. When the moisture equivalent exceeded 30 
per cent the lineal shrinkage generally exceeded 5 per 
cent, and these were considered bad subgrade soils. 
These studies were made in the States of Oregon and 
Washington, and the limits referred to may only be 
applicable to the soils of that general region. However 
the significance of the test is not affected by location, 
and its application and use in other sections would 
quickly determine the limits which should be set for 
each region. 

From these investigations a method of making sub- 
grade surveys for roads was developed which is varied 
according to whether the area traversed by the road 
project is covered by a detailed Bureau of Soils survey 
map, a@ reconnaissance Map or is In an unmapped area. 
Where detailed soil maps are available it is only neces- 
sary to establish the location of the changes in soil 
types as shown on the maps with reference to the 
stationing of the road, and representative samples 
of the various soil types on the project may then be 
taken and tested. The results of the lineal shrinkage 
test are used to classify the soils as good or bad. 
In the Pacific Northwest, where the method originated 
a lineal shrinkage of 5 per cent is taken as the limiting 
value for a good subgrade soil; for other sections it 
may be necessary to develop other limits. This is the 
first comprehensive method *” which has been ad- 
vanced for the identification of the character of the 
soil in highway subgrades. It is not original except 
as applied to highway subgrades, having been used for 
many years by the United States Bureau of Soils to 
evaluate the agricultural value of various soil types. 

27 Field methods used in subgrade surveys, PUBLIC ROADS, vol. 6, No. 5, July, 
1925 
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THE CONTRIBUTION OF THE PITTSBURG TEST 

The two great field tests of pavements made at 
Pittsburg, Calif., and on the Bates Road in Illinois 
SaPAiEitell additional but meager information on sub- 
grade soils. The Pittsburg tests were made on a 
quarter-mile elliptical track containing 13 different 
types of cement concrete pavement on which traffic 
began on November 9, 1921; the Bates Road, a 2- 
mile tangent surfaced with 68 kinds of six major types 
of pavement, was subjected to traffic initially on March 
30, 1922. The first test was carried on by the Cali- 
fornia Highway Commission and the Pittsburg Steel 
Co. cooperating with the Bureau of Public ‘Roads. 
The second test was carried on entirely by the Illinois 
Division of Highways. 

The Pittsburg test road ** was built on California 
adobe, a black, sticky gumbo, common to that section 
of the country. As the construction of the subgrade 
was considered one of the principal features of the test, 
the sections of the report pertaining to the subgrade 
are quoted in part as follows: 

“The site of the test highway was a field in which 
the soil was a very obstinate black adobe. The ground 
sloped gently from the south to the north and to avoid 
variations of subgrade condition the entire subgrade 
was on fill. On the south side, excavation was carried 
to 3 feet in side borrow pits and the material placed 
loosely outside and the fill for the entire track was then 
started approximately 3 feet below finished subgrade 
elevation. The bottom soil was first plowed about 8 
inches to produce a bond, and layers of earth approxi- 
mately 9 inches in thickness, loose, were successively 
placed from the borrow across the entire width of 
roadway, and each layer pulverized by using a disk 
harrow followed by straight-tooth harrow, and a John- 
son scarifier. After pulverization was complete, a 
light spray of water was applied over each entire 
layer sufficient to moisten, but not excessively wet 
the soil, and to aid in compacting it into a dense 
homogeneous mass. <A 12-ton, 3-wheel road _ roller 
rolled each layer, and weak spots in the subgrade 
layers that developed were excavated, and _ refilled, 
and rolling continued. The compacted layers were 
approximately 6 inches thick and each was scarified 
with a Johnson scarifier for 2 inches to furnish a com- 
plete bond with the succeeding layer. 

“On this approximately completed subgrade, header 
boards were set true to line and grade and extending 
slightly below the surface. Then the material between 
was scarified to a depth of 6 inches by a Johnson scari- 
fier. The surface was then graded with a Carr sub- 
grade machine to an elevation approximately 1/4 inches 
above subgrade. The surplus earth was temporarily 
placed on the shoulders. Then the subgrade was scari- 
fied to a 4-inch depth and water applied with a very 
light spray and immediately the subgrade was rolled 
from the edges inward. While still moist it was again 
cut with the subgrade machine to the correct elevation. 
Up to the time of laying concrete the subgrade was 
given a light sprinkling daily to prevent cracks forming. 
Where inverted curbs were involved in the design exca- 
vations were made with pick and shovel.’ 

Moisture Pen eees elieved combated by subgrade 
treatment.—The test traffic was begun with the side 
ditches dry. At the end of the first month (December 
21, 1921) the ditches were filled with water to the bottom 
of the pavements. The report continues: 

2 Report of highway research at Pittsburg Calif., 1921-22, California State Print- 
ing Office, Sacramento, 1923. 

“This water level was maintained in the ditches until 
the traffic was discontinued January 30, 1922. How- 
ever, the water was not drained away until the middle 
of March, 1922. It was anticipated that with the 
ditches full of water the grade would soon become satu- 
rated and the destruction of the pavement accelerated. 
The rains were also expected to contribute very mate- 
rially to this result. This opinion seemed to be shared 
by visiting engineers who had experience with adobe 
under such conditions. The result did not meet the 
expectations. Only a very small amount of additional 
moisture was taken up by the grade. The moisture 
determinations of the Sane: indicated that beyond a 
lateral distance of 2 feet from the water the absorption 
was very small. This resistance of the grade to mois- 
ture penetration can be attributed to the manner in 
which it was built.” 

The foreword of the report points out: 
“The satisfactory results obtained by the construc- 

tion of the adobe subgrade in successive thin, rolled 
layers, lightly sprinkled, seems to warrant (especially 
on adobe soil) the additional refinement of this funda- 
mental process, which has been somewhat neglected in 
recent years. Examination of the final distribution of 
moisture in the Pittsburg subsoil shows a surprising 
absence of penetration from the flooded ditches and 
further studies should determine if such impenetra- 
bility is permanent. Therefore this important indi- 
cated result of the test should be immediately verified 
by trials and study in actual construction under equally 
(or even more) unfavorable conditions.” 

In describing the moisture contents of the soil the 
report states: 

“‘Samples of the soil were taken at intervals from the 
shoulders each side of the pavement and from holes 
that had been left in the pavement when constructed. 
Samples were taken of the top layer of soil and also at 
depths of 1, 2, 3, and 4 feet. ‘These samples were 
removed from the subgrade by a 2-inch earth auger 
and immediately were placed in air-tight cans and 
shipped to the laboratory for moisture content deter- 
minations. * * The variation of the moisture 
content of the subgrade during the period from Decem- 
ber, 1921, to September, 1922, did not exceed 15 per 
cent.”’ 

Discussion of findings.—<'The method of constructing 
the subgrade on adobe soil, as described, so reduced the 
objectionable features of this material that a reliable 
foundation for the pavements resulted.’’ This was the 
first of the seven conclusions of the report. If further 
investigation proves the adequacy and economy of this 
method of constructing the subgrade, it should be 
possible to give it a wide range of usefulness in the 
adobe areas of the Western States. Its cost and the 
construction difficulties seem to weigh heavily against 
it. In California especially, longitudinal cracks at the 
third point are characteristic of pavements laid on 
adobe subgrades. These are caused by the adobe 
drying out and shrinking under the edges of the 
pavement. The cantilevered slab then breaks off 
under the traffic. The adobe shoulders on the Pitts- 
burg test pavement were very wide and one foot and 
more above the top of the pavement in many places. 
Itis possible that this soil layer dried out at the surface 
but, acting as a blanket, prevented the subgrade 
under the edge of the pavement from drying out 
and shrinking. If this observation has any merit it 
would discount to a large extent the conclusion that the 
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method of pene the subgrade prevented volume 
changes in the adobe soil. However, as the report 
states, the method has potent possibilities which seem 
to warrant a further and more intensive study of this 
particular feature. 

BATES ROAD TEST IN ILLINOIS 

In discussion of the Bates Road tests it seems best to 
quote from the report of Clifford Older,?® under whose 
direction the test was carried on. 

Subgrade believed to be of uniform character.—The 
uniformity of the soil on the project was described as 
follows: ‘Inasmuch as the soil throughout a large part 
of the State exhibits fairly uniform physical character- 
istics and considering the fact that the relative be- 
havior of the various sections could not be judged if 
the nature of the foundation varied materially, a site 
was selected where subgrade conditions would be as 
nearly uniform as possible. Practically all unprej- 
udiced observers agree that the Bates Road site ful- 
filled these conditions as ideally as could be expected 
on a length of road of two miles or more. No visible 
variation in the character of the soil could be detected; 
on the other hand, no positive method of establishing 
beyond question the lack of variation in subgrade soil 
could be found.” 

“Under each edge of a 200-foot section of the Bates 
Road was laid a tile drain 24 inches below the sub- 
grade, the trench back-filled with cinders, and a free 
outlet provided for the tile. Moisture samples were 
taken from the underlying soil at various points 
throughout this 200-foot section, and likewise from the 
adjacent undrained slabs. During a ‘period of three 
years, no measurable difference in the moisture content 
of the subgrade at these points has been observed. 
At another place, on the ‘Chatham Road,’ where clay 
of a different character is found, tile drains were laid 
42 inches under each edge of the pavement for a dis- 
tance of 1,000 feet, the trenches were back-filled with 
cinders, and similar extended observations were 
made, with results as shown on Figure 4. No attempt 
is made to explain why the soil underneath the section 
provided with tile drains has throughout the entire 
period contained more moisture than that under the 
adjacent pavement. Judging from these two examples 
in which tile drains were of absolutely no apparent 
value, it is questionable whether such attempts to 
control moisture are of any merit whatever in clay 
soils.’ 

Subsequent moisture content of subgrade affected by 
amount of wetting during construction.—‘‘It was found 
that both the brown silt-loam of the Bates Road sub- 
grade and the yellow clay of the ‘ Chatham Road,’ when 
they have a moisture content which may be considered 
normal for the summer months, resist further satura- 
tion to a marked degree. Attempts to saturate the soil 
underneath the Bates Road failed. Water standing at 
subgrade elevation for six weeks during the summer 
months did not cause a perceptible rise in the moisture 
content of the subgrade soil at a sampling station 30 
inches distant. Tests now under way on 30 samples 
of clay soils, gathered from different points throughout 
the State, indicate that this phenomenom in slightly 
varying degrees probably is common to all. 

2 Highway research in Illinois, Transactions of the American Society of Civil 
Engineers, vol. 87, 1924, pp. 1181-1224. 
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“Another series of experiments indicate that if the 
moisture content of any of these clay soils is reduced to 
a point where the soil is dry enough to crumble readily, 
absorption takes place rapidly, to the point of satura- 
tion. 

