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INTERRELATIONSHIP OF LOAD, ROAD AND 
SUBGRADE 

Present Status of Knowledge on the Subject with Suggestions for Applying this Knowledge in Practice 

Reported by C. A. HOGENTOGLER, Senior Highway Engineer, and CHARLES TERZAGHI, Research Consultant, U. S. Bureau of Public Roads 

An examination of existing data makes clear that 
attempts to explain pavement condition on the basis 
of subgrade soil types and the results of soil tests, or 
attempts to utilize in practice the information furnished 
by soil tests or by investigations of soil types must, 
of necessity, result in confusion unless there exists: 
First, a clear understanding of the subgrade properties 
which influence pavement behavior; second, a definite 
conception of basic pavement characteristics; and 
third, a knowledge of the significance of subgrade soil 
tests. 

an application of the results of research to the design 
of roads. 

The report is intended to disclose the relative load 
distribution furnished by several pavement types and 
the influence exerted by pavement characteristics and 
subgrade conditions upon pavement behavior; to 
inform one of the variables which cause certain par- 
ticular conditions of subgrade support; to suggest a 
grouping of subgrades according to performance; to 
present a theory to explain the stability of subgrades, 
foundations, and pavements of certain types; to 

One should know thesub- 
grade properties which are 
due primarily to the raw 
constituents of the soils; 
which are dependent pri- 
marily upon soil structure; 
and those which are due 
to field conditions under 
which soils exist. 

One should be able to 
distinguish between defec- 
tive pavement conditions 
which are caused entirely 
by the character of sub- 
grade support, those which 
are caused only in part by 
the character of the sup- 
port, and those which occur 
independently of subgrade 
conditions. One should also 
-have a conception of the in- 

report are intended to illustrate the possibilities of 
utilizing soil and pavement data as a guide to the 
selection of the proper pavement type and the proper 

design of the type selected. 

v VHE discussion and conclusions which comprise this 

It is also intended to point out 
how a knowledge of the primary subgrade soil characteris- 
tics considered with that of the different pavement prop- 
erties may prevent the engineer from specifying one type 
of pavement when conditions will not permit of its ade- 
quate construction or operation; from increasing pavement 
thickness in an attempt to eliminate troubles not caused 
by lack of thickness; from attempting to cure structural 
defects by improving the wearing course; from attempting 
to prevent abrasive troubles by improving the structural 
resistance; from attempting to estimate the comparable 
service values of rigid and nonrigid pavements for condi- 
tions which clearly indicate the necessity for pavements 
furnishing high load distribution; from supplying only 
cohesion when friction also is required and vice versa; and 
from improving the subgrade to prevent troubles resulting 
from improper design, construction or maintenance of the 
pavement. In all cases, the underlying causes of trouble 
should be determined and the remedy should be selected 
with regard to the causes. 

describe the jfunctions of 
the various pavement va- 
riables and point out how 
to employ the different 
pavement variables prop- 
erly with respect to sub- 
erade conditions. 

LOAD DISTRIBUTION BY DIF- 
FERENT TYPES OF PAVE- 
MENTS DISCUSSED 

For the purpose of this 
discussion, road surfaces 
are divided into those 
which offer very little or 
no resistance against bend- 
ing (flexible types, includ- 
ing macadam) and those 
which have appreciable 
“beam” strength (con- 
crete roads, etc.). 

dividual conditions of sub- 
grade support which pro- 
duce particular conditions in the pavement; the relative 
influence which similar subgrade conditions exert upon 
pavements different in type; the influence which pave- 
ment design and construction exert upon pavement 
behavior; and the pavement conditions which represent 
ultimate failure. 

One should know the soil characteristics disclosed 
by a particular group of laboratory test results; the 
individual raw constituents which cause the soil to 
exhibit particular physical properties; the relative 
influence which the arbitrary test procedure and the 
physical characteristics of the raw constituents of soils 

exert upon the results furnished by laboratory tests; 
and finally, the extent to which the physical manifesta- 
tions disclosed by laboratory tests serve to explain the 
behavior of soils when subjected to field conditions. 

The information furnished by subgrade investiga- 
tions in their present status suggests the logical courses 
to follow in the performance of new research and the 

benefits furnished by subgrade and pavement data 
when used in practice. 

In presenting their material, the authors discuss first 

the results of completed research in conjunction with 
the information furnished by the highway engineer’s 
every-day experience. Then follows a discussion of 
the theory which explains, at least in part, the behavior 

of the different subgrades under load. Finally, comes 
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Both field and laboratory 
observations demonstrate 
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Figure 1.—Pressure Distrisution THrouGH VARIOUS 
Types oF RoAD SURFACE 

that new water-bound macadams, as compared with 
rigid types, afford relatively small load distribution. 
The curves (fig. 1) resulting from tests at the Arlington 
Experiment Station (1)' show that a load placed 
directly on a concrete slab (8 feet square) exerts a unit 
pressure on a clay subgrade equal to but one-eighth of 
that exerted by the same load when placed directly on 
a crushed stone layer of equal area and thickness. 
The same experiments indicate that a load placed on a 

1 References to the bibliography at the end of the article are indicated by an italic 
numeral inclosed in parentheses. 
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concrete slab 4 inches thick exerts a unit pressure upon 
a clay base equal to that exerted by the same load when 
placed on a crushed stone layer 42 inches thick. 

The curves (fig. 1) resulting from the Bates tests 
show that a load placed on a ‘full size concrete pave- 
ment slab 8 inches thick exerts a unit pressure on the 
subgrade equal to but one-tenth of that exerted by the 
same load when placed upon a full-size pavement com- 
posed of a 3-inch brick top, a 2-inch mastic cushion, 
and a macadam base 8 inches thick (2, 3). In the 
Arlington experiment the load when placed on the 
macadam surface was distributed over an area 4 feet 
in diameter, and when placed on the concrete was 
distributed over an area equal to that of the entire slab 
(8 by 8 feet). In the field experiment the distance of 
load distribution was measured only in a longitudinal 
direction. When placed upon the concrete pavement, 
the load was distributed through a distance extending 
more than 8 feet each side of the point of application 
and, when placed upon the brick pavement, the load 
was distributed through a distance extending but 2 
feet each side the point of application. 

Figure 2.—SURFACE FAILURE IN A BrrumMiInous TREATED 
TRAFFIC-BOUND Roap 

These tests disclose basic pavement properties as 
follows: (1) Wheel loads may be spread over much 
larger areas by concrete slabs than by crushed stone 
courses or macadams of equal thickness and (2) con- 
crete slabs equal in area to that over which macadams 
of equal thickness distribute wheel loads transmit a 
lower maximum unit pressure to the subgrade than the 
macadams. This is because the total pressure exerted 
upon the subgrade is distributed more uniformly under 
concrete slabs than under macadams. 

The fact that the pressure transmitted through one 
pavement was about five times that transmitted 
through the other is of minor importance, being signifi- 
cant only for the particular conditions of test. The 
difference between the pressures transmitted through 

the two pavements may be larger or smaller depending 
upon the bearing value of the subgrade. 
When for instance both pavements are laid on solid 

rock subgrades they will support loads of equal weight. 
When in contrast the pavements are raised by frost 
heave mounds, say about 5 feet apart, so that the 
intervening portions have no support whatever, the 
macadam pavement will fail due to its own weight. 
The concrete pavement, however, will not only support 
its own weight but in addition will carry appreciable 
load. Thus the load capacity of both the concrete and 
the macadam may be approximately equal on subgrades 
furnishing exceptionally high support. As the sub- 
erade becomes softer and softer, however, the greater: 
becomes the difference between the load capacity of 
these two pavements. 

Thus relative load distribution disclosed by experi- 
mental results does not necessarily reflect the relative 
efficiency of the macadams and the concrete pavements 
when subjected to service conditions. Furthermore, 
the crushed stone sections used in the Arlington tests 
were not true macadam surfaces due to their construc- 
tion while the macadams in the Bates tests were new 
and had not been compacted by traffic. 

“BEAM”? STRENGTH AN IMPORTANT FACTOR 

The presence of this property in rigid slabs and its 
absence in macadam accounts for the difference in load 
distribution afforded by the two types of pavement. 
That mixed bituminous pavements also do not possess 
“beam” strength is indicated by their inability to appre- 
clably retard cracking due to load in rigid bases as shown 
in the Arlington tests (4) and the Bates Road tests. 

An analysis of bulletins Nos. 1 to 7 issued by the State 
of Illinois during the progress of the Bates Road tests 
furnishes the data contained in Table 1... According to 
this table, neither the presence of bituminous tops nor 
the thickness of the bituminous tops exerted a consistent 
influence upon either the intensity of load required to 
produce the first corner crack nor the number of corner 
cracks per unit length of pavement which occurred 
subsequently in slabs thicker than 4 inches. The 
extent of breakage, however, was very much reduced 
by the presence of a bituminous top, was less for the 
thicker than for the thinner tops, and, other things 
being equal, it was less in the slabs made from rich 
mixes than in slabs made from lean mixes. 

TasBLe 1.—Behavior of concrete pavement sections with and with- 
out Topeka tops when subjected to truck wheel loads of 2,500 to 
8,000 pounds, inclusive. (Based on reports on Bates Road tests) 

| 

Sectio r ection Concrete Toad Number Percou® 

———|Thickness at which ik age of 
| of bitu- | first eae pavement 

Thick- minous corner Fock of requiring 
No. Length Mix top crack replace- 

ESE | occurred | Jength of ment | pavement 

Feet | Inches Inches Pounds 
100 4) 11:2:3144 None. 4, 500 10 85. 0 
200. 4 1:2:31% 3 | 5, 500 3 2.3 
200 4 L335 3 | 5, 500 5 6.5 
200 4 1:2:3% 2.) 5, 500 4 14.5 
200. 4 1:3:5 2 5, 500 6 18,1 
200 5] 1:2:3% None. 8, 000 2 49.0 
200 5} 1:2:3% 3 5, 500 1 0.9 
200 5 1:2:31% 2 8, 000 2 1.0 
200. 6 |} 1:3:5 2 6, 500 3 2.3 
200 6. 1:2:34% None. 8, 000 22 3.0 
200 6 1:2:31% 2 8, 000 1 De. 
200 6 I 35 2 8, 000 I 1.3 
200 7/  1:2:31%) None. 6, 500 1 1.8 
200 7| 1:2:34% 2 6, 500 1 1.0 

1 With admixtures of hydrated lime, 7 per cent. 
‘ eae t one unexplained corner break 6 inches by 6 inches caused by 2,500-pound 
oad. 
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Additional observations show that the presence of 
“beam”? strength increased the resistance of pavements 
to ultimate failure. At Arlington (5), the load which 
caused failure in a concrete slab 4 inches thick and 7 
feet square produced the same effect in a cement- 
grout filled brick slab (4 inches thick) when supported 
by a crushed-stone base 12 inches thick. In the Bates 
tests, the brick pavement on a macadam base, referred 
to in Figure 1 previously described, failed under 3,500- 
pound wheel loads and, contrasted with this, the cor- 
responding concrete pavement section withstood 15,000- 
pound wheel loads without showing any evidence of 
distress. 

During the winter, following the application of granular 
material, traffic pounds the initial layer, about 4 inches thick, 
down into the subgrade to an extent which indicates a total loss 
of material. The behavior of an additional 4 inches of granular 
material applied subsequently shows that instead of being wasted, 
the initial layer served to increase the subgrade support to an 
extent which furnished stability in the resulting road surface 
greatly exceeding that furnished by the same amount of granular 
material when applied or compacted in any other way. 

Thus traflic-bound roads may consist of a combina- 
tion of subgrade treatment and road surfacing. This 
accounts for their high load capacity (6). 

Appreciable vertical deflections, however, caused by 
local frost heave, increased wheel loads, or the develop- 

. Figure 3.—TuHeEe Urrrer Virw SHows THE BEGINNING OF FAILURE OF MAcADAM BasE 
Dur to Sponay Support, WHILE THE LOWER VIEW SHOWS AN ADVANCED STAGE OF 
SUCH A FAILURE 

PAVEMENT CHARACTERISTICS DISCUSSED 

Traffic-bound roads.—Even when laid on soils offering 
low support traffic-bound roads may automatically 
develop the high subgrade support which they require 
because of their lack of ‘“‘beam” strength. Traffic 
action continually drives the stone and rock fragments 
(granular material) into the soil and stabilizes the top 
layers of the subgrade. Traffic loads are transmitted 
through the layer of granular material without being 
widely distributed and gradually increase the density 
and consequently the supporting value of the subgrade 
soil and may reduce its ability to take up moisture. 

H. J. Kirk, formerly director of the Ohio Department 
of Highways, describes the behavior of traflic-bound 
‘roads in Ohio as follows: 

ment of soft spotsin the subgrade are productive of failure 
in traffic-boundroads. Surface abrasion (fig. 2) when not 
prevented by proper maintenance measures, may con- 
tinue downward and cause the total destruction of these 
roads regardless of the character of subgrade support. 

Water-bound macadam pavement.—Increase in sub- 
grade support due to the compaction of the underlying 
soils occurs also under macadams. The stability of 
these pavements depends upon the extent of initial 
compaction, the traffic action which occurs prior to the 
application of a surface treatment (6), their age, and 
upon the materials of which they are composed. 
Macadams may adjust themselves to appreciable 

subgrade deformations when caused by the slow and 
gradual compaction of the underlying soil. Abrupt 
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FIGURE MN Dae ee Torrie TO Se ae IN SUBGRADE 

deformations similar to those which cause failures in 
traffic-bound roads may cause failure also in macadams. 
Difficulty may be expected also when spongy subgrade 
support prevents the pavement from receiving the 
required amount of compaction during construction; 
when clay works up into the interstices of pavements 
containing large voids; and when disintegration begin- 
ning with surface abrasion is not prevented. Figure 
3 illustrates failures of water-bound macadam_ base 
under conditions which indicate spongy subgrade sup- 
port. A ruptured bond, extending generally through- 
out the width of the pavement, is characteristic of 
this type of failure. In contrast, the failures shown in 
Figure 4 indicate localized soft spots in the subgrade, 
as most of the pavement is intact. 

Bituminous pavements.—The binder in bituminous 
pavements consists entirely of bituminous materials. 
These pavements are tough, wear resistant, plastic, and, 
in the thicknesses generally used, require strong base 
support. They withstand considerable and repeated 
vertical movement without failure and_ therefore 
afford considerable protection to broken concrete bases. 

Failure in bituminous pavements due to subgrade 
influence reflects only the behavior of their bases. 

Figure 5 shows the results of amacadam base failure and 
a concrete base failure under bituminous pavements. 