“These two properties of clay soils may have a 
marked effect on the supporting power of the subgrade 
under a freshly laid pavement slab; for example, the 
sections of the Bates Road built in the fall of 1920 were 
laid on a sun-dried subgrade, as a rainless period and 
hot weather had preceded the construction of the 
pavement. In October, 1920, the first moisture samples 
were taken from the underlying soil just after a three- 
day period of rain. At that time the subgrade was 
found to be as nearly saturated as it ever became. On 
the other hand, sections 64 to 68, inclusive, were laid 
in the fall of 1922, when the subgrade soil contained 
about 25 per cent moisture. The moisture content of 
the soil under these slabs remained practically con- 
stant throughout the winter months of 1922-23 and, 
although the spring and summer rains were heavy, it 
continued throughout the summer of 1923 materially 
below that of the remainder of the road. From this, it 
may be inferred that for perhaps a period of a year or 
more after the pavement is laid, the bearing power of a 
clay subgrade soil may be affected materially by its 
moisture content at the time of construction.” 
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Fic. 4.—No explanation is available to show why the moisture contents of the 

subgrade on the tiled section were greater than those on the untiled section 

In another section of the report the following state- 
ment is made: 
“Many clay soils when dry, readily take up sufficient 

moisture to cause a high degree of saturation, but 
absorb water slowly when moist; hence, subgrades of 
dry clay should be moistened to a considerable depth 
by sprinkling before a pavement is laid. If the con- 
struction is on a dry clay soil, excessive saturation and 
minimum bearing values may occur before the con- 
crete has attained normal strength.”’ 

Elastic properties of subgrade soul.—In order to test 
the elastic reaction of a subgrade under repeated de- 
formations, a special apparatus was devised. As a 
result of the tests made with this device the following 
comment was made: ‘ The results of these tests are not 
sufficiently complete to justify definite conclusions. 
Present indications, however, point to the probability 
that none of the clay soils exhibits sufficiently uniform 
elastic properties to justify an assumption of elastic 
subgrade supporting power for use in a design formula. 
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It is certain that, for purposes of pavement design, it 
is not safe to place reliance on a bearing-power test 
involving only a single application of load.” 

Discussion of findings —The soil investigations of the 
Bates Road were valuable in that they further empha- 
sized the truth of similar observations which had pre- 
viously been made. That tile drains are not effective 
in a clay soil and that the bearing power of a subgrade 
soil may be affected materially by its moisture content 
during the time of construction were well-known 
phenomena prior to these tests. On the contrary the 
tendency of a wetted subgrade to resist further satura- 
tion, while a subgrade originally dry will later absorb 
moisture in excess of that present in the wet subgrade 
which resists further saturation is a feature which 
seems to have been given little, if any, previous atten- 
tion. The practice of wetting subgrades before the 
pavement is laid has always been emphasized, although 
the serious consequences of a greater saturation which 
might result if the subgrade was not wetted, has never 
been particularly stressed. This is a procedure which 
should receive attention. Added to this is the proba- 
bility that a dry subgrade will absorb moisture from a 
freshly laid concrete pavement and, becoming satu- 
rated, may distort and cause hair cracking of the pave- 
ment before the final set has occurred. Another novel 
section of the report on the subgrades was the investi- 
gation of the elastic reaction of the soil under repeated 
loads. Of course this elasticity applies to clay rather 
than to sandy soils, but the possibility of a lag in return- 
ing to original position after deformation certainly 
indicates further the uncertainty of clay foundations 
for subgrades. 

RESEMBLANCE BETWEEN THE PITTSBURG AND BATES ROAD 
SUBGRADE FINDINGS 

The heavy adobe soil under the Pittsburg test road 
with the predominating moisture equivalent percent- 
ages varying from 40 to 50 was believed to have been 
made more impervious to water by unique methods 
used in constructing the pavement. The construction 
was accomplished by excavating and backfilling the 
subgrade in layers and rolling and sprinkling the succes- 
sive layers. This appeared to retard the rate at which 
the soil later absorbed water. Whether the subgrade 
would permanently take up less water because of the 
treatment was believed to be a subject for further study. 

The brown silt-loam of the Bates test road with a 
moisture equivalent percentage of approximately 30 
was found when wetted during construction with a 
percentage of water normal to the summer months, 
to resist further saturation to a marked degree. It was 
believed that this added resistance might extend over 
a period of one or two years and thus be of value in 
providing a more substantial subgrade to the pavement 
during the time when it was developing a permanent 
set. On the contrary the pavement laid upon the dry 
subgrade, absorbed water rapidly later in the season to 
the point of saturation. This maximum water content 
exceeded that of the soil originally wetted with an 
amount of water normal to the summer months. 

The Bates and Pittsburg findings were similar in that 
the subgrades wetted prior to construction seemed to 
resist further saturation. This might have been due to 
the pudding of the soils and a resulting rearrangement 
of the soil clusters or grains so as to produce a oreater 
density, thereby making the soil more impervious to 

water. Or the seams resulting from the cracking of the 
adobe soils when shrinking might have been eliminated 
when the soil was rearranged. This would do away 
with the seams as water-bearing channels to accelerate 
the saturation of the soil. It may be that the Pittsburg 
test method of rolling and sprinkling the subgrade in 
layers further accomplished the rearrangement of the 
soil grains and clusters by physical or mechanical 
processes. A similar cause may have produced the 
results noted in the Bates Road test but there is nothing 
to indicate this in the reports. The important point 
to bring out, however, is the possibility that the char- 
acteristics of a subgrade soil may be improved by 
physical or mechanical processes. As to this possi- 
bility there is further evidence in the experience of 
former city engineer, Burwell Bantz, of Chehalis, Wash. 
Mr. Bantz states that he found that sidewalks laid on 
heavy clay soils cracked badly. To overcome this he 
excavated the top layer of the clay subgrade, back- 
filled, and tamped it into place and sprinkled. The 
cracking of the sidewalks was found to be materially 
reduced. 

SOIL BEHAVIOR IN PRESENCE OF MOISTURE FALTERED BY 
CHEMICAL PROCESSES 

That the behavior of a soil in the presence of moisture 
may also be altered by natural chemical processes is 
indicated by the following quotations: 

“The physical condition of the soil and particularly 
its permeability to water is largely influenced by the 
character of the bases that are combined with the soil. 
When the alkaline bases, sodium and postassium, pre- 
dominate the soil is deflocculated and impermeable. 
When the earthy bases, calcium and magnesium, are 
in excess the soil is flocculated and permeable. 

‘“When saline soils are leached to reduce the con- 
centration of the soil solution it is often found that 
they become impermeable to water. This condition 
is due to the effect of the alkaline bases combined with 
the soil which causes deflocculation to take place when 
the salts of the strong acids, sulphate and chlorin, are 
removed from the solution.” *° 

And “according to experiments of Gedroiz, the en- 
hanced swelling of the soil and dispersion of the 
colloidal material take place after the excess of soluble 
salts is removed, the presence of considerable quantities 
of the sodium salts tending to keep the colloidal mate- 
rial in a flocculated condition.” *! 

It seems apparent, therefore, that bad subgrade 
soils may be transformed into good subgrade soils by 
natural physical or chemical phenomena. These 
natural phenomena which produce a permanent trans- 
formation of the soil occur over long periods of time. 
The Bates and Pittsburg test results indicate that a 
temporary improvement in the subgrade soils may 
have been accomplished rapidly by artificial means. 
The improvement of the character of bad subgrades 
by accelerated artificial chemical processes provides a 
fertile field for further investigation. If the active 
elements in a heavy clay could be rendered inert by an 
inexpensive chemical means it would revolutionize 
our present methods of pavement design. 

% The movement of water in irrigated soils, by Carl S. Scofield, Journal of Agri- 
cultural Research, vol. 27, No. 9, Mar. 1, 1924. 

31 Recent investigations of soil colloids, by Philip L. Gile. Proceedings of the 
American Society of Civil Engineers, vol. 51, No. 5, May, 1925 
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BUREAU OF PUBLIC ROADS LABORATORY EXPERIMENTS AT THE 
ARLINGTON EXPERIMENTAL FARM 

Coincident with this work done by other agencies 
the Bureau of Public Roads has been making investi- 
gations at the Arlington (Va.) Experimental Farm to 
determine the behavior of subgrade soils when acted 
upon by an external force and also to ascertain the 
characteristics of soil which determine the degree to 
which it will be affected by an external force or climatic 
conditions. 

The most important of the investigations of the 
behavior of soils when acted on by external forces are 
described briefly in a recent paper published in the 
Transactions of the American Society of Civil Engi- 
neers.» ‘This paper is quoted as follows: 

“Influence of the bearing value of the subgrade.—The 
intensity of pressure on a road subgrade is governed 
by a number of factors. The wheel load is carried 
directly by the wearing surface which, in turn, trans- 
mits the pressure to the underlying subgrade. If the 
wearing surface is of a rigid type, as concrete, capable 
of resisting bending, the subgrade pressures are dis- 
tributed over a comparatively broad area adjacent to 
the wheel, and the highest intensity of pressure is com- 
paratively low. On the other hand, if the surfacing 
material is of a flexible type, incapable of resisting 
bending, the area of distribution of subgrade pressures 
will be quite restricted and the intensity of pressure 
under the wheel will be high. These statements are 
illustrated by curves of pressure distribution obtained 
under concrete and with broken-stone surfaces of equal 
thickness, both subjected to a concentrated load. 
(fig. 5.) The pressures were measured by soil pressure 
cells, described elsewhere.** 

“The degree of yielding of the soil also affects the 
pressure distribution. Thus, a solid rock subgrade 
would have high and restricted pressures under the 
wheel load, whereas a soft soil would have low pressure 
intensities, well spread out, provided, of course, the 
overlying slab was of such a nature as to resist bending. 
The flexibility of the slab likewise controls the pressure 
intensity and distribution. Rigid slabs, such as con- 
crete, can deflect little before a crack is produced; other 
types of pavements of less rigid character can be de- 
formed more, without the accompanying incipient 
failure. The subgrade material, therefore, has to de- 
velop its resistance to the overlying load within sate 
limits of deformation of the pavement. It is quite 
important that the bearing value be obtained corre- 
sponding to a known amount of deformation of the sub- 
grade. This amount will be less with rigid slabs than 
with nonrigid slabs.”’ 

The most important implication made by these data 
is the necessity for experimental studies to determine 
the bearing power of the various types of soils from 
gravel, through sand and silt to clay. These tests 
could possibly be made by gradually applied repeated 
loads (not involving impact) through concrete slabs to 
the various soil types each with degrees of moisture 
varying from the hygroscopic coefficient through the 
moisture equivalent percentage, to complete saturation. 
The critical load in the soil type would be determined 
when the soil fails to resume its original position (within 

32 Researches on the structural design of highways by the United States Bureau 
of Public Roads, by A. T. Goldbeck. ‘Transactions of the American Society of Civil 
Engineers, vol. 88. p. 264 (1925). : 

33 The distribution of pressure through earth fills, by A. T. Goldbeck, Proc. A. S. 
Tee. 1917. 

PRESSURE IN POUNDS PER SQUARE INCH 

reasonable limits) after deformation, while with further 
repetitions of the same load the deformation increases 
and the soil pushes out from under the slab and exem- 
plifies the action of an unstable subgrade. By correlat- 
ing the force of impact and statically applied loads it 
might be possible to determine a constant which might 
be used as a multiple of the observed critical load 
determined statically and the result would represent 
the limiting safe pressure which could be sustained by 
any soil type cade the varying moisture conditions. 
Then by establishing the limiting value for the moisture 
content which should be permitted in a subgrade it 
should be possible to epheh the greatest allowable 
pressure for any soil type as classified by the United 
States Bureau of Soils. Using a high factor of safety 
probably from 4 to 10 because of the variable character 
of soils, it might then be possible to arrive at the proper 
thickness of pavement of the various classes of broken 
stone, bituminous concrete and cement concrete, that 
it would be necessary to use in order to distribute the 
load over a large enough area to maintain the allowable 
pressure in pounds per square inch within the observed 
allowable pressure determined for the particular soil 
type after being divided by a high factor of safety. 

SLABS 8 INCHES THICK 

AND 8 FEET SQUARE 

LOAD 4000 POUNDS 

SUBGRADE WET CLAY 

HeseNems 
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. 5.—Pressure distribution to the foundation through 

concrete slabs 
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“Influence of bearing area on bearing value of soils.— 
Another consideration in determining the pearing value 
of subgrades is that due to the different area of support 
offered by the subgrade, depending on the rigidity 
of the road slab. The bearing value of a soil, for a 
given penetration of the bearing area, depends on the 
magnitude of that area. It was with these consider- 
ations in mind that a series of tests was conducted to 
determine the influence of the size of areas on the 
bearing value of soils for definite penetrations of those 
bearing areas into the soil. These investigations were 
conducted, using bearing blocks of from several square 
inches up to 9 square feet in area, and with different 
types of subgrade materials, such as plastic clay and 
sand. Although there is some variation in the law 
for the different kinds of materials, the accompanying 
curve (fig. 6) is, in general, indicative of results 
obtained. It will be noted that when small bearing 
areas are used, the intensity of pressure required to 
roduce a penetration of 0.1 inch far exceeds that for 
lenin blocks. This is readily explained by the 
fact that when the large bearing areas are used a 
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greater thickness of the soil is compressed, which 
contributes more toward the movement of the block 
than in the case of the small bearing area. It may 
not always be possible to make bearing value deter- 
minations by the use of large-size blocks. If smaller 
bearing blocks are used, it will be necessary to obtain 
the bearing value of the soil at a much less penetration, 
in order to obtain values corresponding to a definite 
penetration of the large bearing block. The relation 
between the depths of penetration of different sized 
bearing blocks for like intensities of pressure has been 
established by a series of tests using various bearing 
areas.”’*4 In Figure 7 is shown the results of this in- 
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Fic. 6.—Relation of the unit load to the area of the soil bearing for a penetration 

of 0.1 of an inch 

vestigation, giving the relative penetrations of the 
areas under equal intensities of load. The experi- 
mental results for a constant unit load equal to that 
which causes a penetration of 0.1 inch over the area 
of 9 square feet seem to be quite accurately expressed 
by the relation: 

Area (square feet) =900 x [penetration (inches) ] ? 
From this equation, it follows that: 

Penetration (qa) a 
Penetration (A) A 

in which, a and A are the areas of the respective bear- 
ing blocks. Other experimenters have confirmed 
this relation. 

In regard to these bearing value tests, some very 
pertinent observations may be made. If to produce 
a penetration of 0.1 of an inch with a bearing block 
3 square feet in area it took a load of 800 pounds per 
square foot and with a bearing block of 2 square feet 
area 900 pounds were necessary, it would seem that the 
practice of reducing the size of the slabs in concrete 
pavements by transverse and longitudinal joints would 
reduce the stress in the subgrade. However, it is 
not believed that this is the case because the greatest 
stress in a pavement occurs at the corner of the slab 
and the amount of this stress would not seem to be 
diminished by reducing the size of the slab. It must 
also be remembered that these tests apply to a 

** Research on the structural design of highways by the U. 8. Bureau of Public 
Roads, by A. T. Goldbeck, Trans. Amer. Soc. Civ. Eng., vol. 88, p. 274 (1925). 

35 See article in Le Genie Civil, May 26, 1923, by Bijls, of Belgium. 

uniformly distributed load over the area and not a 
concentrated load or a blow delivered by impact. 
Further, that the limit of the comparative “iofomestens 
in each case for the several loads was 0.1 of an inch. 
The tests also were confined to observations made to 
determine the relative penetrations caused by the 
same unit of load. The relative loads necessary to 
produce a common penetration were not studied. 
Mr. Goldbeck points out that it is possible that this 
relationship might change with progressively increasing 
deformations of the subgrade beyond the so-called 
elastic limit and specifically limits the results to the 
elastic limit of the soil and logically this limit would 
seem to be the extreme condition in the design of a 
subgrade. The facts brought out by this investigation 
apply especially to the design of footings for bridges. 
The investigation indicated that the current practice 
of assuming equal deformations of the foundation 
soil with equal intensity of pressure regardless of the 
total area of the footing is erroneous. On the other 
hand, in order to obtain an equal settlement of the 
footings, a method should be used which would vary 
the allowable pressure with the area of the foundations. 

IMPROVEMENT OF SUBGRADES BY ADMIXTURES 

To the question as to whether it is possible to con- 
vert a plastic type of subgrade into a more desirable 
nonplastic type through some system of curative treat- 
ment, the Bureau of Public Roads answers by giving 
the results of experiments made in its laboratory. 
Figures 8 and 9 show these results; and it is evident 
from Figure 8 that additions of 5 per cent of lime and 
Portland cement decrease the volumetric change due to 
variations in moisture content and increase the bear- 
ing power up to the limit of the capillary moisture ca- 
pacity of the soil. The use of both lime and Portland 
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Fic. 7.—Relation of the penetration of the soil to the bearing area of the slab for 

equal unit loads 

cement is very expensive, and to determine the possi- 
bility of reducing the volume change of bad subgrades 
with a cheaper admixture, comparative tests were made 
on medium sand and Portland cement, the results of 
which are shown in Figure 9. It appears from these 
results that medium sand is more effective than Port- 
land cement in reducing the volume change in bad 
subgrades. The difficulty, from a practical standpoint, 
of breaking up the clumps in a clay subgrade ae uni- 
formly mixing the sand or other admixture raises a 
serious objection to this method of treatment. It 
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would seem therefore that a cheaper method would 
consist in laying a subbase of sand or gravel or broken 
stone over the bad subgrades. 

Another series of experiments, also by the Bureau of 
Public Roads, at Arlington has involved the testing of 
concrete slabs laid on specially prepared subgrades un- 
der the simulated impact of a motor truck wheel. Of 
the six slabs, exactly alike in dimensions and mix, four 
were laid on subgrades treated with admixtures of Port- 
land cement. Table 2 gives the results of the tests. 
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Fic. 8.—Effect of admixtures on the capillary moisture, volumetric change, and 
bearing value of a subgrade soil 
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TaBLE 2.—The resistance to impact of six similar slabs of concrete 
pavement laid on similar subgrade soils treated in various ways 

| Height | Resist- 
Slab Seren of drop | ance of 
No. mixture of Portland cement | of cae slabiat 

truc failure 
wheel 

Inches Pounds 
LE UN OG easter eee et oe ee te Soe see eed nese atocs 1, 34 12, 660 
POmIRN OLION eres ae eee eae oe oe pe ie A So een 1. 09 11, 330 
3 | 1 part Portland cement to 14 parts soil___..-..---------- .91 20, 650 
4 | 1 part Portland cement to 14 parts soil__.___-.---------- . 92 19, 060 
5 | 1 part Portland cement to 28 parts soil__._..-.-.-------- 1. 04 18, 250 
6 | 1 part Portland cement to 28 parts soil. ....---..---.---- 1. 06 18, 000 

The weight used was equivalent to the load on the 
rear wheel of a 5-ton truck. The sprung weight was 
6,000 pounds and the unsprung 1,980 pounds. 

Slabs 1 and 2 were laid on the untreated natural 
subgrade prepared by excavating to a depth of 1 foot, 
backfilling in thin layers and tamping. The subgrades 
under slabs 3, 4, 5, and 6 were dug up in the same way 
and backfilled after being mixed ith the desired pro- 
portions of Portland cement. The subgrades under 
slabs 4 and 6 differ from those under slabs 3 and 5 in 
that the former were excavated again, reshaped and 
retamped just prior to the placing of the concrete in 
order to provide conditions similar to those obtaining 
in actual construction. 

The report of the investigation concludes: 
“1, That the admixture of Portland cement with a 

subgrade soil of low supporting value will result in an 
improved supporting value. 

“9. That relatively greater benefit results from the 
first few per cent of cement added than from subsequent 
equal amounts. 

“3. That cutting up of this prepared subgrade after 
it has set up does not materially damage it. 

“4, Examination of some of this material which had 
been in place for two years indicates that its physical 
character is permanently changed. It seems to lose all 
plasticity and become very firm and granular, even in 
the presence of excessive amounts of water.”’ 

THE PROPER DEPTH OF SUBBASES 

The proper depth of subbases under known con- 
ditions of subsoil, climate, traffic, and type of pave- 
ment is yet to be determined. In a general way 
tests made by the Bureau of Public Roads indicate 
that the intensity of pressure on a soft subgrade 
caused by concentrated loads on the surface decreases 
as the depth of the surfacing (including the subbase) 
increases. At this point it may be ai to bring out 
the necessity for detailed tests on sand, crushed rock, 
or gravel of various sizes and grading used as a sub- 
base under concrete and bituminous pavements to 
determine the intensity of pressure transmitted to the 
subgrade by a concentrated load at the surface of the 
pavement. The study would involve various depths 
of Peden and subbase and would necessarily be 
made on the various soil types such as sand, silt, and 
clay because the intensity of pressure at the subgrade 
with the same applied load at the surface of the pave- 
ment might vary with the elasticity of the soil. The 
loads would be gradually applied without any impact 
and later a constant might be determined which, 
multiplied by the static load, would make allowance 
for impact. This test in conjunction with similar 
tests previously mentioned to determine the maximum 
allowable pressures for various types of subgrade soil, 
should provide information which would do much to 
clear up the uncertainty which at present surrounds 
the subject of pavement design and throw light on the 

PERCENTAGE, ADULTERANT PRESENT IN SOIL 

PERCENTAGE LINEAL SHRINKAGE OF SOIL 
Fic. 9.—Effect of various admixtures upon he shrinkage of a sample of cove clay 

subsoi 

proper dimensions of subbase and surfacing to use 
under known climatic, subgrade, and traffic conditions. 

As to the characteristics of the subgrade** which 
indicates a need for the construction of a subbase, the 
study of the Columbia Pike experimental road con- 
structed near Arlington, Va., by the Bureau of Public 
Roads, has led to the conclusion that ‘‘subgrades that 
show as much as 10 per cent volume change, by labo- 
ratory test on an entire sample including coarse mate- 

36 Reinforcing and the subgrade as factors in the design of concrete pavements, by 
J. T. Pauls, PUBLIC RoAps, vol. 5, No. 8, October, 1924. 
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rial should be covered with a layer of coarse granular 
material, and a pavement laid on a subgrade of this 
character should have a longitudinal joint at the 
center.” The results of the laboratory tests for 
volume change in this case were corrected to represent 
the volume change which would have occurred with 
coarse material present and the sample wetted to 
capillary saturation. The limits determined in the 
Pacific Northwest *’ of 14 per cent volumetric shrink- 
age and 5 per cent lineal shrinkage were established 
without coarse material and at a moisture content 
equal to the moisture ‘equivalent percentage. As 
nearly as can be estimated the upper limit of 10 per 
cent volumetric shrinkage with coarse material in- 
cluded corresponds to a volumetric shrinkage of from 
17.4 to 26.3 per cent as found in the Pacific Northwest. 
Using the lower figure in order to be conservative, the 
comparison of the data from the two investigations 
follows: ns 

| Limiting | Limiting 
shrinkage | shrinkage 
determined|determined 

| in Colum-| inthe 
| bia Pike Pacific 
experiments} Northwest 

Per cent Per cent 
Volumetric-_- ee ee 17.4 14 
Lineal «ost oe ee ee ee ees ee 6.3 | 5 

RIO VISTA, CALIF., TESTS ON SUBGRADE ADMIXTURES 

In connection with field tests made by incorporating 
admixtures in the subgrade soil to reduce the volu- 
metric change with variations in moisture content, 
probably the most recent record of results is that made 
by C. L. McKesson, materials and research engineer 
of the California Highway Commission, who has given 
a great deal of study to the subject of subgrades. 
Mr. McKesson was in charge of the field subgrade soil 
tests made by the Bureau of Public Roads in the 
Pacific Northwest. Excerpts from a memorandum of 
his made on October 18, 1924, and a large portion of 
which has never been published before are given here.*8 

“In November, 1921, experimental subgrade treat- 
ment was begun on the Rio Vista lateral between 
Denverton and Rio Vista. 