Rigid pavements.—Concrete pavements are highly 
resistant to surface abrasion and possess ‘‘beam”’ 
strength. They withstand appreciable heave if it is 
uniform, but cracking occurs where there is abrupt 
variation in subgrade support. Internal stresses, due 
to variation in temperature and moisture content, also 
cause cracks. Regardless of the cause, cracking in 
concrete slabs can be of four kinds—longitudinal, 
transverse, corner, and irregular. 

Longitudinal cracking may occur as a single crack 
which is generally near the center of a full-width road 
slab or such a crack accompanied by additional ones 
near the center of the slabs formed by the crack near the 
center. The former type will hereafter be referred to 
as longitudinal cracks and the latter type will be referred 
to as secondary longitudinal cracks. 

The occurrence of longitudinal cracks depends to a 
large extent upon the character of subgrade support. 
They seldom occur in pavements laid on sands and 
gravels (7) or on highly stable subgrades of several 
of the Southern States, notably North Carolina. Other 
things being equal, they occur to less extent in pave- 
ments laid on porous sub-bases than in those laid on the 
natural soil (8). — 

Data obtained in California (9) during the dry 
season of the year and illustrated in Figure 8 show 
why longitudinal cracks occur primarily in pavements 
laid on unstable soils. The lines representing equal 
moisture content in Figure 6 were probably parallel 
to the ground surface prior to constructing the pave- 
ment. These lines in the sand-clay subgrade have not 
varied in this respect, thus indicating that expansion 
or shrinkage in the subgrade due to variation in mois- 
ture content is of uniform intensity throughout the 
width of the pavement. Such being the case, the pave- 
ment would not be expected to crack longitudinally. 
The lines of equal moisture content in the adobe and 
clay subgrade, however, have not remained parallel to 
the ground (or road) surface, thus indicating that expan- 
sion and shrinkage in the subgrade varies considera- 
bly in extent throughout the width of the pavement. 

Figure 5.—REsvULtT or FaiLurE oF CoNCRETE Base (Lerr) AND Macapam BasE (RiGuHT). In Botu CaseEs 
THE SURFACE IS OF THE FLEXIBLE TYPE 
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LINES OF EQUAL MOISTURE CONTENT 

SAND CLAY SUBGRADE 

NUMERALS SHOW MOISTURE CONTENT, 
AS A PERCENTAGE OF ORY WEIGHT OF SOIL 

ADOBE AND CLAY SUBGRADE 

Ficure 6.—LiIngs or Equat Moisture Content In Sus- 
GRADES OF DIFFERENT CHARACTER 

The difference between the moisture content of the 
adobe and clay subgrade under the center and under 
the edges of the pavement is, according to Figure 6, 
about 15 per cent of the weight or about 40 per cent of 
the volume of the dry soil. When subjected to con- 
ditions causing maximum shrinkage the soil under the 
edges of the pavement will have a volume equal to but 
70 per cent of that of the soil under the center of the 
pavement. In some instances in California shrinkage 
of this type permits open spaces as much as 5 inches 
in depth to occur between the pavement edge and the 
subgrade. This condition of high support existing 
under its center and the little or no support existing 
under its edges will cause the pavement to crack longi- 
tudinally. Cracking due to this cause is shown in 
Figure 7, although in these particular cases the longi- 
tudinal cracks do not happen to be near the center of 
the pavement. 

In order to facilitate subsequent analyses transverse 
cracks will be referred to as primary transverse cracks, 
secondary transverse cracks, and tertiary transverse 
cracks. Slabs formed by the occurrence of primary 
transverse cracks will be referred to as primary road 
slabs and those formed by the occurrence of secondary 
transverse cracks will be referred to as secondary road 
slabs. Subdivision of secondary slabs by tertiary trans- 
verse and secondary longitudinal cracks will be referred 
to as ‘‘breakage.”’ 

Primary transverse cracks are those which occur at 
an average interval of not less than 18 feet in full 
width concrete road slabs of appreciable age (7). 
Their occurrence may be greatly influenced by the 
quality of the concrete, by the mechanical friction which 
occurs between the bottom of the slab and the subgrade 
(10), and by the uniformity of subgrade support. 
hey may occur less frequently in pavements laid on 

soils affording low but uniform support than in those 
laid on subgrades with high but less uniform support. 
This is demonstrated in an unpublished theoretical 
analysis by Dr. H. M. Westergaard.? 

According to this analysis the stresses in the concrete 
slab due either to warping of the slab or to nonuniform 
volume change of the subgrade increase with the 
stiffness of the subgrade. Such cracks, due to lack of 
uniformity in support (fig. 8), may occur more or less 
irregularly in pavements, and those caused by frictional 
resistance may occur approximately parallel to each 
other and perpendicular to the center line (10). 

2 This analysis will appear in the June issue of Public Roads. 

Ficure 7.—CRACcKING on A Fitt Mann witH Cuay Havine 
HicH SHRINKAGE PROPERTIES 

Secondary transverse cracks (single cracks in primary 
slabs) seem to be caused by some combination of load 
and support. Their occurrence, when perpendicular 
to the center line of the pavement, may indicate low 
subgrade support, and when irregular may indicate a 
lack of uniformity in subgrade support. The lower 
picture of Figure 8 shows settlement in a fill which 
caused secondary transverse pavement cracking. 

‘“‘Breakage’’? due to load occurs on account of low 
subgrade support. This was clearly brought out in 
surveys by the highway research board (7) and experi- 
ments performed at Arlington. According to the 
Arlington test data (4) summarized in Table 2, the 
ultimate resistance of slabs (7 feet square) to the occur- 
rence of breaking differs considerably depending upon 
whether they are laid on a drained or an undrained 
subgrade. 

TaBLE 2.—Average load capacities of nonreinforced concrete slabs 7 
feet square, when laid on clay subgrades drained and undrained. 
(Impacts applied at corner and edges of slabs, Arlington tests) 

| } alr 6 1 | Slab | Breaking loads 

| thick- Mix | Sys 5 

| feeaet | Wet Drained 
| inches | subgrade| subgrade 

| Pounds Pounds 
| 4 1:14:3 | (2) 13, 650 
| 6 1:14%:3 | 12,825 3 20, 000 

46 1:14:3 | 10,675 22, 226 
8 1:144:3 25, 900 42, 040 

18 1:14:38 25, 475 38, 800 
| 16 1:3:6 (5) 18, 430 
| 6 1:3:6 9, 580 3 18, 300 
\ | 

1 Unless otherwise noted each value is the average of two tests, one with the load 
applied at the edge and the other with the load applied at the corner of the slab. 

2 Broke under static load varying between 2,000 and 8,000 pounds. 
3 One edge test. 
4 Covered with bituminous tops. 
5 Six out of eight slabs tested broke under static loads varying between 2,000 and 

8,000 pounds. ‘The other two tests, both for edge loading, averaged 10,105 pounds. 

Increasing the subgrade soil support by admixture of 
Portland cement (1:14 and 1:28 about 12 inches 
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deep) increased the load capacity of superimposed 
slabs, when subjected to impacts, by 50 to 65 per cent 
11). a 
Breakage of considerable extent occurs primarily in 

pavements less than 6 inches thick (7) (see Table 1). 
Corner cracks may be due to variation in the width 

of expansion joints or to the presence in them of foreign 
materials such as stones and mortar, to the improper 
use of longitudinal steel in bond (12) and to traffic. 
Corners broken off by expansion of the concrete are 
generally small in area, and have sides ranging from 6 
to 18 inches in length. Broken corners due to continu- 
ous longitudinal steel in bond in the absence of expan- 
sion joints, occur either along the edges or the center 
joint, are usually held tightly in place, and may have 
a longer leg transversely than longitudinally. These 

of this type occurring in parts of the pavement located 
over ruts in the subgrade which had been filled with 
dry soil immediately prior to constructing the pave- 
ment. (See fig. 10.) 

The faulting of cracked slabs is dependent upon 
subgrade support. The separation of cracked slabs 
(fig. 11) or the widening of center joints, when occurring 
generally, may be due to movement of the subgrade. 

The intimate relations existing between pavement 
condition and subgrade support causes one to Inquire 
next into the variables upon which the supporting 
properties of the subgrade depend. 

FIELD INVESTIGATIONS SHOW THAT SUBGRADE VARIABLES 
INFLUENCE PAVEMENT CONDITION 

According to the older conceptions derived from 
experience, the quality of the subgrade support should 

Figure 8.—Tuer Upper Picture SHows Cracks IN CoNCcRETE RoAD CausED BY LACK or UNIFORMITY IN 
SUBGRADE SUPPORT. 
SUBGRADE SETTLEMENT 

are illustrated in Figure 9. Corner cracks caused by 
longitudinal steel in bond extending across transverse 
expansion joints may constitute failure requiring re- 
placement. Corners broken off by traffic generally 
have equal legs 2 to 4 feet long and in many cases are 
depressed. The upper picture of Figure 9 illustrates 
a corner crack caused by traffic. The term ‘“‘corner 
cracks’? when used subsequently refers only to those 
caused by load. 

Excepting when the corners of full width concrete 
road slabs are warped upward (at night and after show- 
ers in the day time) the occurrence of “corner cracks,”’ 
like ““breakage,’’ seems to depend upon the intensity of 
subgrade support. 

Irregular cracks may consist of short single lines 
which occur intermittently in road slabs or which, 
when more or less connected, may extend for appreci- 
able lengths in road slabs. 
They may be caused by shrinkage in the concrete 

due to mixing, curing or material variables, or by non- 
uniform expansion in the subgrade soil. In any case 
they occur at least in microscopic dimensions before 
the concrete has set. Both W. C. McNown, of the 
University of Kansas, and Mr. F. V. Reagel, of the 
Missouri State highway department, observed cracks 

Tue Lower Picturre SHows TRANSVERSE CRACKS AT SHORT INTERVALS DUE TO 

essentially depend on the clay content. Thus the 
results furnished by the California survey (13), and by 
investigations of the highway research board (7), 
show that the occurrence of “‘breakage”’ in relatively 
thin concrete pavements is influenced by the clay con- 
tent of the subgrade soil. 

A. C. Rose, in the Pacific Northwest (14), and C. L. 
McKesson in California (15), also found that the clay 
content of the subgrade soil influenced pavement 
condition to marked extent. 

Additional data show that, other things being equal 
and especially in the absence of frost action, the pres- 
ence of particles smaller than 0.005 millimeter in 
diameter contributes to the occurrence of pavement 
failures caused by low intensity of subgrade support. 
The results furnished by the subgrade surveys now in 
progress, however, disclose the identity of factors other 
than the clay content of the subgrade soil which may 
exert an influence of primary importance upon the 
occurrence of failure in pavements. 

For instance, failures due to low intensity of support, 
according to data now available, may be caused merely 
by the presence of highly porous materials such as 
diatoms or by a high moisture content in the subgrade 
soil. Failures due to spongy support may be caused 

a 
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Figure 9.—CornrerR Cracks ALONG THE HEpGEes AND CENTER JoINT CAUSED BY Heavy LONGITUDINAL 
REINFORCEMENT IN Bonp. THE Upper Picture SHows A CorNER BREAK CAUSED BY TRAFFIC AND 
FoLLOWED By PROGRESSIVE BREAKING Down 

Figure 10.—Uprrr: Cracking LocaLizED IN Portions or ConcrEeTE Laip OvER WuirrL PaAtus IN Sus- 
GRADE. Lower: IRREGULAR CRACKING CAUSED BY EXPANSION IN THE SUBGRADE COMBINED PossI- 
BLY WITH SHRINKAGE IN THE CONCRETE DUE TO LOSS OF WATER FROM THE CONCRETE BEFORE 
SETTING 
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solely by the presence of mica 
in the subgrade soil. Failures 
due to lack of uniformity in 
support may be caused by 
variation in the soil directly 
under the pavement or at 
some distance beneath the 
pavement. 

In Figure 12—A,° the badly 
cracked portion of the pave- 
ment rests upon a silty soil 
A, which contains some clay 
and an appreciable percentage 
of diatoms. This soil has 
high shrinkage and plasticity ; 
when dry it is highly porous 
and has a strong affinity for 
water but when wet it is very 
unstable. Soil type B, upon 
which part of the good portion 
of the pavement rests, is a 
fine, sandy loam and_ has 
medium shrinkage and_plas- 
ticity. Soil Clacks the diatom 
content but otherwise is sim- 
ilar to A. Thus, in this case, 
the presence of diatoms in the 
subgrade soil seems to have 
influenced the extent of crack- 
ing in the pavement. 

The failure shown in Figure 3 and referred to pre- 
viously, was attributed primarily to the presence of 
large mica flakes in a very fine sand and silty soil. 

In Figure 12—B the cracked portion of the pavement 
rests directly on a soil, D, which varies from a fine 
sandy loam to a clay and which has high shrinkage 
and medium plasticity. The good portion of the 
pavement rests directly upon a soil mixture, /, which 
has negligible shrinkage and plasticity. The under- 
lying soils, / and G, are silty clays which have medium 
shrinkage and plasticity. In this case, the clay con- 
tent of the subgrade soil seems to have influenced the 
extent of cracking in the pavement. 

In Figure 12—C, both the cracked and good portions 
of the pavement rests directly upon a soil, H, which 
has medium shrinkage, medium plasticity and which, 
due to its structure, is permeable. Under the cracked 
portion, however, the underlying layer, J, is very 
compact and impervious (due to its laminated struc- 
ture), has medium shrinkage and plasticity, and lies 
very close to the pavement. Because of the approxi- 
mately curved profile of the underlying layer, J, the 
thickness of the upper layer, H, is variable. Under 
these conditions, the porous upper layer, due to varia- 
tion in moisture content accompanied by expansion 
and shrinkage, may furnish the cracked portion of the 
pavement with support which lacks uniformity. Also, 
at this location, the impervious underlying layer, J, 
prevents the escape of water downward and thus may 
cause loss of stability in the upper layer, H, due to 
supersaturation. 

A similar subgrade condition accompanied by similar 
cracking in the pavement, is shown in Figure 12—-D. 

Fiaur& 11.—SEPARATION OF 
SiaB FrRaGMENTS DUE TO 
SUBGRADE CONDITIONS 

3 The soil profiles in Figure 12 were furnished by W. I. Watkins, of the U. S. Bureau 
of Chemistry and Soils, which is cooperating with the Bureau of Public Roads in 
the latter’s subgrade surveys. 
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In this case, however, the good portion of the pavement 
rests upon a fill while the pavement shown in Figure 
12-C is all in cut. The cracking shown in Figures 
12-C and 12—D seems to be due more to field arrange- 
ment and structure than to the raw materials of the 
subgrade soils. 
In Figure 12—K, all of the soils are fine sands or fine 

sandy loams and have negligible shrinkage and_plas- 
ticity. Cracking here seems to be due to settlement 
in the side-hill fill, caused possibly by the failure of 
the culvert located under the center of the cracked 
portion of the pavement to furnish adequate drainage 
facilities. 

Side-hill fills constructed of material which is less 
permeable than the soil which supports the fill material 
and part of the pavement, subgrades in which the soil 
changes appreciably in condition or character, and 
soils “composed of widely different materials as, for 
instance, clays interspersed with sand pockets, and 
sands containing thin, laminated clay layers, afford 
conditions of support especially productive of cracking 
in pavements. 

In this connection attention may be called to the 
fact that clay fills are often very much less permeable 
to a depth of several feet below the surface than the 
same clay in its natural condition. This is due to the 
closing of root holes and other openings which exist in 
the undisturbed deposit. 

Thus, according to the preceding discussions, pave- 
ment behavior may depend upon the character of the 
subgrade soil material (raw constituents), upon the 
structure of the soil in its natural state (dense or loose, 
homogeneous or full of cracks or root holes), upon the 
soil profile (variation in depth of the different soil 
zones and the relative occurrence of permeable and 
impermeable strata) upon adjacent topography 
(through its influence upon the occurrence of surface 
and underground water), upon climatic conditions 
(well distributed or intermittent occurrence of rainfall 
and presence or absence or frost action), or upon any 
combination of these variables. 

The number and variety of these influencing factors 
clearly indicate that they must be investigated accord- 
ing to some coherent and logical procedure, otherwise 
the ensuing information, because of its complexity, 
will be of limited usefulness in practice. 

Therefore, in order to facilitate a study of these 
different variables with respect to the relative impor- 
tance of the influence which they exert upon the sup- 
porting properties of subgrades and in order to facilitate 
the application of the ensuing information in practical 
road construction, it becomes desirable to arrange the 
subgrades in groups according to outstanding perform- 
ance with regard to pavement behavior. 

SUBGRADES GROUPED ACCORDING TO PERFORMANCE 

In determining a satisfactory basis for grouping 
subgrades, their properties as disclosed by both labora- 
tory tests and field surveys must be considered. 

Laboratory test results disclose the degree to which 
certain physical properties are manifested when soils 
are subjected to arbitrary laboratory conditions, and 
therefore furnish a medns merely for identifying the 
raw constituents of soils and determining the influence 
which these raw constituents are apt to exert upon 
such physical characteristics as shrinkage, expansion, 
plasticity, elasticity, water capacity, ~ permeability, 
etc., and the extent to which admixtures or treatments 
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may be effective for changing these characteristics. 
The more the field behavior depends upon the raw con- 
stituents of soils, the more male euticient are laboratory 
tests for explaining the behavior of subgrades and, 
because of this, laboratory tests explain with ereater 
accuracy the performance of subgrades consisting of 
coarse-grained soils than of those consisting of fine- 
grained soils. 

Thus, for instance, if a soil, according to test, shows 
neither ‘plasticity nor shrinkage, and if in addition its 
mechanical analysis indicates a coarse-gri ained, well- 
graded material with some silt in it, it w “ill represent a 
firm subgrade in the field. 

On the other hand, the more the fine-grained con- 
stituents (clay content) of a soil dominate, the greater 
the possible variation in behavior of exactly the same 
soil under field conditions and the more do the data 
obtained in the laboratory require supplementing by 
field observation. 

Therefore, the tentative grouping of subgrades takes 
into consideration both their raw constituents and 
their performance under field conditions. The extent 
to which laboratory tests serve for identifying sub- 
grades and the extent to which subgrades with | equal 
laboratory identification may vary in performance 
under field conditions is indicated by the following dis- 
cussion of the individual groups. 

It should be remembered that no attempt is made to 
present a rigid, permanent classification. The group 
numbers are used merely for convenience and have no 
other significance. When the character of the sub- 
gerade changes, there is a weak spot although the sub- 
grades on both sides of the boundary may be good. 
Therefore, when attempting to arrange the subgrades 
in groups, uniform support (A) is distinguished { from 
nonuniform support (B). 

Within Group A the subgrades are arranged accord- 
ing to those characteristics of the soils which are most 
conspicuous in the performance of subgrades. 

UNIFORM SUBGRADES (GROUP A) ARRANGED ACCORDING TO 
CHARACTERISTICS CONSPICUOUS IN PERFORMANCE 

Group A-1.—Well graded material, coarse and fine, 
excellent binder. Highly stable under wheel loads, 
irrespective of moisture conditions. Functions satis- 
factorily when surface-treated or when used as a base 
for relatively thin wearing courses. Represented by 
the excellent topsoils of Georgia. 

Group A—2.—Coarse and fine materials, inferior 
binder. Highly stable when fairly dry. Apt to soften 
at high water content caused either by rains or by 
capillary rise from saturated lower strata when an 
impervious cover prevents evaporation from the top 
layer. 

Group A—8.—Coarse material only, no binder. Lacks 
stability under wheel loads but unaffected by moisture 
conditions. Furnishes excellent support for flexible 
pavements of moderate thickness and for relatively thin 
rigid pavements. Represented by the Florida sands. 

Group A-4.—Silt soils without coarse material, and 
with no appreciable amount of clay. Apt to absorb 
water very readily in quantities sufficient to cause rapid 
loss of stability even when not manipulated. When 
dry or damp, presents a firm riding surface which 
rebounds but very little upon the removal of load. Apt 
to cause cracking in rigid pavements due to frost heav- 
ing and failure in flexible pavements due to low sup- 
port. Represented by the New Hampshire silts. 
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Group A-5.—Similar to Group A-4, but furnishes 

highly elastic riding surfaces with appreciable rebound 

upon removal of load even when dry. Elastic proper- 

ties interfere with proper compaction of macadams 

during construction and with retention of good bond 

afterwards. Represented by highly micaceous soils of 
North Carolina. 

Group A-6.—Clay soils without coarse material. In 
stiff or soft plastic state absorb additional water only if 

manipulated. May then change to liquid state and 
work up into the interstices of macadams. Furnish 
firm support essential in properly compacting macadams 
only at stiff consistency. Deformations occur slowly 
and removal of load causes very little rebound. Shrink- 
age properties combined with alternate wetting and 
drying under field conditions are apt to cause cracking 
in rigid pavements. Represented by the Mississippi 
gumbo. 

Group A-7.—Similar to Group A-6, but when moist, 
deforms quickly under load and rebounds appreciably 
upon removal of load. Thus, lacks firmness in support, 
similar to subgrades of Group A-5. Alternate wetting 
and drying under field conditions leads to even more 
detrimental volume changes than in Group A-6 sub- 
grades. May cause concrete pavements to crack before 
setting and to crack and fault afterwards. Repre- 
sented by Illinois gumbo and typical adobes. 

Group A-8.—Very soft peat and muck incapable of 
supporting a road surface without being previously 
compacted or displaced by a fill. Represented by 
Michigan peat bogs. 

NONUNIFORM SUBGRADES GROUPED 

Soils of this group cause concrete pavements to 
crack or fault excessively and flexible types to fail or to 
develop rough riding surfaces. 

Group B-1.—Nonuniform natural ground due to 
abrupt variation in soil characteristics, or soil profile, 
or to frequent change in field conditions. 

Group B-2—Nonuniform subgrade due to nonuni- 
form composition of fill. 

Group B-8.—Nonuniform subgrade consisting in part 
of natural ground and part of fill materials. 

GROUP A-1 SUBGRADES CHARACTERIZED BY HIGH STABILITY 

The high stability of the Group A-1 subgrades is 
due to the presence of coarse material in an amount 
sufficient to furnish high supporting value and fine 
particles in quantity and quality sufficient to furnish a 
fairly water-resistant binder which prevents lateral 
displacement of the soil when subjected to load. 

The mechanical composition of an ideal soil of class 
1, according to Dr. C. M. Strahan (1/6) is as follows: 
‘““Clay 12 to 18 per cent; silt, 5 to 15 per cent; total 
sand, 65 to 80 per cent, and sand above No. 60 sieve, 45 
to 60 per cent. When coarse material (that retained 
on No. 10 sieve) is present or is added to a good soil 
mortar in appreciable amount, 10 per cent or more, the 
hardness and durability of the slab is increased, and 
continues to increase until the full type of gravel slab 
is reached, Coarse material is most effective when 
present in .graded sizes from one inch downwards. 
Micaceous, feldspathic or slaty types are objectionable 
because of their softness.’ In Dr. Strahan’s report 
“clay” refers to particles less than about 0.02 milli- 
meters in diameters; silt, to particles whose diameters 
vary between 0.02 and 0.07; and sand to particles 
larger than 0.07 millimeters in diameter. Subse- 
quently in this report ‘‘clay” refers to particles less 
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than 0.005 millimeters in diameter; silt to particles 
whose diameters vary between 0.005 and 0.05; and 
sand to particles larger than 0.05 millimeters in diam- 
eter. 

Translating his statement into the terms used by the 
Bureau of Public Roads (clay 0.005 millimeters, silt be- 
tween 0.005 and 0.05 millimeter, and sand for particles 
larger than 0.05 millimeter), we arrive at the following 
approximate composition of the material: Clay less than 
5 per cent, silt 9 to 32 per cent, sand total 63 to 86 per 
cent, and sand above No. 60 sieve 45 to 60 per cent. 
The uniformity coefficient of such a material should be 
greater than 15 and its effective size in the vicinity of 
0.01 millimeter.‘ 

Ficure 13.—Grovp A-1 Som, A StaBLe MrxtTurk oF SAND 
AND CLAY 

According to C. L. McKesson (17) good binders 
usually have low moisture carrying capacities and low 
lineal shrinkage values (14) and according to Dr. C. M. 
Strahan they have also high adhesive properties (18). 
The latter suggests kaolin, which according to lab- 
oratory tests results has low shrinkage and medium 
plastic properties, as an ideal binder. 

The high stability which identifies the Group A-1 
subgrades depends upon characteristics of the raw mate- 
rials and is disclosed in the laboratory by the mechanical 
analysis which informs us about the quantity of binder, 
and the plasticity and shrinkage tests which inform us 
as to the quality of the binder. 

In nature these subgrades are represented by many 
bank-run gravels, natural sand-clays and certain top- 
soils such as are found in parts of North Carolina and 
Georgia. Their stability when subjected to traffic is 
illustrated in Figure 13. 

Their performance is influenced by only two field 
conditions: Position of the ground-water level and frost 
action. If the ground-water level rises close to the 
ground surface, frost heave is apt to occur in the more 
uniform varieties of these subgrades. More or less 
horizontal layers of ice are formed, while the layers of 
soil located between the ice layers seem to come under 
compression. When the ice thaws, the soil is apt to 
disintegrate temporarily. Group A-1 subgrades make 
excellent fills in which settlements are insignificant. 

4 Effective size: The size of grain than which there are 10 per cent, by weight of the 
particles smaller and 90 per cent larger is considered to be the effective size. 
Uniformity coefficient: The ratio of the size of grain than which there are 60 per 

cent of the sample finer to the size than which there are 10 per cent finer. (Allen Hazen 
Report of the Massachusetts State Board of Health, 1892, p. 541.) 
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GROUP A-2 SUBGRADES MORE AFFECTED BY MOISTURE THAN 
THOSE OF GROUP A 

Subgrades of this group may contain either more 
binder or an equal amount of binder of poorer quality 
than those of Group A-1. Although a Group A-2 sub- 
grade, during the dry season, could hardly be distin- 
guished from a Group A~-1 subgrade, the former, by 
its softening, can easily be distinguished from the latter 
during rainy weather or when covered with an imper- 
vious top. 

Since the softening of the binder is quite obviously a 
characteristic of the raw material, the Group A—2 sub- 
grades may be readily identified by the same laboratory 
tests which identify the Group A-1 subgrades. 

The field conditions which exert an influence on the 
performance of these subgrades are position of the 
ground-water level, frost action and intensity, and 
distribution of rainfall. The position of the ground- 
water level and frost action exert an influence similar to 
that noted for the Group A-1 subgrades. In addition, 
proximity of the ground-water level to the ground sur- 
face increases the tendency of these subgrades to 
soften when covered with impervious tops. Also, the 
more wet weather there is the less serviceable are these 
subgrades. 

Subgrades varying with respect to size of particles 
and grading from those of Groups A-1 and A-2 ap- 
proach those of other groups as follows: With decreasing 
uniformity and decreasing quantity of binder, Group 
A-3; with decreasing uniformity and increasing silt 
quantity, Group A—4; and with increasing clay content, 
Group A-6. 

er i 

Fiaure 14.—Grovur A-3 Sorin, CoHESIONLESS SAND 

GROUP A-3 SOILS LACKING IN COHESION 

These subgrades differ from those of Groups A-l 
and A-2 inasmuch as they lack the fine fraction 
(binder, particles less than 0.05 millimeter in diameter) 
required to prevent lateral displacement of the coarse 
particles under load. Hence when traveling over the 
surface of such a subgrade, the wheels sink into the 
loose material. At the same time, the supporting 
qualities of the same material when loaded over a 
very large area are very good. 

All of the Group A-3 subgrades have the following 
properties: Effective size not less ‘than 0.1 millimeters; 

no shrinkage; and no plasticity. The higher the 
uniformity coefficient and the sharper the grains, the 
more stable is the material. ue 

These properties all depend upon characteristics of 

the raw materials and can be identified in the laboratory 
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by the mechanical analysis, and the plasticity and 
shrinkage tests. 

Cohesionless sands and gravels represent these sub- 
grades in nature. Their behavior under traffic 
illustrated in Figure 14. 

Field conditions are apt to influence the quality of 
these subgrades in the following manner: The same 
sand may occur in nature either in a dense or in a loose 
state. The denser the texture the greater is the sup- 
porting power of the material. If the ground-water 
level rises close to the surface, the supporting power of 
the subgrade decreases very considerably. 

Due to their great permeability, the Group A-3 
subgrades are subject to frost heave only in very rare 
instances. They make very stable fills irrespective of 
moisture conditions. 
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Figure 15.—LoNGITUDINAL PROFILE 
OF ELEVATION OF GROUND WATER 
QuaLity oF Group A-4 SUBGRADES 

GROUP A-4 SOILS LACKING IN BOTH FRICTION AND COHESION 

These subgrades differ from those of Group A-1 
inasmuch as they lack coarse particles in amounts 
sufficient to make them stable when wet, and, inasmuch 
as they lack very fine particles (clay) in sufficient 
amount to produce appreciable cohesion. 