“ The treatment consisted of loosening and pulverizing 
the soil to a depth of 6 and 12 inches, after which 
various adulterants were mixed with the pulverized 
soil. 

“Eleven 500-foot sections and one 380-foot section 
were treated as follows: 

‘Section 1. Station 177+50 
cement mixture, 12-inch depth. 

“Section 2. Station 182+50 
cement mixture, 12-inch depth. 

“Section 3. Station 194400 
cement mixture, 6-inch depth. 

“Section 4. Station 212+00 
cement mixture, 6-inch depth. 

“Section 5. Station 217+00 
hydrated lime, 12-inch depth. 

“Section a. Station 248+ 50 
cement mixture, 6-inch depth. 

“Section b. Station 253+50 
cement mixture, 6-inch depth. 

to 182+50, 1 to 10, 

to 187+50, 1 to 

to 199+00, 1 to 
) 

to. 217+00, 1 to 20, 

to 222+00, 1 to 20, 

to 253+50, 1 to 

to 258+50, 1 to 20, 

*’ Practical tests for subgrade soils, by A. C. Rose, Pusiic ROAps, vol. 5, No. 6, 
August, 1924, 

; 38 See also Fourth Biennial Report of the California Highway Commission, Nov. 
OOS ny OTT 
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“Section c. Station 258+50 to 
cement mixture, 12-inch depth. 

“Section d. Station 263+50 to 
cement mixture, 12-inch depth. 

“Section 6. Station 268+00 to 
limestone dust, 12-inch depth. 

“Section 7. Station 273+00 to 278+00, no foreign 
substance. 

“Section 8. Station 278+00 to 283400, 60 per 
cent asphaltic oil, 12-inch depth. 

“A detailed description of methods used in prepara- 
tion of the various sections is to be found in the biennial 
report of the highway commission 1921-22, pages 
Ol:t0.64 Reese en 

“The subsoil on sections a, b, c, and d was treated 
in November, 1921, and the remainder in the summer 
of 1922. Pavement was constructed in the summer 
of 1922. 

“The subsoil under the various sections is adobe 
and silty clay soil. There is no record in the laboratory 
of any analyses of the soil having been made or of 
any laboratory experimental work in connection with 
this test. In the description of the work it is stated 
that ‘it was necessary to select segregated sections as 
there was no stretch of road which would permit of 
continuous section.’ It is reasonable to assume, there- 
fore, that an effort was made to select sections where 
subsoil conditions were as nearly identical as it was 
possible to secure. There is, however, a considerable 
variation in the quality of the subsoil on the various 
sections chosen. * * * 

“A 4-inch gravel sub-base was placed on all heavy 
soil subgrade on the project except on the experimental 
sections and it is therefore possible to compare this 
more or less standard method of subgrade treatment 
with the various admixture treatments. 

“The attached prints (fig. 10) show the condition 
of the pavement, station 240 to 285, on April 2, 1924, - 
and station 172-++50 to 227+ 00, on September 15, 1924. 

“The relative efficiency of the various methods of 
treatment based on the present condition of the pave- 
ment is as follows: 

“Four-inch gravel subbase on untreated subsoil is 
found to be very efficient. All sections in good con- 
dition. No longitudinal cracks and transverse cracks 
are 40 to 100 feet apart. 

“Sia-anch Portland cement (secs. a, b, 3, and 4).— 
Where subsoil is similar there is little or no difference 
apparent between sections having 1:10 and 1:20 ad- 
mixtures. Failures consist of transverse cracks aver- 
aging 40 feet apart. 

“ Twelve-inch asphaltic oil (5 gallons per square yard, 
sec. 8).—This section has transverse cracks averaging 
25 feet apart. There is little difference in condition 
between this section and the 12-inch Portland cement 
sections. 

“ Twelve-inch hydrated lime (sec. 5).—This section 
has transverse cracks 10 to 60 feet apart and several 
short irregular longitudinal cracks. Some surface 
checking was also noted. 

“ Twelve-inch Portland cement sections.—Sections 1 
and ¢ with 1:10 admixture are in slightly better con- 
dition than sections 2 and d having 1:20 admixture. 
Transverse cracks on average about 25 feet on sections 
2 and d. Sections 1 and 2 have a number of longitu- 
dinal cracks. The average condition of these sections 
is slightly better than the plain, untreated section 7 
but not enough to justify any expenditure. 

263+50, 1 to 10, 

267+50, 1 to 20, 

973 4-00 de Hound, 
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“Plain 12-.nch.—This section was plowed up and 
soil pulverized as for admixture treatments. It was 
then rerolled without the addition of any adulterant. 
Pavement on this section is in a little worse condition 
than on 12-inch 1:20 cement section but the soil is 
apparently heavier than an any other section of the 
experimental work. A comparison of this section with 
gravel subbase sections shows clearly the benefit to be 
obtained from the use of a gravel subbase. 

“ Twelve-inch limestone dust (sec. 6).—This section is 
in the worst condition of all. The pavement is broken 
up into narrow strips by the many transverse cracks 
and in some places short longitudinal cracks are nu- 
merous. Had it not been for transverse reinforcement 
this section would probably be a total failure. 
“When this experimental work was started in 1921, 

Mr. A. C. Rose, who had for 18 months previously been 
making soil studies in the United States Bureau of 
Public Roads district 1 under my immediate super- 
vision, called to my attention the press reports on 
Solano-53-B. At my suggestion he immediately 
started a series of tests to determine the probable effect 
of the proposed adulterants upon what we believed to 
be the two most important characteristics of a soil, 
namely, shrinkage and moisture retaining capacity as 
indicated by its moisture equivalent. In addition to 
the use of lime, cement and limestone as adulterants, 
we included specimens adulterated with fine, medium, 
and coarse sand believing that these adulterants would 
be found equally efficient. The soil selected for the 
experiment was Cove clay which corresponds very 
closely with the soil on Sol.53-B. It contained 44.9 
per cent clay and 40.6 per cent silt against 41.6 per 
cent clay and 37.2 per cent silt in a typical sample from 
the Solano project. 

_ “The results of the tests made by Mr. Rose are 
shown in Table 3. 

TaBLE 3.—Showing effect of adulterants on shrinkage of Cove clay 
subsoil 

| Moisture Lineal | Volumet- 
| equiva- | shrink- ric 

Kind of mixture lent; age; shrinkage 
average | average (com- 

| of 2runs | of 2runs| puted) 

| Per cent | Per cent | Per cent 
MC OLUANIO COMMON bi bO!2 SOU 22 e-co., a2 e cess ee oe 31.4 3.90 12.8 
MEOH RNC COON COO SOUS. sas sos ese 53-22 222.5 | 36. 7 | 5. 40 15, 2 
HmorianG comon titOi0 SOUlt ac secs. ee le ee 42. 4 120) 20. 2 
MBP oriiand camer, CO;20 SOU ses. ee = ee 43.3 | 9. 84 26.8 
HPVCTAbedaiine tO 20 SOULS =. tes liek ee ee | 47.3 | 11.10 29.8 
ipulverizedilimestone to 20:soil... -. 22 .-22--- 2.224 41.4 | 13. 82 36. 0 
Herne sandubo. USO 252. See Le ree 20. 1 | 1. 64 5.0 
HPmeditiTd Sand O12, SOL sees ee 2s ee Py 2.73 8.0 
Ieee SANG: bOrD SOllse seen ee ae she ene | 35. 4 5. 30 15.0 
meMecitin Sand ton O\sOll Ja eee = ks. eed oe | 38. 1 | 9.08 24.9 
PMITFOCA CIN SATIC. UO. QO. SOU se = eee oe oe ete | 39.4 | 11.10 29.9 
HEORT SO SAG’ CO 2 SOU age. one wee eee 2 SE oe 25.9 | 5. 20 15.0 
Mmnceanctn 7.soiteeale ea Be ses 1s. (aes Bia ae 20. 5 
JO ee eee INTE SIE ee Seem | 40.5) 13.46 35. 2 

1 Medium sand: Passing 10 mesh and retained on 20 mesh, 33 per cent; passing 20 
mesh and retained on 40 mesh, 67 per cent. ’ 

2 Coarse sand: Passing 14 inch and retained on 10 mesh, 33 per cent; passing 20 
mesh and retained on 40 mesh, 67 per cent. 

3 Fine sand: Passing 40 mesh and retained on 200 mesh, 100 per cent. 

“The results were summed up as follows: 
“1. Portland cement and ordinary sand of medium 

coarseness were found to be equally effective in lower- 
ing the moisture equivalent and shrinkage factors of 
asoil. A 1 to 10 or 1 to 20 mixture of either cement or 
sand with clay soil was found to reduce the shrinkage 
factor only a few points and the soil after such treat- 
ment was not suitable for use in subgrade for pave- 

Such admixtures were therefore reported to be 

ay) 

useless. In order to lower shrinkage to a point of 
approximate safety (5 per cent lineal shrinkage) it was 
found necessary to use one part of cement to two parts 
of soil. Such a treatment would of course be extremely 
costly. Sand used in the same proportion (1 to 2) 
changed the soil from a clay to a clay loam and reduced 
the shrinkage somewhat more than did the Portland 
cement. 

“2. Hydrated lime in 1 to 20 proportion was found 
to be practically useless, the lineal shrinkage being 
reduced only 2 per cent (13 to 11 per cent). 

“3. Pulverized limestone was found to be positively 
detrimental in that it increased both ahead and 
moisture equivalent. 

"GRAVEL ON SUBGRADE 12° CEMENT 1-10 \2"CEMENT 1-20 
FILL CUT*» GRADE ILL +6RAD! CUT CUT 

rh Ld ul li Th WO LE ) st a a Ed 
172 +50 ADOBE 177+50 ADOBE 182+50 187+50 

4" GRAVEL ON SUBGRADE 6" CEMENT 1-10 
FILL 

HE TT TEE ET 
187+50 ADOBE 194 +00 199*00 

6 CEMENT 1-20 12" HYDRATED LIME 1-20 

212 +00 217+00 222+00 227+00 

283+00 278+00 273+00 

LIMESTONE DUST 1-20 \2°CEMENT 1-20 12° CEMENT {-10 

267430 * + 273+00 268+00 263+50 258+50 
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CONCRETE BASE 

el 
TYPICAL SECTION 

Fic. 10.—Condition chart of the concrete pavement on the Denverton-Rio Vista 
(Calif.) experimental road, three years» after the various subgrade treatments 
were begun and two years after the pavement was completed 

“The conclusions from the laboratory experiments 
made two years ago are entirely verified by the present 
condition of the several experimental sections. 