All of the Group A-4 subgrades have the following 
laboratory properties in common: Uniformity coeffi- 
cient less than 15; effective size from about 0.01 to 0.10 
millimeters; plasticity index seldom above 10 and gen- 
erally 0. Shrinkage limit below 30. Soils of this group 
can therefore be identified by the following tests: Wet 
mechanical analysis (Wiegner or Boyoucos method) 
and the Atterberg plasticity tests. 

They are represented in nature by the very fine sands 
and silts which occur generally and have been noted 
particularly in New Hampshire, Maryland, Ohio, and 
in the frost boil areas of Iowa and Minnesota. 

Field conditions may affect the quality of these sub- 
grades in different ways. The same soil may be dense 
or loose, which in turn affects the supporting quality 
both in a dry and in a wet state. The closer the particle 
are packed together, the greater is the supporting 
power of the same soil (settlement under the same 
load acting on the same area). If the ground-water 
level is close to the surface, the average supporting 
power of the soil throughout the year will be very much 
lower than if the ground-water level occupies a low 
position. Furthermore, at high ground-water level, 
important frost heave must be expected, while it may 
be absent if the ground-water level is low. This effect 
of the field conditions is illustrated by Figure 15. 

Furthermore, the somewhat plastic (very fine grained) 
varieties of the Group A-4 subgrades can be either 
feebly permeable or fairly permeable, depending on 
whether they are homogenous as in deep cuts or full of 
small root holes as in locations nearer the surface. 
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This field condition obviously will affect the drainage 
properties of the soil. 

Fills consisting of Group A—4 materials settle appreci- 
ably, but they come to rest within Jess than a year. 

The fills should be placed during the dry season, other- 
wise they are apt to remain mushy for a long period. 

This is particularly true for the feebly plastic varieties. 
Subsequent saturation of a fill by continuous rain also 

decreases its stability. 

GROUP A-5 SOILS CHARACTERIZED BY POROSITY, DEFORMATION, 
AND REBOUND 

Similar to those of Group A-4, these subgrades also 
consist primarily of very fine sands or silts. But in 
addition, they contain an appreciable percentage of 
micaceous particles or diatoms, which cause the sub- 
grades of this group to be highly porous, to deform 
quickly under load and to rebound appreciably upon 
removal of load. 

COMPRESSIBLE SUBGRADE-GROUPS A-4 AND A-6 

LOAD REMOVED LOAD APPLIED 

ELASTIC SUBGRADE- GROUPS A-S AND A7 

LOAD 

W . ; ‘* — aaa | MINN 

NIKI 7! 

LOAD APPLIED LOAD REMOVED 

FicurE 16.—Errect or APPLYING AND ReMmovina Loap 
ON COMPRESSIBLE AND ELASTIC SUBGRADES 

The quick deformation is due, not to any appreciable 
volume change, but merely to the small resistance of 
the soil against distortion. The difference in the charac- 
ter of deformations in a compressible (Group A—4) and 
an elastic (Group A—5) subgrade is illustrated in Figure 
16. Instead of compressing, the elastic subgrade under 
load squeezes out in a jellylike manner from beneath 
the load. 

The difficulty which this elastic property causes 
when one attempts the construction of macadams is 
well illustrated by a highly micaceous soil located in 
North Carolina. According to C. N. Conner, efforts 
extending over a period of three weeks failed to effect 
adequate compaction of the stone courses in one 
instance and a concrete pavement was subsequently 
constructed. The road surface suffering from ruptured 
bond shown in Figure 3, rests upon a subgrade of this 
group located in Rock Creek Park, Washington, D. C. 

The porous and elastic properties of these subgrades 
are characteristics of the raw materials irrespective 
of field conditions. 

They are identified by laboratory test results as 
follows: Plasticity index seldom above 10; shrinkage 
limit above 30; lower liquid limit and field moisture 
equivalent relatively high, being not less than 30 for a 
plasticity index of 0 and abnormally higher for soils 
with greater plasticity indices. 

The highly micaceous soils occur very frequently in 
Pennsylvania, Maryland, and North and South Caro- 
lina and other States. The diatomaceous soils were 
found, among other States, in Maryland and Virginia. 
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Soil A of Figure 12—A, classed as a gray silt by the 
United States Bureau of Soils, is an exceptional ex- 
ample of the diatomaceous subgrades, having a shrink- 
age limit of 60, plasticity index of 19, lower liquid 
limit of 81 and a field moisture equivalent of 87. 
When dry this soil weighs but 55 pounds per cubic foot. 
Adding only 20 per cent of mica flakes to a friable soil 
may reduce its weight from about 110 to 85 pounds 
per cubic foot. The expansive properties of sand-mica 
mixtures have been disclosed in a previously published 
report (19). 

Presence of free water and frost action are the two 
field conditions which influence the performance of 
these subgrades. Their effect is similar to that exerted 
on the performance of the Group A-4 subgrades. 

GROUP A-6 SOILS, CONSISTING OF CLAY, GREATLY AFFECTED BY 
FIELD CONDITIONS 

These are the subgrades generally termed clay. 
When dry they take up water in appreciable amounts 
and suffer proportionate expansion. However, water 
penetrates the voids at a very much slower rate than 
it penetrates those of the Group A-4 subgrades. On 
account of their very appreciable cohesion these sub- 
grades when in the plastic state do not lose their 
stability, unless they are manipulated as, for instance, 
by repeated movements of superimposed pavements. 

The effect of manipulation (traffic) on the cohesion 
of these soils is the result of the breaking up of the 
minute details of the structure. The importance of 
this loss of cohesion was clearly disclosed by laboratory 
tests (20). Similar effects of pounding on cohesion 
were also observed with other materials. Thus, by 
merely hammering the surface of plasticine (a very 
plastic mixture of fine dust and lubricant), the ultimate 
bearing capacity of this material is reduced by at least 
50 per cent. 

All of the Group A-6 subgrades have the following 
properties in common: Clay content not less than 30 
per cent, more than 60 per cent of which consists of 
fine particles not larger than 0.002 millimeter in diam- 
eter; effective size less than 0.002 millimeter; plasticity 
index not less than 10; shrinkage limit never more than 
30 and generally less than 20; field moisture equivalent 
seldom above 35; centrifuge moisture equivalent seldom 
below 30 and tendency of specimens to water-log when 
centrifuge moisture equivalent exceeds 50. Therefore, 
the following laboratory tests can be used for identify- 
ing the members of this group: Wet mechanical analy- 
sis, Atterberg plasticity tests, the centrifuge and the 
field moisture equivalent tests. 

These subgrades are very common. As_ typical 
representatives we may mention the Mississippi gumbo, 
the Louisiana gumbo, and the zone B of the Leonard- 
town series (soil J, fig. 12—C.) 
Among the field conditions which are apt to influence 

the quality and the performance of the Group A-6 
subgrades, consisting of identical soil materials, the 
following should receive special attention: First, 
whether the soil as encountered in the subgrade is 
homogeneous (putty-like appearance, without any 
visible cracks, root holes, etc.) or whether it is full of 
cracks, root holes, and other visible openings in which 
the water can freely circulate. The first kind of clay 
can be considered practically impermeable, incapable 
of containing anything like free ground water, while 
the second is more or less permeable and capable of 
containing ground water. 
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In order to illustrate the tremendous difference which 
exists. between these two natural states, the two fol- 
lowing examples may serve: 

In 1927, test borings were made in a typical Missis- 
sippl gumbo at the Arkansas approach to the Harahan 
Bridge at Memphis, Tenn. The clay had a plasticity 
index of about 40 and a liquid limit of about 75. 
(Note difference between these values and the plas- 
ticity index of 19 with a lower liquid limit of 81, 
previously given for a Group A-5 subgrade.) In a 
homogeneous state (worked with water into a homo- 
geneous, plastic paste) it was found to be practically 
impermeable. It is known to exist in this state in certain 
parts of Louisiana. However, at the site of the borings, 
down to a depth of at least 8 feet, the clay was found to 
be full of root holes in which the water could freely 
circulate. When withdrawing the drilling tools one 
could hear the water spouting out of the holes. 

In 1928, in Spanish Honduras, Terzaghi encountered 
a very similar material. Within the forests, in a per- 
fectly undisturbed state, down to a depth of at least 
12 feet, the clay was full of root holes and contained 
free ground water. Permeability tests performed on 
perfectly undisturbed samples showed that the coeffi- 
cient of permeability averaged 0.015 centimeter per min- 
ute. Then the texture of the material was completely 
destroyed, thus securing perfectly homogeneous samples 
consisting of exactly the same material and exactly 
the same water content as before. After this operation 
the coefficient of permeability was found to be equal to 
0.0000002 centimeter per minute. The undisturbed 
material, therefore, showed a permeability seventy-five 
thousand times greater than the disturbed sample. 

In nature the same clay may occur either in the first 
or in the second state. Depending on this state it can 
either be readily drained or not at all which, as a matter 
of course, has a tremendous influence on the perform- 
ance of the subgrade. 

Clays in a perfectly homogeneous state are encoun- 
tered almost exclusively in fairly deep cuts. In this 
state, exactly the same clay may either be stiff, medium, 
or soft, depending on its water content. Hence the 
water content determines whether the supporting 
quality 1s good, medium or poor. Since the clay in a 
homogeneous state does not contain free ground water 
and since, in addition, the capillary movement of the 
water is exceedingly slow, there is very little or no frost 
heave to be expected. On the other hand, the pave- 
ment may suffer badly from unequal shrinkage of the 
suberade. For the same clay this effect will be the 
greater, the greater the original water content. For 
different clays of equal consistency (compressive 
strength per unit of area of an unconfined specimen) 
the clay with the higher plasticity and higher liquid 
limit will be the worse. 

The behavior of the porous varieties of the Group A-6 
clays will essentially depend on the degree of permea- 
bility and on the position of the highest ground-water 
level. If the ground-water level is permanently low, 
due to favorable drainage conditions, the subgrade is 
stable and there is little frost heave. Under the in- 
fluence of traffic, the subgrade becomes more and more 
compacted. On the other hand, if the ground water 
level is high, there exists the danger of very appreciable 
frost heave and the supporting quality of the soil is 
likely to be poor. 

Thus the interaction between the Group A-—6 sub- 
grade and the pavement may be very different, depend- 
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ing on whether the clay is encountered in a homo- 
geneous or in a porous state. Therefore one clay may 
be very poor in cut and good in natural ground sur- 
face, another very good in a cut and very poor in 
natural ground surface. 

If used in fills, the soils of the Group A-6 subgrades 
are apt to settle during a period exceeding one year. 
Both the quality of the fill and the speed of consolida- 
tion will depend on whether the clay readily slakes and 
sloughs or whether it is loath to take in water. In this 
respect, clays with a high plasticity and a high liquid 
limit (poor in cut, due to great unequal shrinkings) 
may be more favorable than rapidly slaking clays with 
a low plasticity index and a low liquid limit (good in 
cut). The same clay, extracted from the same cut, 
may furnish a good or a poor fill, depending on whether 
it was placed during the dry or the rainy season. 

Figure 17 illustrates one of the many ways in which 
field conditions may influence Group A-6 subgrades. 

ORIGINAL GROUND 

SURFACE 

TOP SOIL VERY PERMEABLE, 

HIGH GROUND WATER LEVEL 

ROAD SURFACE 

SUBSOIL H OMOGENEOUS, ALMOST 

IMPERMEABLE SOIL 

ROAD IN CUT,G00D 
Pipe net 

LITTLE FROST HEAVE, 
SUBJECT TO UNEQUAL 
SHRINKAGE AND EX- 
PANSION 

ROAD ON NATURAL TOP SOIL,LOW 

SUPPORT, SUBJECT TO FROST HEAVE, 

NOT APT TO SHRINK AND EXPAND 

UNEQUALLY 

ROAD ON VERY 

600D FILL 

Figure 17.—Cross Section SHowine Errect or Firup Con- 
DITIONS ON THE QUALITY oF Group A-6 SUBGRADE 

GROUP A7 INCLUDES CLAY SOILS WITH ELASTIC AND HIGHLY 
EXPANSIVE PROPERTIES 

Similar to the subgrades of Group A-—6, those of this 
group may contain a high percentage of clay. Differ- 
ing from the subgrades of the foregoing group, those of 
this one may either contain only a very small per- 
centage of finer clay particles or they may contain an 
abundance of such material combined with organic 
matter or coarse-grained mica in the soil. In both 
cases the voids will average very much larger than those 
of the Group A-6 subgrades. This in turn causes the 
Group A-7 subgrades to have higher permeability and 
smaller resistance to the flow of water toward the sur- 
face of evaporation than the A—6 subgrades. Conse- 
quently these subgrades behave differently, both when 
exposed to free moisture and when exposed to the air. 
When exposed to free moisture, the A—7 subgrades 

take in water more rapidly than those of Group A-6. 
Thus when resting under water for the same period of 
time, the depth of softening in the A—7 subgrades will 
equal many times that in the A-6 subgrades. 

To illustrate the difference in the two subgrades 
when drying, let a large ball of each having equal con- 
sistency initially, dry under similar conditions for the 
same period of time. Upon examination, the ball of 
A-6 material will be found to have a soft core sur- 
rounded by a dry crust. The moisture content of the 
A-7 material in contrast will decrease uniformly from 
the center to the surface of the ball. 

These examples explain why wetting and drying 
under field conditions produce in A-7_ subgrades 
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Figure 18.—SHrRINKAGE Cracks IN Heavy Cuay Sor 

effects more detrimental than those produced by similar 
field conditions in A-6 subgrades. Only when moist 
are these subgrades spongy or jelly-like. Thus they 
differ from the subgrades of Group A-5 which have 
elastic properties also when dry. 

The Group A-7 subgrades show laboratory test 
results similar to those of Group A-6 except as follows: 
Effective size greater than 0.002 millimeter except 
when soil particles are grouped due to coagulation 
(when so grouped the hydrometer test indicates effec- 
tive size as being greater than 0.002 millimeter) ; shrink- 
age limit less than 30; field moisture equivalent may 
exceed 35; for values above 30, field moisture equiva- 
lents more nearly equal to the lower liquid limit than 
in subgrades of Group A-6 and may exceed centrifuge 
moisture equivalent; nonwater logging in centrifuge 
moisture equivalent test. 

The Ilhnois gumbo is representative of the Group 7 
soils. In one instance during the construction of the 
Bates Road, this soil, when wetted by a slight rain, 
expanded from a compacted semidry state and raised 
the elevation of the subgrade surface 4% to % inch 
over night. This soil, when it contained about 30 per 
cent of water and when deformed in amounts varying 
between 0.02 and as much as 0.29 of an inch, was almost 
perfectly elastic. Within these limits the deflections 
increased consistently at the rate of 0.01 of an inch for 
each additional pound per square inch soul pressure (2). 
The elastic properties of the Illinois gumbo were very 
clearly disclosed by repeated application and removal 
of loads in the field (3). The soils of Kansas and 
Missouri which caused irregular cracks in concrete 
pavements a previously noted also are representative 
of the soils of this class. 

The inefficiency of macadams when laid on elastic 
soils of this group is demonstrated by the results of 

the Bates Road test. Pressure-cell observations indi- 
cate that the stability which the macadam_ bases 
received during construction was very much reduced 
by the application of the lightest wheel loads (2,500 
pounds). Failure of these bases due to lateral flow of 
the subgrade appeared soon afterwards (3). 

The field conditions are apt to exert an influence on 
the quality of the Group A-7 subgrades similar to that 
described for the A-6 subgrades. Long wet spells 
followed by long periods of dry weather may produce 
very detrimental volume change as shown in Figure 18. 
With well-distributed rainfall and fairly constant posi- 
tion of the ground-water level these subgrades furnish 
good support for concrete pavements provided there is 
no excessive frost action. Because of their elasticity 
the A-7 subgrades seem less apt to become compacted 
under traffic than do the permeable varieties of Group 
A-6. The rapid expansion of the A—-7 subgrades which 
causes the occurrence of irregular eracks in concrete 
before setting, occurs only when these subgrades con- 
tain a particular moisture content during the placing of 
the concrete. This property is therefore dependent 
on field conditions. 

GROUP A-8 SOILS INCLUDE PEAT, MUCK, AND SIMILAR MATERIALS 

Subgrades consisting of peat, muck, and similar 
materials which afford exceptionally low support are 
easily recognized in the field without test. Their 
properties were described in a paper published by 
V.-R: Burton (27)! 

NONUNIFORM SUBGRADES DISCUSSED 

Group B-1.—These sugbrade conditions can be due to | 
three different causes; viz, fairly rapid succession of 
soil types within the top layers of the ground, fairly 
rapid change in the field conditions (soft and_ stiff 
consistency, dense or loose texture, etc.), or a fairly 
rapid change in the soil profile. 

Typical representatives of the first cause may be 
found in those cases where the subgrade consists of 
clay with pockets or streaks of sand or where the sub- 
gerade consists of sands with layers or pockets of clay. 
The effect of field conditions on the quality of the sub- 
grade will be approximately as important as_ their 
effect on the quality of soil type which dominates. 
(See effect of field conditions on uniform subgrades 
A-1 to A-7.) 

The second cause of lack of uniformity is illustrated 
by stiff, Group A-6 clays with pockets of the same clays 
of softer consistency. It leads to local variations in 
the quality of support or in the effect of wetting and 
drying. 

The third cause indirectly leads to lack of uniformity 
by reason of unequal field conditions. An instructive 
example was presented in Figure 12—C. Due to the 
presence on the right side of the profile of an im- 
permeable bottom stratum at a moderate depth below 
the surface, the silt above remained permanently 
saturated and the pavement broke up. On the left 
side the impermeable bottom stratum was located at 
a great depth. As a consequence, the top layer was 
well drained, and the pavement remained in good 
condition. 

Group B-2.—These subgrades are obtained by con- 
structing fills with soils having very different physical 
characteristics. Vill material obtained from ground 
stratified in a horizontal direction is automatically 
mixed by the steam shovel and the lack of uniformity 
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in the fill will be neghgible. On the other hand, if the 
steam shovel works in succession in materials of differ- 
ent character, the fill will be very nonuniform and the 
road surface will suffer from unequal subsidence and 
unequal supporting power of the foundation. 

Group B-8.—In passing from cut to natural ground 
surface, the road passes over the same soil existing under 
very different field conditions. The effect of this 
difference in field conditions will be the more important 
as the character of the soil approaches the character of 
a highly plastic clay. For nonplastic soils difference 
between cut and natural ground is insignificant. If 
the subgrade encountered at the bottom of the cut is 
in itself nonuniform, we face a combination of Groups 
B-1 and B-3. 

Similar conditions exist if a road passes from cut or 
natural ground surface into fill. Since fills inevitably 
settle, while the natural ground does not, the boundary 
between the fill and the cut inevitably presents a weak 
zone. For equal fill materials, the pavement defects 
will be the more important, when there is lack of 
compaction during construction. 

Well compacted mixtures of stones, grit, and dust 
or clay (residual top soils) as a rule make good side 
hill fills. There are, however, exceptions to this rule. 
Thus the residual soils derived from Virginia and 
Kentucky carboniferous shales may be perfectly stable 
or flow out, depending on whether they are located on 
dry ground or whether they rest above fissures or 
seams through which water percolates out of the 
ground into the fill. The same is true for side-hill 
fills of clay. 

From what precedes, it is apparent that the results 
of laboratory tests are sufficient for deciding to which 
one of the Groups A-1 to A-8 a subgrade belongs. 
This identification depends, however, not so much 
upon the results furnished by any particular test as 
upon the interrelation of results furnished by different 
tests. It should also be emphasized that the identi- 
fication can be disclosed by different test combinations. 
The principal goal of future research in this line merely 
consists in finding out which particular test combina- 
tion makes it possible to obtain the desired result at 
a minimum expenditure of time and money. On the 
other hand, it also becomes clear that within each 
group, particularly the groups A-6 and A-7, two 
subgrades with identical raw material can behave very 
differently, depending on the field conditions. Hence, 
in order to evaluate the quality of a subgrade, both 
the results of the laboratory tests and the results of 
the field survey must be given equally full consideration. 

BEARING PROPERTIES DEPEND ON THE COMBINED EFFECT OF 
COHESION AND INTERNAL FRICTION 

In the preceding sections of this paper, the difference 
in bearing power, or the capacity of soils to resist the 
penetration of loads, has been repeatedly presented as 
one of the most outstanding and distinguishing features 
of the different subgrades. In the following discussion 
there is presented an analysis of the physical factors 
upon which the ultimate bearing capacity of a soil 
depends. 

It is almost universally recognized nowadays that 
the ultimate resistance of soils to the penetration of 
heavy bodies depends on the following two physical 
properties of the loaded soil: (a) The “cohesion (that 
part of the resistance to shear which is independent of 
the outside pressure that acts on the soil); and (b) the 
internal friction (that part which increases in direct 

proportion with the pressure). The internal friction is 
normally expressed by the angle whose tangent is equal 
to the ratio between the frictional resistance and the 
pressure which causes it (angle of internal friction). 

It should be understood that cohesion and internal 
friction in every respect correspond to the shearing 
strength of solid bodies. They represent the combined 
result of the properties of the soil constituents and of 
the conditions under which the soil exists. Thus they 
include friction and true adhesion between the individ- 
ual particles, skin friction between soil particles due to 
capillary pressures, etc. When these conditions change, 
both the cohesion and the internal friction of the same 
material are apt to change, similar to the change in 
shearing strength of a solid body due to change in the 
temperature. Therefore, strictly speaking, the terms 
cohesion and internal friction refer not only to definite 
materials but also to definite states. In general, the 
finer the soil constituents the more variable both 
quantities become. 

Since most of the theories of bearing capacity are 
somewhat elaborate, a crude, approximate method is 
presented for computing the influence on bearing capac- 
ity of internal friction, cohesion, and the other factors 
on which the bearing power depends. The purpose of 
the analysis is merely to demonstrate the relative 
importance of the various factors involved. It may be 
noted that the results furnished by this approximate 
method are, numerically, not very different from 
the results furnished by the more refined analyses, and 
qualitatively there is no difference at all. 

In connection with all the following computations it 
is assumed that the load acts directly on the surface of 
the natural ground. 

9 

Friacure 19.—D1aGram USED IN COMPUTING THE INFLUENCE OF 
INTERNAL FRICTION AND COHESION ON BEARING POWER 

The principle of the method is represented by Figure 
19. Similar methods were repeatedly used by other 
investigators. (See, for instance, H. Krey, Erddruck 
und Erdwiderstand, Berlin, 1926.) The strip, loaded 
with g per unit of surface, has a width of 26 and is sup- 
posed to be very long as compared with its width. The 
remainder of the surface of the ground is loaded with q, 
per unit of area. The cohesion of the soil is assumed 
to be equal to ¢ per unit of area, and ¢ denotes the 
angle of internal friction. When the strip is loaded the 
prisms CBD tend to shde downward. But, before they 
can do this, they must force the prisms BDE in an up- 
ward direction. The prism CBD exerts against BD 
the “active earth pressure’’ H,, and the sliding plane 

CD forms with the vertical an angle of 45° a as does 

the sliding plane in the back fill of a vertical, perfectly 
smooth retaining wall. On the other hand, the force 
required to move the soil BDE out and upward requires 
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overcoming the passive earth pressure H, and, accord- 

ing to the laws of the earth pressure theory, the sliding 

plane DE forms with the horizontal an angle of 45° = 

Along the sliding planes CD and DE there acts first of 

all the friction (tangential component of R and fA, 

respectively) and then the cohesion (¢) per unit of area. 

Cohesion and friction acting along the inner surface 

DB are neglected. From the condition, that the forces 

Q, R, and H acting on CBD, and the forces Q, Ai, and 
H,, acting on BDE must be in equilibrium with each 
other, we obtain the following equations: 

H=Q tan (45° ~£)— >be 

and 
2be 

HH, =— 1 — +—— — 
tan (45° =) tan? (45° -£) 

The vertical force Q consists of the external oe qb and 
s 

2 tan (45° -$) 

wherein s is the weight per unit of volume of the soil. 
Hence, 

OSs aiae 
2 tan (45° -$) 

In a similar way we obtain 

h? 

= Noes : 
tan? (45° -£) 2 tan? (45° “S 

Finally, if g represents the ultimate bearing capacity, 
the two forces H and H, should just balance each other. 
Hence 

Q tan (45° S) ae 

the weight of the prism BCD, which is 

Q=qb+ 

0); wists 2be 

~ o( 2 
tan (45° ~ S) tan (45° = >) 

By introducing into these terms the values Q@ and Q, 
and solving for g we obtain 

bs 1 

2 tan (45° _ ) tant (45° -£) 

26 

if ¢ ~ Berne (Oye ees Dp Ose 
tan (45 2 sin (45 S) 

In deriving this formula the load was assumed tc 
rest directly on the surface of the ground, with no 
pavement present between the load and the subgrade. 
Furthermore, the load was assumed to act over a very 
long strip. Loading the subgrade in this manner will 
cause lateral flow similar to that, which as shown in 
Figures 20 and 21, is productive of pavement failure. 
This assumption, however, does not satisfy the condi- 
tion produced by a wheel load rolling upon the pave- 
ment. Therefore, the analysis based upon this assump- 
tion illustrates only the relative influence exerted by 
cohesion and internal friction upon the stability of 

g=—# 
tan‘ (45° - $) 

1 
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Figure 20.—LAtTHerRAL Fuow or SAND SUBGRADE UNDER 
Brick PAVEMENTS IN FLORIDA 

Figure 21.—Faruure or MacapaMm Base on A Group A-7 
SuBGRADE. THE ELASTICITY OF THE SUBGRADE. PER- 
MITTED BOND IN THE MACADAM TO BE DESTROYED, AFTER 
Wuicu LarersaL FLtow OccuRRED IN THE SUBGRADE 

soils without claiming to furnish values suitable as a 
basis for road design. 

This formula serves to demonstrate the influence of 
such factors as internal friction and cohesion of the soil, 
the width of the loaded area and weight applied adjacent 
to the loaded area upon the ultimate bearing capacity 
of subgrade soils. 

INFLUENCE OF INTERNAL FRICTION AND COHESION ILLUSTRATED 

The angle of internal friction which we encounter in 
practice ranges anywhere between ¢=2° for very soft, 
fat clay of the Groups A-6 and A—7 and ¢=34° and more 
for very well compacted mixed grained sands and for 
dry silts. (Groups A-1 to A-3 and Groups A-4 and 
A-5 dry.) The angle of internal friction for stiff clays 
of Groups A-6 and A-7 and for wet silts Groups A—4 
and A-5 is g=10° (approx). By introducing these 
values into equation (1) it becomes: 
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q=1.159q,+0.08bs+4.29¢... g=2° (group A-6 and A-7, soft) 
q=2. Seba 61bs+5.77c . . . g=10° (group A—4 and A-5, wet) 
q=12.50gqi:+10.81bs+17.07c .. . e=34° (group A-1 to A-3, stiff) 

It should be noticed that the second term on the 
right-hand side contains weight per unit of volume(s). 
This fact should call our attention to the effect of a 
rise in the ground water level on the bearing capacity 
of cohesionless sands. If the water rises near to the 
surface of the ground, the specific gravity of the sand 
apparently decreases on account of ‘the hydrostatic up- 
lift; and, as a consequence, the bearing capacity also 
decreases. For g=0 and c=0 (free sand surface all 
around the load, cohesionless sand) the rise of the ground 
water to the base of the load should theoretically 
produce a decrease of the bearing capacity by about 
35 per cent. This is true since the first and last terms 
on the right side of the equation become zero and the 
value of s for dry material and wet material will be in 
the ratio of 2.65 to 1.65 (2.65 taken as specific gravity 
of sand which in effect becomes 1.65 when buoyed by 
water). This is a reduction of about 35 per cent in 
effective weight and also in bearing value. According 
to tests performed on a sharp-grained sand with an 
effective size of 0.183 millimeters and a uniformity 
coefficient of 2.75 this drop seems to be still more impor- 
tant in practice. Hence the formulas show that the 
rise of the ground water level to the surface is apt to 
have a considerable effect on the bearing capacity. 

In order to demonstrate the influence exerted by 
cohesion and internal friction on the ultimate bearing 
capacity of a soil let it be assumed that q.=0, b=8.5 
inches or 0.71 foot and s=100 pounds per cu ubic foot. 