“Tn the report of his tests, Mr. Rose stated the 
conclusion which we had reached as a result of this 
and many other investigations. It is so pertinent to 
the subject now under consideration that it may well 
be quoted at this time. 

““Adulterating the subgrade with a lime compound 
or sand to a depth of 1 foot reduces shrinkage in the 
portion adulterated, but the subsoil for a considerable 
depth beneath this treated layer would continue to 
swell and shrink and displacement of the upper layer 
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and of the pavement would doubtless continue although 
to a less degree. The efficiency of this method of 
subgrade treatment is doubted. It is believed that a 
better treatment of heavy soil subgrade is: 

“<1. To use a sand cushion to act as an equilibrant 
to run into irregularities of the subgrade which is 
deformed by shrinkage or swell of the soil and thus to 
maintain a uniform surface in contact with the base of 
the pavement, or 

“2. To establish an unchanging moisture content 
in the immediate subgrade.’ 

“The mixed sand and gravel treatment and a special 
side ditch design was adopted in 1921 on a 4-mile 
stretch of pavement * constructed on this same Cove 
clay and this spring after two and one-half years the 
pavement without reinforcement was entirely free 
from longitudinal cracks and transverse cracks were 
infrequent. (Ixpansion joints were used at 30-foot 
intervals.) 

“The results of the Rio Vista lateral experiment 
appear to justify three conclusions: 

“1. That the soil adulteration with cement or lime 
compounds is not an efficient or economical method of 
securing stability in heavy soils. 

“2. That the suitability of the soil for subgrade 
purposes, or the merits of various methods oF soil 
treatment can be determined by relatively simple 
laboratory tests and that expensive field tests can, in 
some cases at least, be avoided by first resorting to a 
properly conducted laboratory investigation. 

‘3. That a sand or gravel layer is an efficient and 
economical method of minimizing damage to pave- 
ment resulting from swelling or shrinkage of the sub- 
soil.” 

The costs per lineal foot of roadway for each of the 
methods of treatment as shown by the cost records of 
Mr. McKesson follow: 

Sec- Cost per 
tion Treatment of subgrade lineal 
No. | foot 

1/1 to L0 cement mixtuineg == ae eee ee 12-inch depth - $2. 20 
27 Lito 20 Cement mi xturoses ee ae ae ee ae eerie eee 1275 
3 4] ok DORLOXCGMOT (nT XbLLT Ce ene eee ae meee are ne 6-inch depth.__ 1. 265 
4°11 to: 20 cement. mixtures see eee hoe Oe omen en dozassae 5 hay 
6) Lsto}20 Hydrated lime anix tures ssa eee 12-inch depth._ . 921 
6 | 1 to 20 limestone dust mixture_.__.___..--.--------|_-.-. doses 817 
7 Nomorelgm substances assesses 2a anes enmee [eee aps Seale pons . 189 
8°60 percentasphalticioils nos sec ane amen ener | 12-inch depth_| . 957 

The cost of the 4-inch gravel sub-base is not available 
but Mr. McKesson estimates this at $4 per cubic yard 
in place or $0.74 per lineal foot of pavement. 

It should be remembered, however, that these Rio 
Vista experiments were carried on under unique con- 
ditions. The adobe soil and the hot, desiccating winds 
provided a dry, parched subgrade which made it 
essential to wet the soil thoroughly before the pave- 
ment was laid. If there was any difference in the 
amount of wetting of the various sections, it is possible 
that the amount of cracking of the pavement might 
have been affected considerably. It is also interesting 
to compare these results with the experiments of the 

89 It has been suggested that besides the vertical distortion of the subgrade due to 
shrinkage there are tensile stresses developed by the horizontal shrinkage of the soil. 
‘There is adhesion between the base of the pavement and the subgrade. It is possible 
that the granular layer destroys this adhesion by providing a sliding plane, which 
prevents high stresses being developed in the pavement due to the horizontal shrink- 
age of the subgrade soil. 

40 Oregon Federal-aid project No. 51. 

Bureau of Public Roads at the Arlington Farm. On 
the Columbia Pike Road the section of subgrade treated 
with Portland cement in the ad of 1 part of 
cement to 28 parts of soil to a depth of 6 inches, showed 
up remarkably well. This section had no longitudinal 
cracks as compared with the two adjacent untreated 
sections, where the pavement had cracked badly. The 
soil was a clay. Other experiments of the Bureau of 
Public Roads which are described elsewhere in this 
article indicate that the bearing power of a subgrade 
soil is materially increased by the addition of Portland 
cement as an admixture. It would seem, therefore, 
that the results of all these experiments with admixtures 
are inconclusive. Sufficient work has not been done to 
determine the practicability or impracticability of 
using Portland cement or hydrated lime to improve the 
quality of subgrade soils. 

S MIGRAVEL, TOPSOIL, AND SAND-CLAY ROADS 

Dr. C. M. Strahan, who has made a comprehensive 
study of semigravel, topsoil and sand-clay roads,‘ 
states that: ‘The excellent topsoils are most largely 
found on the ridges of northeast Georgia where they 
le in many deposits weathered in place from limited 
outcrops of porphyritic granites and coarse-grained 
sandstones. Here also many of the semigravel types 

‘are found consisting of partially decomposed granite 
soils. Other semigravels are found along the margin 
of an old geologic sea beach which enters the State on 
the east in Lincoln County and swings in a wide south- 
westerly arc to the Alabama line.” And further on in 
the bulletin he states: ‘Southwest Georgia, notably 
adjoming the Flint River, abounds in sand-clay soils 
derived from Cretacious rocks and carrying from 5 to 25 
per cent of a nodular iron-silica gravel. These deposits 
are liberally distributed and from them have been built 
a large mileage of remarkably efficient roads.’’ These 
roads, as described by the Georgia bulletin, provide a 
me but efficient and inexpensive surfacing ma- 
terial. 
From an investigation of the condition of existing 

roads under different classes of traffic the author has 
evaluated the extreme limits by percentages of the 
coarse material, sand, silt, and clay for the three types 
of surfacing called class A (hard), class B (medium), 
and class C (soft). It is evident from an examination 
of these data that the methods outlined could be used. 
elsewhere in the country as well as in the Southern 
States. It is also evident that the same low-grade 
types of surfacing are used elsewhere although they are 
not known by the same name, but the thorough study 
of the qualities of the material given by the University 
of Georgia has not been made elsewhere. For example 
in central Oregon, near the town of Burns, suitable 
standard gravel surfacing was not found for a Federal- 
aid project. This road extended over an old geological 
lake bed with coarse sand and pea gravel within three 
feet of the surface soil which was composed of volcanic 
ash. The latter was stripped from the semigravel de- 
posit which was used to build an excellent surfacing 
for the moderate traffic on the project. Undoubtedly 
there are innumerable instances where the same treat- 
ments could be and have been used in other sections 
of the country. 

‘1 Research work on semigravel, topsoil and sand-clay, and other road materials in 
ee Bulletin of the University of Georgia, vol. 22, No. 59, Serial No. 326, June 

aeons and semigravel roads studied, PUBLIC ROADS, vol. 5, No. 8, October 1924 
p. 16. 
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The Georgia bulletin calls attention to the fact that, 
“Knowing the variable supporting power of ordinary 
soils under wet conditions, if selected road soils applied 
to the graded road bed can give them a uniform stabil- 
ity such soils offer a valuable treatment of the subgrade 
preceding the laying of pavements.” # This is un- 
questionably true. On the other hand there is a possi- 
bility that the graded classification of topsoil, sand-clay, 
and semigravel surfacing material may be interpreted 
by some as a logical general method of differentiating 
between existing good and bad subgrade soils although 
Doctor Strahan has never advanced such an interpreta- 
tion. ‘The area shown on the trilinear chart in Figure 
11 represents the extreme limits of the sand-clay, top- 
soil and semigravel classification. The clay fraction 
has been divided by two and included with the silt to 
make a comparison with the soil grain sizes of the Bu- 
reau of Soils. It will be observed that the area is only a 
small portion of the sand and sandy-loam classification 
of the Bureau of Soils. The coarse material present in 
the topsoil or similar material is not represented in the 
trilinear chart and need not be considered because of its 
obviously beneficial nature. It seems evident, there- 
fore, that there are large areas of sand, sandy loams, 
loams and silt-loams which would make good subgrade 
material without treatment, but which are not included 
within the limits adopted for sand-clay, topsoil and 
semigravel roads. The classification would, therefore, 
seem to be of very restricted value for evaluating good 
and bad subgrades. 

CAPILLARY MOISTURE AND ITS EFFECT ON SUBGRADE SOILS 

During the past few years considerable attention has 
been given to the effect of capillary moisture upon the 
stability of highway subegrades. Free water is com- 
monly distinguished from capillary water as the water 
in the soil which is not held by capillarity and obeys the 
laws of gravity. But tests conducted recently by the 
division. of agricultural engineering of the Bureau of 
Public Roads tend to qualify this generally accepted 
definition differentiating between capillary and free 
water on the basis of gravity. The report of the 
tests, as published in a bulletin of the Department of 
Agriculture, states: ‘‘ From these data and as a result 
of tests by the writer and others, it can be said that a 
vertical soil column can take up by capillarity from a 
body of free water more water than it can hold against 
gravity, if the free water be removed from the bottom of 
the soil column; that is, if the vertical tube is filled with 
soul and the lower end placed in a vessel of water and 
allowed to stand for a month or longer and the water is 
then removed from the tank, a part of the moisture in 
the soil column will drain out. To repeat—a vertical 
soil column will take up by capillarity from a body of 
water more moisture than it can retain when the source 
of the water is removed.” It would appear that the 
amount of capillary water in a subgrade where the 
source of the moisture is a wet soil would be less than 
when the source is a body of free water. The capillary 
moisture in a soil might, therefore, be reduced by lower- 
ing the ground water table considerably where it is not 
possible to eliminate it altogether. Often, however, 
it is neither possible nor practicable to lower or eliminate 
the ground water table. 

42 Research work on semigravel, topsoil and sand-clay, and other road materials in 
Georgia, Bulletin of the University of Georgia, vol. 22, No. 59, Serial No. 326, June, 
1922, p. 5. 

43 Capillary movement of soil moisture, by W. W. McLaughlin, U. S. Dept. of 
Agric. Bul. No. 835, p. 62. 

f 

As a result of the subgrade drainage experiments 
conducted by the Bureau of Public Roads at the Arling- 
ton Experimental Farm, “it is concluded that systems 
of drainage merely remove the free water in the subgrade, 
but can not remove capillary moisture. * * *,” 44 

Charles M. Upham, director of the highway research 
board, and H. F. Janda, the assistant director, con- 
clude: * 

“1. That drain tile are of no direct value in removing 
or preventing the rise of purely capillary moisture. 