For a well-graded sand with some mineral binder 
(Group A~1, traffic-bound) the constants are approx- 
imately ¢=34° and c=1,000 pounds per square foot. 
(Binding effect of the fine constituents. ) 

Hence, 

g=12.5X0+10.81 X0.71 X 100+ 17.07 X 1,000 
= 17,838 pounds per square foot (3) 

When the mineral binder required for producing the 
cohesion ¢ is absent (Group A-3), we have c=0, hence 

g=12.5X0+ 10.81 X 0.71 X 100 + 17.07 
<x 0=768 pounds per square foot (4) 

The silt soils (Group A-4 and A-5) when in a semi- 
dry condition may have a fairly high supporting value 
due to high ¢ and an appreciable cohesion c. When 
they are thoroughly saturated with water, however, 
the value of g may drop to 10° while their cohesion is 
negligible. Hence their ultimate bearing capacity 
becomes 

q=2.02X0+0.61 X 0.71 X 100+ 5.77 x 0 
=43 pounds per square foot (5) 

For very soft clay (Group A-6 and A-~7, soft) the 
value of ¢ is not more than about 2°, but the cohesion 
is appreciable and can be considered about equal to 
200 pounds per square foot. Hence 

g=1.15X0+0.08 x 0.71 X 100 + 4.29 x 200 
= 864 pounds per square foot. (6) 

The above figures plainly demonstrate the range of 
bearing values furnished by varying the values of ¢ and 
¢ in subgrade soils. 

INFLUENCE OF WIDTH OF LOADED AREA ON BEARING POWER 
DISCUSSED 

In order to learn about the effect of the width of the 
loaded area on the ultimate bearing capacity, assume 
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b=7.1 feet instead of 0.71 feet as in the preceding 
example. Results of computations for both widths are 
shown in Table 3. 

For b6=0.71 feet it will be noted both the bearing 
capacity of the sand and the soft clay (Group A-3 and 
A-6) are practically equal (768 against 864) and very 
small. Therefore, the wheels sink into both materials. 
However, when the width of the loaded belt is increased 
to 7.10 feet the bearing capacity of the sand becomes 
more than 8 times that of the soft clay (7,680 against 
915 lbs. per sq. ft.). 

Thus, under traffic, clean sand may be almost as unsat- 
isfactory as soft clay, but as a subgrade for a concrete 
pavement it is far superior to the clay. The more the 
bearing capacity depends on cohesion, the less signi- 
ficant is the effect of the size of the loaded area on the 
ultimate bearing capacity. 

WEIGHT APPLIED ADJACENT TO LOADED AREA PRODUCES AN 
EFFECT WHICH IS DEPENDENT ON CHARACTER OF SUBGRADE 

To illustrate this influence on ultimate bearing 
capacity, let a cohesionless sand be confined by a 
weight, gi, equal to 100 pounds per square foot. From 
formula No. 1 the ultimate bearing capacity of the 
uncompacted sand loaded on an area 0.71 foot wide is, 
according to computation, equal to 768 pounds per 
square foot. After application of the confining weight 
gq, we obtain 

g=12.5X100+10.81 X0.71 X 100 +17.07 X0= 
2,018 pounds per square foot. (7) 

Hence by the application of q¢.=100 pounds per 
square foot around the loaded area, the bearing capacity 
of the sand is increased by 1,250 pounds per square foot. 

TaBLE 3.—Ultimate bearing capacity as influenced by width of 
loaded area 

| Group A-1 Group A-3 | Group A-4 Group A-6 

Width of Su = ee SM 
loaded area 

in feet | = shone nl e4e ° 90 90 | | cx1,006 | #=34°, e=0 | e=10°, e=0 | o=2°, c=200 | 

=} | —— | = 
| 

| Pounds per | Pounds per Pounds per | Pownds per 
| square foot | square foot square foot | square foot 

eee Ona 17,838 | 768 43 864 
| (ie AUG) | 24, 745 7, 680 | 430 915 | 

In contrast to its effect on the bearing capacity of 
soils having high value of ¢ and low v alues of ¢ (clean 
sands), the effect of the same value of g M increasing 
the support of soils having low values of ¢ and high 
values of c (plastic clays) is very small. For instance, 
the bearing capacity of the very soft clay was found 
to be equal to 864 pounds per square foot; that is, 
slightly higher than that of the cohesionless sand. By 
charging the soil adjacent to the lead with gq =100 
pounds per square foot, there results 

q=1.15* 100+ 0.08 x 0.71 x 100 + 4.29 x 200 = 979 
DOUUCsEDelIS Ubon LOO (eeeeet es aime tee (8) 

or an increase of but 115 teenie per square foot com- 
pared with an increase of 1,250 pounds obtained in 
the sand. 

Thus to furnish similar increases in subgrade support, 
the value of g, must be considerably greater for soils 
deficient in internal friction than for soils deficient 
in cohesion. 

Table 4 furnishes additional information on the 
influence of cohesion and internal friction upon the 
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values of g and q. It represents a compilation of 
what, at present, are considered by the authors the most 
reliable data, derived from different sources. The 
figures check reasonably well with those published in 
Merriman’s American Civil Engineers Handbook, 
fourth edition. 

In practice the weight q is furnished by the pave- 
ment, and its magnitude depends upon the relative load 
distribution afforded by the different pavements. 

TaBLE 4.—Values of c and ¢ for different soils and their influence 
upon the value of q and q for several assumed conditions (b= 
0.71 foot and s=100 pounds per square foot) 

| Supporting value, | Increase 
| q, pounds per | jn sup- 
| square foot porting 

tae Cohesion,| Angle of | arene vue by 
Soil Era in | increas 

|c, pounds HES ing M1 
|per square} friction, ArontOlto 

[Men g m=0 | m=100 | 100 
pounds 

per square 
| | foot 

i | 
Degrees | | Per cent 

Claysalmostliguids=ese aaa 100 0 400 | 500 25 
GIA VE VeryaSOl tae enna aren | 200 2 864 978 13 
Olay: Sotthet cee pee eee 400 4 1, 857 1, 991 7 
Ob nepenta ly piphil ee 1, 000 6 | 4, 982 5, 134 3 
Olay stifle ee es ee 1, 500 8 | 8, 050 8, 225 2 
Clay, aver VaStiiisa see ere ee 2, 000 12 12, 528 12, 760 2 
Sllts Wel lei aes oe ee wee 0 10 43 245 469 
ands NUT yc ea see ae oe ee 0 34 | 768 2, 018 163 
Sand predominating with some | 

Clayen es aes bah eee ere poe | 400 30 6, 035 6, 935 15 
Sand-gravel mixtures, cement- | | 

OG? Seats Ae Ieee ae 1, 000 34 17, 838 19, 080 7 
| 

1 In silty soils, the angle of internal friction may vary between 10 and 30 degrees 
but the cohesion may be almost 0. 

2 In properly graded soils (Class 1), depending upon the extent of their compaction, 
the angle of internal friction may exceed 34° and the cohesion may be considerably 
less than 1,000. 

The preceding computations show that relative 
stability, with the same binder (mineral or bituminous) 
depends upon the relative internal friction of the 
mineral aggregates; and with the same mineral agegre- 
gate, relative stability depends upon the relative 
cohesion of the binders. 

Finally, attention should be called to the fact that 
both internal friction and cohesion of a subgrade can 
considerably change under the effect of continued 
traffic. This is true for the subgrades of both traffic- 
bound and macadam roads. The causes of these 
changes may be twofold; either mere compacting by 
vibration, or compacting combined with migration of 
coarse material into finer substrata, whereby the 
coefficient of internal friction increases. 

PRECAUTIONARY MEASURES FOR OVERCOMING EFFECTS OF 
UNDESIRABLE SUBGRADE SUPPORT 

Measures suggested for preventing the occurrence of 
undesirable conditions in pavements may be grouped 
into five classes, as follows: 

1. Drainage. 
2. Subgrade surface treatments. 

Subgrade treatments. 
. Base courses and load distributors. 

5. Subdivision of concrete pavements and 
reinforcement. 

Lack of conclusive information on the efficiency of 
the methods suggested for improving subgrade support 
causes part of the following discussion to be more or 
less theoretical in nature. Therefore the discussion of 
artificial drainage, subgrade treatments and porous 
sub-bases suggests proper courses to be followed in 
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experimentation rather than recommendations for 
established procedure to be used in practice. 

DESIGN OF DRAINAGE SYSTEMS SHOULD BE GOVERNED BY KNOWL- 
EDGE OF SOIL CHARACTERISTICS 

Saturation of a soil which previously was moist, is apt 
to cause either a considerable decrease of cohesion 
(Groups A-6 and A-7) or a decrease of both cohesion 
and friction (Groups A—4 and A-5). Hence, preventing 
saturation, by appropriate drainage, can considerably 
improve the bearing properties of soils of these types. 
Unfortunately the ability of soils to draw up and retain 
moisture against the force of gravity, and the ability of 
ice crystals during their formation to draw moisture up 
through the subgrade beneath and thus on thawing to 
liberate immense volumes of free water on top of the sub- 
erade, limit the efficiency of drainage as to means of pro- 
viding the required stability in all cases (22). In spite of 
this hmiting circumstance, artificial drainage, according 
to existing evidence, may be used _ beneficially in many 
instances. The figures in Table 2 show that concrete 
slabs of equal thickness furnish much less resistance to 
impact when laid on wet than when laid on drained sub- 
grades. The support offered by the subgrade, shown 
in the top picture of Figure 22, was so low before 
draining that the transportation of construction 
materials was seriously impeded. After the completion 
of the trench, the support of the subgrade was increased 
to an extent which eliminated all difficulty of this kind. 
A similar use of side trenches might have prevented 
the failures shown in the two lower pictures of Figure 22. 

Drainage systems should be designed with regard to 
the following facts: 

1. Where topography prevents the ground-water 
level from being lowered to a depth greater than the | 
height of the capillary rise, and where the soil is dense 
and without cracks, stratification and other openings, 
(homogeneous varieties of Groups A-6 and A-7) arti- 
ficial drainage structures may be of little use. Other- 
wise, tile drains and trenches may be used beneficially 
wherever the moisture content of the subgrade is influ- 
enced by the presence of free water (22). 

2. In northern climates, freezing at the outlets may 
occur first and in this case the amount of water which 
may accumulate and freeze under the pavement depends 
upon the space furnished by the pores in French drains, 
subbases, ete., which exist there. 

3. Tile drains and trenches, to be effective for com- 
pletely intercepting free water in porous soil strata 
underlaid by impervious strata, must of necessity 
extend to the bottom of the porous layer of soil. 

4. Under all conditions, adequate provision should 
be made to drain water through impervious shoulders. 
It is especially desirable to prevent the water liberated 
from the top layers of the subgrade soil by thaw from 
being trapped by the frozen soil beneath and the frozen 
shoulders on the sides. Figure 23 A shows trapped 
water of this kind escaping from beneath the pave- 
ment through an excavation made in the shoulder. 
Figure 23 B shows pools of water which remained on 
an impervious shoulder seven days after arain. Figure 
23 C shows the effect of trapping water on a fill by 
means of impervious shoulders in the absence of frost 
action. Figure 24 shows another fill on which water 
was trapped, water seeping through the abutment of 
the bridge shown in the first picture, and the water 
which, in three minutes, gathered in a hole in the pave- 
ment surface laid on this fill. This hole was dug 
seven days after a rain. 
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Figure 22.—Tue Tor Picturrt SHows A DRAINAGE TRENCH WHICH INTERCEPTED SEEPAGE COMING FROM 
UNDER THE Corn Frevp at THE Lert, Tous INCREASING THE STABILITY OF THE ROAD SURFACE. THE 
LoweERr Pictures SHow Fartures IN Cuts Wuicu Micut Have Breen PREVENTED BY MBANS OF SIDE 
TRENCHES SIMILAR TO THAT SHOWN ABOVE 

Drainage of Group A-1 subgrades merely serves to 
reduce the danger of frost heave and of Group A-—2 
subgrades to prevent both frost heave and the soften- 
ing of the binder. 

In the subgrades of Groups A-4 and A-—5, water 
rises by capillarity very rapidly and to great heights. 
Therefore, to be beneficial in increasing both the cohe- 
sion and internal friction and in reducing the danger 
of frost heave, drainage must keep the ground water 
level at a very considerable depth below the road 
surface. Otherwise drainage is ineffective. Special 
effort should be made to drain fills consisting of Group 
A-4 and A-5 subgrades. 

Groups A-6 and A-7 subgrades can be drained only 
when they are encountered in a permeable state. When 
encountered in a homogeneous state (deep cuts) they 
are practically impermeable and deep side ditches would 
merely decrease their bearing power and favor unequal 
shrinkage, without producing drainage. In such cuts 
it is preferable to confine the drainage measures to 
the construction of tile drains beneath the shoulders 
of the concrete pavement, to collect the water which 
may accumulate between pavement and subgrade. 

Fills consisting of Groups A-6 and A-7 subgrades 
should be as carefully drained as those consisting of 
A-4 and A-5 subgrades. Fills that consist of very 
slightly permeable materials with great moisture hold- 
ing capacity are very loath to give up their water. 
Hence, they should be placed during the dry season, 
and measures should be taken to prevent the rain 
water from penetrating them. 

Free water having access to the base of side-hill fills 
is particularly dangerous (23). Free water of this 
kind when supplied by porous layers located between 
impervious layers in the supporting soil (24) should be 
intercepted by trenches and tile drain placed along the 
hill side of the pavement. When the supporting soil 
throughout is permeable, artificial drainage may not 
afford benefit and, in this case, the material used for the 
side-hill fill should be permeable, at least to the same 
degree. 

Free water is detrimental also when it has access to 
the base of fills located on more or less horizontal 
ground. When artificial drainage does not furnish a 
practical means for removing free water which occurs 
at the base of fills and when relocation of the road is 



FIGURE 
or WATER TRAPPED 
IMPERVIOUS SHOULDER 

impractical, the fill material must possess stability in 
an amount sufficient to prevent squeezing out or flowing 
of the lower portion when wet. Otherwise, pavement 
failure will occur. 
SUBGRADE SURFACE TREATMENTS USED TO PREVENT CHANGES 

IN CHARACTER OF SUBGRADE 

The surface treatments have the common feature that 
they are confined to the surface or to a very thin top 
layer of the soil. Their purpose does not consist in 
changing the character of the top soil but in preventing 
Ns change. Therein they differ from the subgrade 
‘eatments. 

Te paper covering.—One of the simplest surface 
treatments for use with concrete pavement consists 

in covering the surface of the subgrade with a layer of 
tar paper, prior to placing the concrete, in order to 
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23.—A, WatTER EscapING FROM BENEATH PAVEMENT THROUGH EXCAVATION IN SHOULDER; B, Poon 
ON SHOULDER AFTER A Rain; C, FatturE Dur To WaAtrER TRAPPED ON FILL BY 

prevent soils of the Group A—7 from detrimental expan- 
sion beneath the fresh concrete. 

In Iowa, R. W. Crum (25) eliminated irregular 
cracking which occurred in newly constructed slabs by 
placing a layer of tar paper on the subgrade prior to the 
laying of the concrete. Whether the cracking referred 
to was caused by expansion of the subgrade by the 
water it received from the newly deposited concrete is 
not known. Tar paper, however, or any other medium 
which prevents loss of moisture from the newly laid 
concrete and corresponding increase in the moisture 
content of the subgrade until after the pavement slabs 
have developed appreciable strength, may be of benefit 
for reducing the extent of irregular cracking. 

Oiling—In this treatment the oil merely forms a mat 
on the surface and does not penetrate the soil appre- 
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Figure 24.—A Fitt In WuHich WATER WAS TRAPPED, WATER SEEPING THROUGH THE ABUTMENT SHOWN 
IN THE Fin AND WATER SEEPING IN A Houe Cut IN THE PAVEMENT ON THE FILL 

clably. This procedure has no effect on the inevitable 
softening of A-6 and A-7 subgrades as a result of 
manipulation, but it effectively prevents additional 
softening which would be caused by moistening from 
above. Therefore, it reduces the tendency of the soil 
to work up into the interstices of superimposed layers 
of gravel, slag, or crushed stone. 

Oiling the clay soil before applying a layer of gravel 
is practiced in Minnesota. ‘This work is in the ex- 
perimental stage and definite results have not yet been 
reported. According to F. C. Lang (26) this treatment 
is used on certain gumbo subgrades in which gravel 
disappears during wet periods. 
A treatment of this kind applied to well graded 

materials quickly determines whether the subgrade be- 
longs to Group A-1 or A-2. 

A treatment of this kind tends to prevent evapora- 
tion of moisture from the road surface beneath. There- 
fore, if applied to top soil roads which have not been 
surface treated previously, it will disclose whether they 
are comprised of the Group A-1 materials, which do 

not readily soften due to capillary moisture or the 
Group A-2 materials, which do. Thus surface treating 
top soil roads for an appreciable period of time before 
covering them with a substantial wearing course serves 
to determine whether the top soil roads in question are 
apt to furnish the desired support for the proposed 
wearing course. 

Blanket course-—Covering the surface of the sub- 
grade with a thin layer of clean granular material also 
should reduce the tendency of the soil to work up into 
the interstices of superimposed pavement layers. 
However, in this case the purpose is accomplished by 
the introduction of mechanical obstruction instead of 
by preventing the top layer of soil from becoming wet. 
The blanket course serves as a filter which retains the 
solid part of the clay. For this reason, the blanket 
course should be fine grained. 

On Group A-4 and A-5 subgrades a simple blanket 
course may prove satisfactory. On Group A-6 and 
A-7 subgrades the blanket should preferably be com- 
bined with oiling. 
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VARIOUS SUBGRADE TREATMENTS USED TO INCREASE SUPPORT- 
ING POWER OF SOIL 

The subgrade treatment differs from the surface 
treatment inasmuch as it has the purpose of changing 
the supporting quality of the subgrade to a depth 
sufficient appreciably to change the load distribution 
over the surface of the natural soil. 

This change can be produced by 
1. Lowering the moisture capacity of the soil, thus 

preventing the loss of cohesion due to saturation. 
2. Introducing cohesion into cohesionless soils or 

by increasing cohesion in feebly cohesive soils. 
3. Increasing internal friction in cohesive soils. 
Admixtures and subgrade manipulation are used in 

attempts to accomplish these purposes. 
Admiztures—Admixtures which fulfill their purpose 

of increasing cohesion and friction furnish immense 
possibilities for increasing the quality of subgrades, pro- 
vided they are used in stage construction prior to the 
application of high-grade road surface. The admixtures 
which have been used experimentally are granular 
materials, Portland cement, lime, light asphaltic oils, 
and tars. 

Admixtures of the granular materials are proposed 
to furnish the internal friction necessary for producing 
stability in the cohesive soils. The water capacity of 
the mixture of granular material and soil is less than 
that of the soil alone. This is simply due to the pres- 
ence of coarse admixture which reduces the percentage 
of the soil capable of retaining moisture. 

Admixtures of the other materials mentioned are pro- 
posed merely to reduce the water capacity, thereby 
reducing the shrinkage and expansive properties, and 
to retain the natural cohesive properties in soils which, 
after the incorporation of granular materials, are re- 
duced to mere binders. It is possible also that Port- 
land cement increases the internal friction, and that 
bituminous materials increase the cohesive properties 
in fine-grained soils. The bituminous materials in this 
case must penetrate or be mixed with the soils instead 
of simply forming a mat on the surface. 

Treating the subgrade soil with granular materials, 
lime, etc., has not received much favor. The results 
furnished by such treatments have not been positive 
(15) and difficulty has been experienced when attempts 
were made to mix these materials with the soils (8). 

Beneficial results may not have been indicated for 
several reasons. The granular materials may have 
been mixed with soils which afford poor binding prop- 
erties; other admixtures may have furnished only addi- 
tional cohesion and the supporting requirements of the 
soil may have needed also internal friction; the estimate 
of the efficiency of the treatment may have been based 
upon pavement characteristics not influenced by the 
intensity of subgrade support; or the treatment may 
not have extended to a depth sufficient to be beneficial. 

Applying a bituminous material which penetrates the 
soil before the granular material is placed upon it, and 
permitting traffic action to mix the granular material 
with the treated soil will, until more efficient means are 
developed, eliminate the mixing difficulty. 

The benefits furnished by permitting traffic action to 
mix the granular material with the soil are indicated 
by the Ohio experiences referred to previously and also 
by the behavior of traffic-bound roads in service (27, 28). 
The additional benefit furnished by applying bitumi- 
nous materials prior to placing the granular material 
on the subgrade is demonstrated by experience in 
other States. : 
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For instance, F. V. Reagel found that the quantity 
of gravel necessary to produce stable road surfaces is 
considerably less when laid on certain Missouri soils 
treated previously with light bituminous oils than 
when laid on soils not so treated. 

W. F. Purrington has observed that experimental 
sections of top soil (fine sand) roads in New Hampshire, 
when treated with bituminous materials before applica- 
tion of the granular material have exhibited during the 
winters, stability in amount far exceeding that of adjoin- 
ing sections not so treated. Similar benefits are ob- 
tained in Minnesota by treating sand subgrades with 
refined tar before applying a thin layer of gravel. 

Subgrade treatments affect uniformity merely to the 
depth to which treatment reaches. Any lack of uni- 
formity which may exist below that level remains un- 
altered. In a similar way, mixing the subgrade soils 
for a depth of 12 inches will, according to suggestion 
(15), reduce the undesirable properties in the portion 
so treated but will not overcome the effects of shrinkage 
which occur in the soil beneath. 

Mechanical manipulation—The simplest subgrade 
treatment consists in mechanical manipulation without 
the addition of other material. The purpose of mechan- 
ical manipulation consists either in increasing the den- 
sity of the subgrade or in producing greater uniformity. 

Increase in density may successfully be achieved by 
the action of traffic. This is apt to consolidate and 
increase the density of the Group A-4 and A-6 sub- 
grades. Consolidation of the Group A-5 subgrades 
under traffic can be obtained only in combination with 
admixtures. If applied to Group A—7 subgrades, manip- 
ulation tends to make the top layer more uniform, thus 
inducing more uniform expansion. However, if applied 
for the purpose of compensating for lack of uniformity 
manipulation would be helpful only if this lack were 
confined to a shallow layer of top soil. 

Artificial manipulation for increasing the uniformity 
may consist only of ploughing, harrowing, and rolling 
the surface of the sugbrade, as is done in ordinary prac- 
tice; or it may consist of harrowing, rolling, and wetting 
the soil in thin layers as was done under one of the sec- 
tions of the Pittsburg test road (29). 

BASE COURSES AND LOAD DISTRIBUTORS DISCUSSED 

Under this heading porous base courses, compacted 
base courses, ‘‘beam”’ strength in pavements and thick- 
ness in concrete pavements are discussed. 

Porous base courses consist of cohesionless materials, 
such as crushed stone, slag, or gravel without binder. 
If applied on very fine-grained subgrades they are sup- 
posed to: 

1. Afford means for draining the subgrade. 
2. Reduce the extent of detrimental frost heaving. 
3. Replace an equal thickness of undesirable soil. 
These alleged advantages are combined with dis- 

advantages as follows: 
1. They offer considerable resistance to the transpor- 

tation of construction materials. 
2. They may offer but little resistance to the pene- 

tration of the soft underlying clays into the interstices 
between their particles and consequently may be sub- 
ject to local settlement and uneveness. 

3. They furnish high void volume in which moisture 
may condense and accumulate when drainage outlets 
do not function. 

4. They may replace an equal thickness of bad mate- 
rial but temporarily. 



On the other hand when resting directly upon rock 
which furnishes free water through a number of crevices, 
porous base courses furnish an essential part of the 
drainage system and they should be used, therefore, 
unless it is convenient to lead the water furnished by 
the individual veins, away through separate drains. 

The question of the drainage benefits to be derived by 
placing porous base courses on water-bearing subgrades 
is still in a controversial state and can only be answered 
by future experimental investigations. 
When the thickness of the base course equals the 

depth to which freezing occurs, substitution of porous 
material for natural soil will undoubtedly eliminate 
the effects of detrimental heaving due to frost. There 
is, however, no conclusive evidence that porous base 
courses having thickness considerably less than this are 
beneficial for reducing the extent of frost heave and 
only future investigation can demonstrate if they cause 
the heave to be more uniform than that which occurs 
in the natural soil. 
By replacing undersirable soil, porous base courses 

serve merely to eliminate the softness, lack of uniform- 
ity, etc., within the zone which they replace. Therefore 
they are ineffective for eliminating cracking in concrete 
pavements caused by frequent change in soil character, 
or excessive volume change of soil occurring in zones 
below this depth. Their efficiency for reducing the 
extent of longitudinal cracking loses significance as a 
benefit in pavements containing a center joint or groove. 

As mere substitutes for undesirable soil, especially 
when the lack of uniformity is due to unequal volume 
change, compacted base courses (described below) 
should prove more beneficial than porous base courses. 
The low permeability of compacted base courses prevent 
the penetration of water into and the evaporation 
of water from the subgrade to a greater extent than the 
porous base courses. 

Porous subbases should always be separated from the 
Group A-4 to A~-7 subgrades, inclusive, by proper 
subgrade surface treatments and should be adequately 
provided with drainage outlets. 

USE OF COMPACTED BASE COURSE FOR LOAD DISTRIBUTION 
DEPENDS ON SUBGRADE SUPPORT 

Compacted base courses consist of well-graded soils 
or other materials which possess cohesion and internal 
friction in amounts sufficient after compaction, to fur- 
nish high stability. Thus they include also constructed 
macadam, slag, or gravel courses. 

Compacted base courses serve primarily as founda- 
tions for flexible road surfaces although as pointed out 
above they may serve also to increase the uniformity of 
support under rigid pavements. 

They differ from porous subbases in that: 
1. They do not furnish a means for draining water 

from under the pavement. 
2. They provide an excellent riding surface for the 

transportation of construction materials. 
3. They resist the penetration of soft clay from 

beneath. 
4. They furnish a minimum amount of void space in 

which moisture may condense and accumulate. 
Whether it is practicable to use macadam or other 

nonrigid base courses for load distribution depends en- 
tirely upon the subgrade support. The lower this sup- 
port the greater must be the areas over which the wheel 
loads must be distributed. And according to previous 
discussion the load distribution furnished by nonrigid 
surfaces is small as compared with that furnished by 
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rigid types. Therefore, it may not be practicable to 
supply the thickness of nonrigid foundations necessary 
to furnish the load distribution required on subgrades 
offering very low support. Furthermore, elastic sub- 
gerade reaction may interfere with the proper construc- 
tion of compacted foundations like macadams. 

On Group A-1 subgrades, because of their high sta- 
bility, only a wearing course to prevent abrasion need 
be constructed. Therefore on highly stable bases, 
compacted base courses are not needed. 

Pavements laid on untreated subgrades of Group A—2 
and still more on those of Group A-8, in addition to 
merely resisting wear, must furnish also the weight 
necessary to prevent lateral flow in the subgrade. 
Moderately thick (less than 10 inches) layers of com- 
pacted material may furnish the weight required for 
this purpose. 

Thick, compacted foundations, when laid on well 
drained Group A-4 subgrades and still thicker ones, 
when laid on the heavy plastic clays of Group A-6, also 
may render satisfactory service. ‘Treating these sub- 
grades with admixtures and maintaining them under 
traffic action for a period of time will permit a reduction 
in the thickness of foundation otherwise required. 
When this is not practical these subgrades should be 
surface treated before the foundation is constructed. 
Compacted foundations should not be constructed on 
soft Group A-6, poorly drained Group A-8, A-4 nor 
on Group A-5 or A-7 subgrades until they have been 
stabilized by stage construction. 

Mere thickness in compacted subbases, is not in- 
surance against failure due to penetration of the under- 
lying clays. Heavy telford bases, say 20 inches thick, 
according to experience, may under these conditions, 
prove to be no more efficient than light ones. 

Depending upon the depth to which the clay be- 
comes liquid, large stones may be swallowed up as 
quickly as smaller ones. Preventing the clay from be- 
coming soft is the proper remedial measure in this case. 
Therefore a simple subgrade surface treatment may be 
much more effective than appreciable increase in thick- 
ness, for increasing the service value of nonrigid pave- 
ments laid on clay subgrades. 

The possibilities of using bituminous binders bene- 
ficially in base courses should not be overlooked. 
Failure of macadam pavements is caused by rupture of 
the bond existing between the individual stones and the 
occurrence of this condition, according to theory, is 
permitted in part only by the low cohesion furnished 
by the mineral binder. The preventive measure there- 
fore should consist of increasing the cohesion of the 
binder. Instead of this, a considerable increase in 
pavement thickness is generally used to compensate for 
this deficiency in cohesion. The fact that bituminous 
pavements may resist repeated vertical deflections 
without distress and that water-bound macadam pave- 
ments may be damaged seriously by comparatively 
small deflections suggests the desirability of performing 
experiments to determine the efficiency of bituminous 
binders, when used in base courses, supported by the 
elastic subgrades of Groups A—5 and A~7. 

“BEAM ”? STRENGTH ESSENTIAL IN PAVEMENTS LAID ON CERTAIN 

SOIL TYPES 

Pavements having high beam strength afford wide 
load distribution and, therefore, permit but a small 
intensity of pressure to be exerted on the underlying 
soil. Thus only » small weight is required to prevent 
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lateral flow. In addition to this, “beam” strength 
permits the weight furnished by a large area of pave- 
ment to be utilized for confining the subgrade soil. 
Contrasted with this, a pavement having but little 
“beam” strength permits the load to exert a rela- 
tively high intensity of pressure on the subgrade, and 
thus requires a heavy weight to prevent lateral flow 
of the soil, and in this case the weight must all be 
furnished by a small area of pavement. Thus, to 
accommodate wheel loads of equal weight, pavements 
without ‘‘beam”’ strength, when laid upon soil offering 
low support, must be considerably heavier (or thicker) 
than pavements which have “‘beam”’ strength. 
“Beam” strength is not essential in pavements 

laid on subgrades of Groups A-1, A-2, and A-3. It 
is desirable in pavements laid on Group A-6 and is 
essential in pavements laid on untreated Groups A-5 
and A-7, and poorly drained A—3 and A-4 subgrades. 