“2. That the percentage of capillary moisture is 
reduced as the elevation of the subgrade above the 
water table is increased. Therefore, a tile drain might 
reduce the percentage of capillary moisture by lowering 
the water table.” ~ 

Some interesting comments on the relation of capil- 
lary water to highway subgrades were made as early as 
1921, by an irrigation engineer of the Bureau of Public 
Roads.*¢ 
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Fia. 11.—The black area represents the approximate limits of the sand-clay sur- 
facing and also of the sand, silt, and clay fractions of the topsoil and semigravel 
classification 

The concensus of opinion seems to be that it is not 
possible to remove capillary water from highway sub- 
grades. Only the free water may be removed by prac- 
tical methods. : 

EXPERIMENTS WITH ADMIXTURES FOR THE IMPROVEMENT OF 
EARTH ROADS 

A number of experiments have been carried on 
recently by the Bureau of Public Roads and other 
agencies to determine whether the wearing qualities 
of earth roads may be improved by the addition to the 
soil of such admixtures as lime and Portland cement. 
None of the experiments has thus far developed in- 
formation of direct value for the solution of the sub- 
grade problem, a fact which is not surprising in view 
of the different purposes of the admixture in the two 
cases. In the first case the objects of admixture are 
to reduce the plasticity and increase the bearing power 

44 Researches on the structural design of highways by the United States Bureau of 
Public Roads, by A. T. Goldbeck, Transactions of the Am. Soc. of Civil Eng., vol. 
88, p. 264, 1925. 

45 Removal of capillary moisture in highway subgrades, by Charles M. Upham and 
H. F. Janda, Engineering News-Record, col. 938, No. 23, Dec. 4, 1924, p. 912. 

48 Capillary moisture and its effect on highway subgrades, by W. W. McLaughlin, 
PUBLIC ROADS, vol. 4, No. 1, May, 1921, p. 6. 
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of the exposed surface soil and so make it less suscepti- 
ble to rutting and capable of being used as a wearing 
surface throughout a greater portion of the year than 
would otherwise be possible. For this purpose the 
curative is mixed to comparatively shallow depths; 
and the plasticity of the surface is further reduced by 
unrestricted evaporation. In contrast to this, the 
admixtures used to improve the stability of a subgrade 
under a pavement must not only reduce the plasticity 
and thus increase the bearing power but they must also 
eliminate or minimize the volume changes of the soil 
with variations in moisture content or freezing. This 
volume change affects the soil to a considerable depth— 
at least a foot and probably more. In addition, the 
evaporation is restricted in this case by the pavement 
and condensation may occur. It would seem, there- 
fore, inadvisable at this time to forecast beneficial or 
adverse results of subgrade admixture based upon 
the information at hand in regard to the effect of 
admixtures on earth wearing surfaces, or vice versa. 
However, the two problems are not totally dissimilar, 
and it may be well to record briefly the principal de- 
velopments of the surface investigations, if for no 
other reason than the possibility that they may sug- 
gest to some one a new approach to a solution of the 
subgrade problem. 

The first of the field experiments of the Bureau of 
Public Roads, made in cooperation with the State 
Highway Department of Iowa, was built north of 
Chariton in Lucas County during the summer of 1924. 
The road consisted of 17 sections 400 feet long, treated 
with proportions of hydrated lime and Portland cement 
varying from 3 to 9 per cent. The engineer ‘ in. 
charge of the tests for the bureau reports, with respect 
to the effect of the treatment, as follows: “On Sep- 
tember 1 (1924) we had the opportunity of studying 
the effect of the cement-treated sections. It was 
found that all colloidal properties had been destroyed. 
No plasticity whatever remained and in consequence 
of this fact the treated section showed no disposition 
whatever to make mud. ‘To all intents and purposes 
it was as firm and mudless as any pavement, lacking 
only the characteristic firmness of the concrete slab. 
Even after we had cut into the surface a considerable 
distance no tendency whatever was manifested to stick 
as is the case in ordinary untreated gumbo when wet. 

“One thing is certain, the cement does destroy col- 
loidal conditions but whether or not a road so con- 
structed will prove dustless is a matter for time to 
disclose.” 

On December 11, 1924, W. O. Price, of the Iowa 
State Highway Department, made an inspection of 
the project after a freezing spell to determine if there 
were any truth in the local reports that the experi- 
mental road was a failure. His report states: ‘On 
the experimental road we found several places where 
ruts had been cut down 4 or 5 inches deep with inter- 
mediate ridges. This was especially noticeable on the 
south two sections of the lime treatment, which are 
3 and 5 per cent, and also on some of the other 3 per 
cent pieces. It was noticeable, however, that the 
frozen part was not so hard. It was either dryer 
and consequently had not frozen so hard or else it had 
thawed more rapidly. On practically all of the other 
sections even though they appeared rough on the sur- 

47 W. L. Spoon, senior highway engineer. 

face one could drive a car at most any place without 
noticing the rough condition of the road, the surface 
of which was considerably dryer than the untreated 
sections. I believe that they could readily have been 
dragged at that time or perhaps an hour or two later 
in the afternoon whereas nothing could have been 
accomplished on the untreated road in that direction 
except possibly at some places along the edge where 
traffic had not gone while they were muddy. * * * 

“To sum up, it appears that the treatment permits 
the working of the road earlier after a ra‘n than the 
untreated road.” 

Another of the bureau cooperative experiments with 
the State of lowa was near Glenwood in Mills County. 
The project consisted of 9 sections, each 1,000 feet in 
length and treated with 3, 5, 7, and 9 per cent of 
hydrated lime and Portland cement. The depth of 
the admixture was 6 inches. The project was built 
during September, 1924. On January 22, 1925, a 
Bureau of Public Roads engineer “ reported: 

“On the date of this inspection the ground was 
frozen to a considerable depth. The day was warm 
and the surface of the roadway had thawed to a depth 
of about 1 inch. The earth road where no treatment 
had been made was rutted, rough and quite slippery. 
It was quite difficult to turn a car out of the ruts. 

“The difference in the condition of the 3 per cent 
road and the ordinary earth road was not noticeable. 
A marked improvement was quite noticeable on the re- 
mainder of the project. A considerable portion was. 
fairly dry and but slightly rutted. A few places were 
somewhat slippery especially where the road surface was 
not fully exposed to the sun and wind. At this time 
there appeared to be no appreciable difference between 
the cement and lime treatments * * * 

“Tt is quite evident that a beneficial effect has been 
produced by the admixture treatment of cement and lime 
on the 5,7, and 9 per cent sections especially during the 
winter months. Just how long * * * this treat- 
ment will be effective is quite problematical * * *.” 

The cooperative project, in which the bureau joined 
with the State Highway Department of South Dakota, 
was located on a road near Fort Pierre, S. Dak. The 
gumbo surface was treated in October, 1924. There 
was practically no rainfall during the following winter 
and on May 21, 1925, the bureau’s inspecting engineer *° 
reported as follows: “I found the several sections to be 
in substantially the same condition as untreated gumbo. 
The surface of all sections appeared to be substantially 
pure gumbo for about 1 inch in depth and _ below this 
was a mixture of more or less finely divided gumbo with 
cement or lime. The cement or lime is still in a dry 
powdered state and does not appear to have received 
any moisture since it was placed on the road.” 

Other experiments, practically completed by the 
bureau, at the Arlington Experimental Farm, indicate 
that hydrated lime and Portland cement admixtures 
will improve the wearing surface of earth roads. At 
least the results found to date are promising. Whether 
the cost of the treatment will be of sufficient value to 
warrant the expenditure or whether the beneficial re- 
sults are lasting will require more extended observa- 
tions. It is too early yet to formulate any definite 
conclusions. 

48C. H. Semper, associate highway engineer. 
49 A. I. Ostrander, highway engineer. 
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THE MISSOURI EXPERIMENTS 

The engineering experiment station of the University 
of Missouri has recently conducted a series of tests 
similar to those reported above. 

With regard to these tests, Prof. EK. J. McCaustland 
writes as follows: °° 

‘At a somewhat later time selected stretches of clay 
roads, subject to heavy traffic, were treated with vary- 
ing percentages of hydrated lime and these stretches 
have been kept under observation for a number of 
months. The winter season of 1924-25 was an ex- 
tremely trying one on these test roads because of a 
heavy fall of sleet and ice early in December and a con- 
tinuation through the winter of alternating periods of 
thawing and freezing. In every case, however, these 
test sections, all of which have been carrying traffic 
during the past 7 to 11 months, show to the most 
casual observer the distinct advantage of lime ad- 
mixtures in preventing surface stickiness and the for- 
mation of deep ruts under traffic. In brief, it seems 
to have been established beyond question that the ad- 
dition of hydrated lime in the proportion of 2 to 5 per 
cent dry weight to clay soils will materially reduce the 
tendency to form mud and prevent to a great degree 
the formation of ruts; there is reason to believe, how- 
ever, that such treatment will not in any degree lessen 
the production of dust and in some cases the dust may 
be increased.” The writer continues by pointing out 
that the maintenance costs are considerably reduced 
by the lime treatment since workers are able to begin 
work when the road is soft and workable immediately 
after a rain. There also appears to be no marked dif- 
ference in the results caused by incorporating the 
admixture to different depths, and this is considered of 
importance since it affects the cost of treatment. 

Professor McCaustland goes on to say that only 
negative results have been found in trying to deter- 
mine the basic physical phenomena which are brought 
about by the lime admixture, and adds: “ These 
facts are apparently established, however. The specific 
eravity of the soil is only slightly reduced by adding 
hydrated lime, the moisture holding capacity and 
moisture equivalent are reduced in heavy clays: The 
rate of evaporation is slightly retarded; but there is 
a more rapid capillary movement of the moisture after 
treatment; the voids in the soil became enlarged 
allowing an increased rate of percolation; and the 
bearing power at the higher moisture content is in- 
creased. We can not, however, at this time offer a 
scientific explanation of these phenomena.” 

The results of these experiments are interesting in 
so far as they suggest the possibility of improving the 
all-year condition of a large mileage of low-type roads 
throughout the country. It should be remembered, 
however, that the experiments are not conclusive of the 
ultimate benefit to be obtained by lime admixtures 
because of the short time during which the tests have 
been made—less than a year. ‘Tt is possible that the 
further lime treatments made necessary by traffic may 
make the cure more serious than the disease because 
of the irritation of the nose, throat, and eyes by the 
lime dust during the dry seasons of the year. This is 
suggested as a possibility by Professor McCaustland 
when he writes: “Such treatment will not in any 
degree lessen the production of dust and in some 

8 Dirt roads improved by lime mixed with surface soil, by E. J. McCaustland, 
dean, School of Engineering, University of Missouri. Extract from paper read 
before National Lime Association at Briarcliff Manor, New York, May 26-29, 1925, 
Engineering News-Record, vol. 94, No. 26, June 25, 1925. 

Central and South America. 

cases the dust may be increased.” The investigations 
are worthy contributions to professional literature 
although it is believed that final judgment as to the 
ultimate value of the lime admixture for improving the 
all-weather qualities of winter roads should be with- 
held pending further observations over a period of 
years or accelerated tests which shall take into con- 
sideration seasonal changes and additional treatments. 

CONCLUSIONS 

Relating to subgrade studies completed or in progress.— 
1. Generally speaking, all the data obtained in the 
United States indicate, the character of the clay re- 
maining constant, that good subgrade soils have a low 
clay content by mechanical analysis and bad subgrade 
soils are characterized by a high percentage of clay. 
An illustration of an exception is the “rotten limestone”’ 
formation in the Black Waxy Belt of Texas, which, 
though high in clay is not a bad subgrade material. 
Pending further investigations, this finding should be 
accepted with reservations in this country and should 
not be applied to the soils of foreign countries without 
a thorough check against local conditions because 
there are well-known exceptions. An example of the 
latter are certain soils of the humid, tropical sections of 

With as much as 90 per 
cent of clay by mechanical analysis these soils are 
porous and not sticky. This is believed to be due to the 
oxidation of the colloids throughout the centuries in 
the warm, wet climate. 

2. In general, the laboratory tests by the Bureau of 
Public Roads show that soils with a high percentage 
of clay have a high moisture equivalent percentage, a 
high capillary moisture capacity, a high volumetric 
shrinkage percentage, a low comparative bearing value, 
a high dye adsorption percentage, and require a long 
time for slaking. 

3. Field methods for identifying good and bad sub- 
grade soils have been devised by the Bureau of Public 
Roads. These involve the use of Bureau of Soils bulle- 
tins to locate the soil types and field tests for determin- 
ing the moisture equivalent and lineal shrinkage per- 
centages in order to evaluate the character of the sub- 
grade soil. 

4, The construction methods which may be adopted 
in bad subgrades, assuming the quality of the materials 
and the workmanship on the pavement to be uniform, 
are in general as follows: 

(a) Use upland coarse grained soils for building fills 
over lowland clay soils. 

(b) Use side ditches of special design. 
(c) Use tile drains. In heavy clays these are gener- 

ally useless except in uncommon cases such as open 
seams or pores in the soil, water-bearing strata, or 
hydrostatic pressure. 

(d) Use a granular subbase such as sand, sand-clay, 
topsoil, stone, or gravel. 

(e) Thicken the pavement. 
(f) Add steel reinforcement. 
5. The study of the California highway system by 

the Bureau of Public Roads showed that 70 per cent of 
the pavement failures occurred on adobe soils. The 
cracking of the pavements on adobe soils indicated a 
distortion of the subgrade due to varying moisture 
content and shrinkage. 

6. The laboratory studies of the Bureau of Public 
Roads indicate that the moisture equivalent percentage 
of a subgrade soil is a critical percentage with respect 
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to the bearing power of the soil. This does not mean 
that soils with a moisture content in excess of the mois- 
ture equivalent percentage will not support reasonable 
loads but that beyond the moisture equivalent percent- 
age the bearing power of the soil falls off rapidly. 

7. The field experiments of the Bureau of Public 
Roads in the Pacific Northwest indicate that a lineal 
shrinkage percentage of 5 per cent is, for that region, 
the maximum for a good subgrade soil. The Columbia 
Pike experiments of the bureau roughly checked this 
figure. The limit in the latter case was approximately 
6 per cent. 

8. Defining the term “stability ratio” as the actual 
moisture content percentage of the soil divided by its 
moisture equivalent percentage, the field investiga- 
tions of the Bureau of Public Roads in the Pacific 
Northwest indicate that the bearing power of a soil is 
relatively low when the stability ratio is greater than 
unity. This does not apply to frozen soils. The bear- 
ing power of the soil by laboratory tests is relatively 
low also when the “moisture index” is greater than 
unity. 

9. Clay soils, as compared with sands, show a rela- 
tively large heave when frozen according to field tests 
by Stephen Taber, State geologist of South Carolina. 

10. Bureau of Public Roads laboratory tests show a 
greater percentage of water freezable in sands than in 
clays. This does not mean that the amount of the heave 
in sands due to freezing will be greater than in clays. 
On the contrary, it would seem that the greater heaving 
would occur in clay with capillary water present be- 
cause of the greater total amount of water frozen. 

11. In climates where freezing occurs, field observa- 
tions indicate that for concrete pavement slabs of 60 
feet or less in length: 

(a) Cracks are infrequent in pavement laid on well- 
drained sand or porous subgrades. 

(b) The more compact the subgrade soil, the more 
frequently cracks occur. 
' 12. The permeability of soils or the porosity seems 
to increase with the size of the soil grains, the character 
of the grains remaining constant. 

13. The best subgrades are found in fills and the 
worst in cuts. 

14. The selection and redistribution of subgrade soils 
to secure a stable roadbed is a possible method of con- 
struction. The use of a granular subbase over the 
undisturbed subgrade soil is the more general practice. 

15. A sand subbase prevents clay subgrade material 
from working up into the voids of a macadam road. 

16. The Pittsburg and Bates Road soil findings indi- 
cate that the character of a subgrade soil may be 
improved by physical or mechanical processes. 

17. The investigations of the Bureau of Public Roads 
indicate that the bearing value of a soil, for a given 
penetration of the bearing area, depends on the mag- 
nitude of the area. When small bearing areas are used, 
the intensity of pressure required to produce a penetra- 
tion of 0.1 inch far exceeds that for large-sized blocks. 

18. Sufficient work has not been done up to this 
time to determine the practicability or impractica- 
bility of using admixtures such as Portland cement 
or byes lime to improve the quality of subgrade 
soils. 

19. Granular subbases seem to be more beneficial 
on bad subgrades than admixtures of Portland cement 
or hydrated lime. 

20. Sand is as effective as Portland cement or 
hydrated lime when used as an adulterant to reduce 
the shrinkage of a clay soil. 

21. Semigravel, topsoil, and sand-clay roads provide 
effective surfacing material in the Southeastern States. 
They could be and have been used elsewhere but 
under other names. 

22. The hair cracks occurring during the curing 
period of concrete pavements laid on the loess soil 
of western [Iowa were eliminated practically by a 
layer of tar paper on the subgrade. 

23.. Investigations made by the Bureau of Public 
Roads indicate that it may be possible to control the 
maximum moisture content of a subgrade to approxi- 
mately the moisture equivalent percentage. Further 
studies are needed to confirm or disprove this. 

24. It is not possible to remove capillary water from 
subgrades by drainage. Free water only may be 
removed by practical methods. 

Relating to future subgrade soil studies.—Subgrade 
studies *4 which seem to be immediately necessary to 
accelerate the progress of subgrade soil investigations 
should involve peabie not only the internal charac- 
teristics of different subgrade soils under varying 
physical and chemical conditions, but also the limit- 
ing external forces which may be applied to the sub- 
grade soils under given conditions. 

The specific studies which seem to be required 
immediately are: 

1. A classification of soils by series and type names 
to conform as nearly as possible with the nomen- 
clature and grading used by the United States Bureau 
of Soils in its soil survey bulletins. 

2. The development of simple and decisive labora- 
tory and field tests for subgrade soils. 

3. The determination of the distribution of pressure 
to subgrades of various types through pavements and 
subbases of varying thicknesses and kind. 

4. The determination of the maximum pressure per 
unit of area permissible, with various types and thick- 
nesses of pavements and subbases, for different soil 
types with varying percentages of sand, silt, and clay. 

5. The determination of the maximum moisture 
content of well-drained soils, by types and regions, 
throughout the year, and the maximum moisture 
content below which it is possible to control the water 
content of soils by types and regions. 

6. The determination of the characteristics of soils, 
by types and regions, which make one more plastic 
than another and subject to a greater volume change 
with variations in moisture content, etc. If found 
that the active part of a soil is rendered inert over 
long periods of time by natural physical and chemical 
phenomena, investigations should follow to determine 
if similar results may be accomplished by accelerated 
artificial processes. 

7. 'The determination of the maximum allowable 
shrinkage limits of soils wetted with comparable 
amounts of water (such as the moisture equivalent 
or capillary percentages) by soil types and regions. 
This would involve condition studies of existing pave- 
ments. 

51 Digest of problems in the structural design of highways suggested by contact 
men in the various State highway departments, Proceedings of the Fourth Annual 
Meeting of the Highway Research Board, Division of Engineering and Industrial 
Research, National Research Council, 1925, p. 66. 
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8. The determination of the mechanical analysis, 
moisture equivalent and other test limits of those soils 
with varying degrees of permeability such that tile 
drains are either unnecessary, effectual, or worthless. 

9. The discovery of the stages which accompany the 
phenomena of freezing of soils under existing pave- 
ments: 

(a) Under continuous freezing conditions. 
(b) Under conditions of alternate freezing and thaw- 

ing. 
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page 136 the color temperature erroneously printed as 
2.360° K should properly have been 2,360° K. 



HIGHWAY RESEARCH BOARD ISSUES BULLETIN 

the Highway Research Board, recently issued, is 
a valuable contribution to scientific literature. 

It contains complete reports of the recent studies of 
the six active research committees of the board and 
is an extremely attractive bulletin. 

The research committees of the board are organized 
as follows: 

1. Committee on Economic Theory of Highway 
Improvement. Chairman, T. R..Agg, Iowa State 
College. 

2. Committee on Structural Design of Roads. 
Chairman, A. T. Goldbeck, U. S. Bureau of Public 
Roads. 

3. Committee on Character and Use of Road Mate- 
rials. Chairman, H. S. Mattimore, Pennsylvania 
Highway Department. 

4, Committee on Highway Traffic Analysis. Chair- 
man, Geo. E. Hamlin, Connecticut Highway Com- 
mission. 

5. Committee on Highway Finance. Chairman, H. 
R. Trumbower, U. S. Bureau of Public Roads. 

6. Committee on Maintenance. Chairman, W. H. 
Root, Iowa Highway Commission. 

The committees are composed of those men who have 
contributed to the scientific development of the high- 
ways and who are decidedly active in highway research. 

The report of the Committee on the Economic Theory 
of Highway Improvement contains tables of the rolling 
pe air resistance for busses and automobiles with 
igh-pressure cord tires and for trucks with pneumatic 

tires; data on the relation between the type of road 
and fuel consumption; highway transport costs; and 
the results of a study of tire wear. This report also 
contains a description. of the studies now being carried 
on to determine the wind resistance of motor vehicles. 

The report of the Committee on Structural Design 
of Roads contains reports on subgrade investigation; 
sand-clay road investigation; impact and static-load 
tests on road slabs; motor-truck impact tests; fatigue 
of concrete; theory of stresses in road slabs; stress 
measurement in road slabs; and skew-arch investiga- 
tions. This report is well illustrated and contains 
much valuable information. 

The Committee on Highway Finance report deals 
with several aspects of the financial questions so fre- 
quently encountered in a highway construction pro- 
gram. The report contains figures, charts, and tables 
that show such relations as total-motor-vehicle reve- 
nues and total highway expenditures; gasoline tax 
rates in effect on July 1, 1924; highway expenditure 
and income; and other items that should be considered 
in the financial problem. 

The report of the Committee on Highway Traffic 
Analysis contains interesting information on such 

lees Proceedings of the Fourth Annual Meeting of topics as: (1) A study of the increase in motor vehicle 
registration to determine factors for forecasting future 
traffic; (2) the width of highway required to be con- 
structed for the estimated life of the type of construc- 
tion; (3) the economic value of eliminating bottle-neck 
points; and (4) highway transport surveys. A com- 
plete outline of highway transport surveys is given 
and should prove of value to all engineers interested in 
this subject as it indicates such items as the cost of 
the surveys, typical organizations and equipment re- 
quired, and the kind of data to be taken. 

The report of the Committee on Character and Use 
of Road Materials is extremely well illustrated and is 
indeed valuable information. The report contains 
studies of soundness tests for coarse aggregates; absorp- 
tion of concrete in water as affected by the aggregates; 
effect of grading of the mineral aggregates in sheet 
asphalt and bituminous concrete construction relative 
to the deformation of the surfaces under traffic; and 
the recovering of bituminous material from aggregates 
without changing their character. 

Surface treatment of gravel roads, crack fillers for 
concrete pavements, snow removal, road signs, and 
maintenance accounting form the body of the report 
of the Committee on Maintenance. This report con- 
tains the results of a recent study of bituminous crack 
fillers together with a complete analysis of the mate- 
rials used. 

The Highway Research Board is not of itself a 
research agency, but functions as a clearing house for 
all matters pertaining to highway research. Its func- 
tions are threefold: To prepare a comprehensive na- 
tional program for highway research; to assist existing 
organizations to coordinate their activities; and to 
serve as a clearing house for information on completed 
and current research. 

The board has recently enlarged its scope and at 
the present time is conducting fact-finding surveys on 
the economic value of reinforcement in concrete roads, 
the development of earth roads, and an investigation 
pertaining to culvert pipe. 

At a recent meeting of the executive committee of 
the Highway Research Board, the date of the fifth 
annual meeting was set as December 3 and 4, 1925. 
This meeting will be held in the building of the Na- 
tional Academy of Sciences and the National Research 
Council, B and Twenty-first Streets, Washington, D. C. 
The program of the meeting will be announced through 
the technical press at an early date. 

The Proceedings of the Fourth Annual Meeting of 
the board will be sent to highway engineers who make 
a written request to the Highway Research Board, 
National Research Council, B and Twenty-first Streets, 
Washington, D. C. 
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THE GASOLINE TAX IN THE FIRST SIX MONTHS OF 1925 

| Tax rate per gallon | Distribution of gross receipts 

| 1s | | Gross : Be eee | anes / | receipts Applied to road work 

State hata: Jan. 1 to — — | State change ny 30 | 
1925 | Jan.1, | June 30, Une aU; Shiner IMiscallancenctogimoccs | “1995° | 995 1925 Supervision | Gounty and Miscellaneous purposes | 

| . State iGcalt once 
highway Saeco | 

| | department ales 

| 
Cents Cents | 

PAT ADSI Reman mnee 2 see re eae ss ee 2 2 $963;:02 04 (tee eee ee $958, 60418 Collectlonicosts;: $4,016. s-= ere =e ae eee eae | Alabama. 
INTAUAN GRE 2 See eee eee | 3 3 401, 438 $200, 719 2005.05 eee Bee en seein a ees 1S ee pee le Arizona, 
IAT KGTISHS pete = oe eS ee eels 4 4 1, 520, 789 1, 170, 789 O05 OOO Peeemee mney ee a omen aie oe memento PN See ee eae Arkansas. 
@aliforniaeeeee=e ee eee ae = eae | 2 2 7, 514, 667 3, 753, 584 3, (03, 583 | Collection costs, about $7,500_-_______-_-.____- | California. 

} | 

Golorad 0 eeeaeeans eee eee 2) 2 914, 962 434, 607 434,607 | 5 per cent administration, $45,748_______-_____- | Colorado. 
COnNeChCUL Maat ane sa | ee seen 14 1 527, 671 527, 671 Op eee eae Aeron Bay re Shree ee eee SINS Soe eo Ae Connecticut. 
(Cla W Ale same s =e see eS Sy aS 2 2 157, 291 157, 291 (UG ee a ee oe Se kel fe Set eee ee Delaware. 
OTIC dae, eee tee ewes See ee 3 3 2, 731, 387 1, 431, 843 715, 921 | Refunds and expenses, $583,623_-_...---------- | Florida. 

Geo ciate eee ae ese eee arene | 3 3 1, 837, 203 612, 401 612, 401 | State general fund, $612,401____.___...____----- | Georgia. 
Lda Oe eee Se peta eb | 2 2 339, 466 339, 466 y 00 Pee ee Sue eee derh, we eee Seton oes ee Idaho. 
Pilin O}Saeeeeee ee ee oS No tax 0 CO | pate 2 pny tw SIG NS Se aE nye | Re oN, BY fe | ne eee ak ee ep empaedere Illinois. 
Inavohtyatyte See ene 4/1 Pa 3 1 3, 214, 588 2, 246, 438 OG 22S (On LO OLECULOMACOStS sayz ie eee eee eer | Indiana. 

LO WiSaeeen eee eae oe 4/16 0 2 978, 855 326, 285 6b 2,,5 70 een eee ner pees see Oe Bee St SR bn 2 | Iowa. 
(GATS AS See sees aes See 5/1 0 2 892, 208 713, 766 Li Si 42s || eee eee ee ae eee tee a ee ee ee ee | Kansas. 
KCGTIULLC Ky ae see ek apa a ee eS Sa 3 1, 347, 499 1, 347, 499 eo ieee Se een HE oo ge eh eee Sereseneore Kentucky. 
NOUS ATI yee ee |---=2----- 2 | 2 1, 091, 691 1, 091, 691 CON Fe yee ee Louisiana. 

INEWhalst 4, Soe ae ees a |e eee = 1 2] 202, 477 202, 477 0) eee eae eg ee ees ee ees Se Maine. 
MViary lan dese sete oneesk = bee yee ee 2 2 870, 975 3 852, 628 0 | Refunds and collection costs, $18,347___..-__--- Maryland. 
ViassachuSeulsa= === =e=eas | No tax OF} CO la ee a hes eee, ON A ES gel We ae ee Se Se ee Mee oe ee ae Massachusetts. 
Viichi gan eee Eeen nf | 2/1 0 | 2 3, 385, 500 3, 385, 500 (RIES 5 eee ay IS en REE Sc ae eee ee Michigan. 

VEINS Obeaeeeenee ances 5/1 0 2 1, 260, 839 1, 260, 839 OQ). RR Sele” Ae eee ome ee ee ee | Minnesota. 
IMMISSISSID Diet see anes = a ie A ee 3 3 1, 079, 701 523, 495 pe els Olleranloni east SBP AN A eS Mississippi. 
IVEESS OUT eee ee 1/1 0 2 2, 169, 902 1, 991, 902 0 | Collection costs and refunds, $178,000-_-_--_---- Missouri. 
Wien tana ese eee eee eee ee 2 2 226, 229 36, 229 117, 542'| State general fund, $72,458_._...____---.-_---_- | Montana. 

| 

INGDIaSKa see ease actese ss 4/1 Om) 2 681, 215 673, 215 OpColléctionicostss 58,000 saeee ease see = eee Nebraska. 
INGy tla See eee cere ete Lise Some See. 2 | 42 100, 228 50, 114 GOD aller ee 6 pone ees eee ee eee Ghee Sn es Nevada. 
New Hampshire---_--_---- (ee See 2 2 263, 027 263, 027 Os ese Ee ee ES ee eae eee eC | New Hampshire. 
ING Wid elS@Ya2- ease aes No tax. 0 ORR esleg eee sce es ees | RP De ely ee EO oe See ON ae Cee Se ON eee a New Jersey. 

ING Wei CxIGOS sees aoe \ 3/17 1 3 185, 019 175, 768 OMG OlleCtionacosts 59; 20 ke ee ea ers New Mexico. 
ING Wa 00K see nse 2.. ee lee No tax. 0 Ge Ere ee ae en eons = | ee oe OR ae | Oe Meron SEO. vets oe a eee ee he oe eS New York. 
North Carolina los. - 222 6- 3/5 3 At 2, 782, 242 2, 767, 467 OR R@ollaction costs) ol 4.(iom eee aes ee ee | North Carolina. 
TAR ey ahold DEW Coy te eek ce Re ee 1 1 250, 150 50, 150 0); State general fund, $200,000_2--_-_---__-_---___- North Dakota. 

| 
OUT ORs See re mes ae 4/21 0 | 2 2, 515, 435 1, 181, 946 754, 631 |) Municipal roads, $628,859- =- -=-- ---_-_--=-- 22 Ohio. 
Oklahomaseess=aeteee nee 3/23 24% 3 2, 150, 549 1, 351, 929 198;;620) eee eae, Se a ee Ey ee Ce een a ena S Oklahoma. 
Onee On sae eens ee eee Se 3 3 1, 336, 593 1, 275, 664 0 | Expense and refunds, $60,929___-..------------ Oregon. 
Rennsy Lvanineessss ses (ot ee es 8 2 2 4, 657, 752 375, 440 1, 178, 852 | State general fund, $3,103,459_____--__--------- Pennsylvania. 

iB eveye (2s Veyovele oo oe ye 4/29 0 1 45, 848 45, 848 (OP ieee 8 ese, oe gp EN 5 cS Mac es ele ety AN re | Rhode Island. 
South Carolinge=--- = | 3/23 3 5 1, 583, 910 817, 612 600, 380 | State general fund, $165,918 5____________------ South Carolina. 
Soutm Dakotaee=-ees=- ee 3/10 2 3 772, 937 772, 937 Qs eek teeta 8 RE ea re co aoe. 2 | South Dakota. 
“Pennesseee.- esas - s— | 2/9 2 3 1, 380, 898 690, 449 690:,440) ike eee Oa Se ee SED ee ee Le Tennessee. 

[ROXHSS eee eon eee Se ee ES 1 1 2, 118, 572 1, 585, 179 OME TCO SCHOO MING aho2s o0d a eee | Texas. 
URES | Re Be ee, ee 4/1 216 34 429, 363 428, 000 OnlGCollectionicosts, ab Oud, conse een | Utah. 
Mert Orbe sees Se 2/26 Ls 2S 171, 867 171, 867 On ee ee ee eS ee ee Vermont. 
Ware Taney. Se gas 3 3 1, 681, 786 1, 121, 191 TOMA al oey Bnet cy ae Se eas oh ree, Vy ee we ne ae Virginia. 

Wiss in Cb Olwas saree eee | eee ene 2 2 1, 445, 786 1, 487, 847 ORC OLlGCtiONKCOSUSy:b16 G00 mamas eee eee | Washington. 
WiesbaVilginif teen tae eee Zs 82 632, 280 632, 280 (Cig (AE Sgt ee oe A de ee ee eee eee West Virginia. 
IWASCONSII Sees 2 eee eee 4/1 0 | 2 779, 838 779, 838 | aie By A ae ne Si eee | Wisconsin. 
SWEyOTID Pike es eee OE 4/1 1 214) 130, 190 129, 560 ONC ollectionicostsy56c0 maaan ee Wyoming. 
District of Columpiassecs|s-s2-- = 2 2° 389, 391 385, 391 Ot RetundssS4: 000ua= ss See ee ee eee District of Columbia. 

TNC) ey see ee eet) Ee ee ee Sel SOE ed Pay 60, 108, 734 39, 719, 839 14, 094, 401 | | Total. 

1 Refunds exeluded. 
2 Changed to 3 cents on July 11, 1925. 
3 Baltimore received one-fifth of this amount, $170,526. 
4 Changed to 4 cents on July 1, 1925. 
Part of disposal of first three months: New law excludes State genera ]fund. 

6 Changed to 3% cents on July 1, 1925. 
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