Thickness in rigid pavements.—Increasing the thick- 
ness of rigid pavements increases the factor of safety 
against the occurrence of ‘‘breakage,” but not appre- 
cilably against the occurrence of primary and secondary 
traverse cracking. 

The figures in Table 2 show the very important in- 
fluence of slab thickness on the resistance to ‘“‘breakage. 

The results furnished by inspection of a consider- 
able number of concrete roads indicate that the aver- 
age spacing of transverse cracks in slabs of appreciable 
age and 6 inches thick is about 18 feet and in slabs 10 
inches thick (center) it is about 25 feet. (7) This 
indicates the small influence of slab thickness on the 
occurrence of primary transverse cracks. 

In the Bates Road tests, the wheel load (6,500 
pounds) which caused transverse cracks to occur in 
slabs 6 inches thick and 25 feet long (with center 
joint) caused them to occur also in slabs of the same 
length, and 7, 8, and 9 inches thick (7). This shows 
the small influence which slab thickness exerts upon 
the occurrence of secondary transverse cracks. 
A theoretical analysis by Dr. H. M. Westergaard 

(to be published in the June issue of Public Roads) 
of the occurrence of cracking in concrete slabs serves to 
explain these results furnished by surveys of roads in 
service and by comprehensive tests. According to 
this analysis, a slab, supported by a uniform elastic 
subgrade, when cracked by a wheel load will continue 
to crack until the resultant pieces are not longer than 
about 5 feet. Increasing the slab thickness of these 
pieces increases the resistance of slabs to the occurrence 
of this type of cracking (‘‘breakage’’). 

Also, according to this analysis, cracking in rigid 
slabs caused when they attempt to adjust themselves 
to variations in subgrade support in contrast to the 
foregoing, divides the slab into lengths dependent upon 
the supporting conditions. Furthermore, increasing 
the thickness of long slabs in this case, increases 
instead of diminishes the tendency to crack (primary 
and secondary transverse cracking). Depending upon 
the assumed conditions the minimum length of long 
slabs, according to the analysis referred to, varies 
between 10 and 18 feet. . 

The excellent condition, after years of service, of the 
concrete pavements, 41% and 5 inches thick, which rested 
upon California sands; the absence of cracking after 12 
years of service in that portion of the Gansevoort-South 
Glens Falls (N.Y.) road, which rests upon sand and is 
434 inches thick at the edges and 634 inches thick in 
the center; the good condition after 12 years of service, 

of the Du Pont Road, Delaware, which rests upon a 
eravel subgrade and is 5 inches thick at the edges 
and 7 inches thick in the center; and the excellent 
service rendered by pavements laid on concrete bases 
4 inches thick, which rest on sand in the vicinity of 
Cleveland, Ohio, indicate that relatively thin concrete 
pavements, say for instance 7 inches thick at the edges 
and 5 inches thick in the center, may furnish adequate 
load capacity when laid on the Group A-2 and Group 
A-3 subgrades. 

Slabs less than 6 inches thick in the center and 8 or 
9 inches thick at the edges should not be laid on any 
of the subgrades except Groups A-1 to A-3. Further- 
more, when laid on wet subgrades and when not 
reinforced, slabs should be at least 1 inch thicker than 
when laid on similar subgrades well drained. 

NEED FOR DIVIDING PAVEMENTS IN SMALL SLABS INCREASES 
AS UNIFORMITY OF SUBGRADE DECREASES 

The use of grooves and joints (30, 31) permits the 
direction and location of cracks to be controlled. 
This prevents cracks from meeting joints or side edges of 
pavement at acute angles and from forming exception- 
ally short slabs, which conditions facilitate the ultimate 
destruction of the pavement. Figure 25, C illustrates 
an uncontrolled longitudinal crack. In Figure 25, A, 
it may be noted, the corner is broken down where the 
irregular transverse crack intersects the side edge of 
the pavement at an actue angle. In the foreground, 
however, where the transverse crack intersects the 
side edge at a right angle, the corner cracks have not 
occurred. 
A secondary crack, when uncontrolled, may divide a 

primary road slab 18 feet long into two slabs having. 
unequal lengths, say, 5 and 13 feet, respectively. <A 
secondary transverse crack, when controlled, however, 
will divide the primary slab of the same length (in an 
18-foot roadway containing center joint or groove) 
into two uniform slabs 9 feet square. 

Except for several pavements which are comprised 
of precast blocks, slabs 9 feet square are smaller in 
area than the minimum sizes now used in pavements. 
To call a road which has cracked into slabs of this size 
a structural failure, however, is more the result of 
custom than of fact. The oft-mentioned concrete 
pavement which has rendered service in Bellefontaine, 
Ohio, for about 30 years, it will be remembered, is 
composed of slabs about 5 feet square. 

According to the suggestion that the combined length 
of transverse and longitudinal cracks is related to slab 
area (7), the installation of a center joint or groove 
should reduce the extent of transverse cracking which 
would otherwise occur in a full-width slab. Results 
furnished by pavement surveys now in progress, in- 
dicate that this is true. 

The necessity for dividing concrete pavements by 
means of grooves or joints into smaller slabs becomes 
the more urgent, as the uniformity of the support is 
decreased. 

On A-1 to A-3 subgrades, longitudinal crack control 
is not essential but it helps to improve the pavement 
appearance. Examination of concrete roads resting 
upon sand subgrades in Minnesota indicates that even 
in the presence of frost action appreciable transverse 
cracking does not occur in slabs when they are no 
more than 40 feet long. How much longer than this 
slabs could be made and still afford complete control 
of transverse cracking is not known. 
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On A-4 to A-7 subgrade transverse expansion joints 
placed at intervals of 60 feet, with 1, 2 or 3 transverse 
grooves, depending on conditions of subgrade support, 
placed between them will probably permit the complete 
control of transverse cracking which occurs to an extent 
equal to that illustrated in Figure 12, A. 

Transverse contraction joints consisting of thin 
metal strips extending from the bottom of the pave- 
ment to within about one-half of an inch of the top, with 
or without dowels oiled and capped, may be used instead 
of grooves when transverse expansion joints are spaced 
far apart or when they are omitted entirely. The use 
of contraction joints instead of grooves increases the 

Figure 25.—A, Corner CrAc 
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percentage of cross sectional slab area which receives 
the compressive stresses caused by expansion of the 
concrete. On B-1 to B-3 subgrades (lacking uniform- 
ity) grooves or joints are urgently recommended. 
Figure 26 illustrates a pavement subdivided by means 
of grooves and joints. 

STEEL REINFORCEMENT RECOMMENDED FOR CERTAIN 
CONDITIONS 

According to published information, steel reinforce- 
ment when incorporated in concrete slabs is effective 
for: 

1. Furnishing resistance against the occurrence of 
“breakage” in slabs laid on wet subgrades. 

it RB OS 

Ks OccURRED ONLY WHERE IRREGULAR TRANSVERSE CRACK 

Fy THE PAVEMENT AT AN AcuTE ANGLE; B, NationaL Park 
Usep Tro ContTroLt LONGITUDINAL AND 

Crack IN Futu WiptH SLAB 
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Figure 26.—ConcreTE Roap 20 Frmr Wipr DIVIDED BY 
Mans or Grooves AND JOINTS INTO SrctTions 10 FEET 
BY 20 Fret 

2. Confining cracks to microscopic dimensions and 
reducing the extent of visible longitudinal primary 
transverse, and secondary transverse cracks. 

3. Preventing separation in visibly cracked slabs 
and thereby preventing faulting of slabs, reducing the 
extent of ravelling along cracks, increasing the smooth- 
ness of the riding surface, reducing the magnitude of 
impacts produced by traffic and increasing the factor 
of safety against ‘‘breakage”’ of the pavement. 

The pavement shown in Figure 23 from beneath 
which water is escaping, illustrates the beneficial 
action of steel reinforcement in confining cracks to 
small dimensions. This pavement contains a center 
joint and transverse joints spaced 50 feet apart, is laid 
on a compacted sand and gravel subbase 8 inches thick 
and is reinforced. When it had been forced upward 
in amounts varying from 2 to 7 inches, by frost heave 
during the past winter, fine cracks could be seen in 
several of the slabs. However, after the pavement 
had settled to its original position, but few of these 
cracks were visible. Those which were visible were 
very fine and did not require maintenance. 

Steel reinforcement is recommended for use in pave- 
ments laid on wet subgrades of any type, Group A-4 
subgrades subjected to frost heave, all Group A-5 
subgrades, poor Group A-6 subgrades, all Group A-7 
subgrades and on all subgrades in which there exists 
a very conspicuous lack of uniformity in support 
(Groups B-1, B-2, and B-3). 

SUBGRADE DATA FURNISHES ONLY RATIONAL BASIS FOR PAVE- 
MENT DESIGN 

According to the preceding discussion, the selection 
of type and the design of pavements are not arbitrary 
matters. Each and every particular pavement vari- 
able—stability, “beam” strength, pavement thickness, 
steel reinforcement, grooves and joints, shoulders, sub- 
bases, subgrade treatments, subgrade preparation and 
artificial drainage has a particular function to perform 
with regard to the conditions of support furnished by 
the subgrade. Therefore, subgrade data furnish the 
only possible basis for rational pavement design. The 
purpose of subgrade information is not merely to per- 
mit the design of pavements having a given load 
capacity. Instead, its vast economic value les in the 
fact that subgrade information furnishes a basis for 
utilizing the different pavement variables, with respect 
both to their individual functions and the particular 

subgrade requirements, in the design of pavements 
which will transport, at the least cost, wheel loads of 
specified intensity. 

APPLICATION OF PRECAUTIONARY MEASURES TO DIFFERENT 
TYPES OF SUBGRADES REVIEWED 

The application of the precautionary measures to 
the different types of subgrades can be briefly reviewed 
in the following manner: 

UNIFORM SUBGRADES 

Group A-1.—Wearing course sufficient. Drainage 
to prevent frost heave when ground-water level is high. 

Group A—2.—Surface treatment by oiling to prevent 
softening of binder from above. Drainage to prevent 
frost heave and softening of binder from below. Load 
distribution through moderately thick nonrigid or 
thin rigid courses. 

Group A-8.—Coarse materials. Subgrade treatment 
by admixture of binder or light tars and substantial 
wearing course. Otherwise moderately thick non- 
rigid or thin rigid courses. Drainage not required. 

Group A-4.—Silts. When naturally drained or 
when artificial drainage is possible: Thick macadam or 
concrete pavement of medium thickness (not less than 
8-6-8). Subgrade treatment by admixture of coarse 
constituents permits reducing thickness of macadam. 
Oiling combined with subgrade treatment may further 
improve the quality. 
When there is a high ground-water level, and drainage 

is not possible: Macadam unsuitable. Thick concrete 
pavement (not less than 9-7-9), crack control and re- 
inforcement. Oijuling not promising because water 
comes from below. Subbase may be beneficial for. 
reducing frost effect. 

Group A—§.—Same as for group A-4, wet. 
still more unfavorable. 

Group A-6.—Distinguished by the state of the soil, 
whether impermeable (homogeneous) or permeable (full 
of cracks and root holes). 

Homogeneous state—Ample load distribution by 
thick macadam or rigid pavement. Degree of required 
load distribution depends on degree of softness. Sur- 
face treatment (oiling or screenings or both) prevents 
material from working into nonrigid base course. 
Crack control for reducing effect of unequal shrinkage. 

Permeable state, drainage feasible—Macadam or rigid 
type. Subgrade treatment by mechanical manipula- 
tion under traffic increases stability. 

Permeable state, drainage not feasible—Very strong 
macadam or rigid type with crack control. Reinforce- 
ment desirable. Subgrade treatment by admixture of 
coarse material on subbase for reducing frost heave. 

In fills—Mechanical manipulation by traffic very 
beneficial. Also subgrade treatment by admixture of 
coarse constituents. Place the fill in dry season. 
Springs entering the base from below should be piped 
away. Treatment by oiling may reduce danger of 
saturation from above. 

Group A-7.—Surface treatment by mechanical ma- 
nipulation for preventing unequal expansion and by 
application of tar paper for preventing expansion 
beneath fresh concrete. Otherwise treat them like the 
soft, homogeneous Group A-6 subgrades. 

Group A-8.—Fill on top of soft ground, according to 
Michigan and Minnesota practice. Pavement requires 
“beam” strength, ample crack control, and reinforce- 
ment. 

Condition 



May, 1929 PUBLIC 

NONUNIFORM SUBGRADES 

Group B-1.—If nonuniform layer is shallow, mechan- 
ical manipulation for increasing uniformity. If deep 
and very nonuniform, rigid pavement with crack con- 
trol and reinforcement. Subbase may be beneficial. 

Group B-2.—Nonuniform fills should be avoided if 
possible. If not feasible, subgrade treatment by me- 
chanical manipulation, great ‘‘beam”’ strength, crack 
control, and reinforcement. 

Group B-3.—Great “‘beam”’ strength, crack control, 
and reinforcement at boundary between cut and natural 
ground surface. Fills should be compacted as much 
as possible before placing the pavement. At least 
longitudinal crack control. Careful piping away of any 
springs or water veins which might enter the fill through 
the base. 

CONCLUSIONS PRESENTED 

Among the facts on which the preceding discussions 
were based the following deserve to be emphasized: 

SUBGRADE SUPPORT 

1. The support furnished by different subgrade soils 
varies widely with regard to intensity of support (high 
or low), character of support (firm or elastic), and 
uniformity of support (constant or variable intensity 
of support), and thus permits a differential of consid- 
erable amount in pavement requirements. 

2. The character of support afforded by subgrade 
soils is dependent upon soil constituents such as sand, 
clay, silt, mica, and diatoms, and upon the structure 
of the soil and the field conditions under which it exists. 

3. The intensity of support in uniform subgrades 
depends upon the cohesion and internal friction in the 
soil, the area of load distribution, and the weight of 
superimposed pavement. 

4. High subgrade support requires either high cohe- 
sion or high internal friction, preferably both com- 
bined. High cohesion is characteristic of clays with 
stiff consistency; high internal friction, of well graded 
sands; and a combination of both internal friction and 
cohesion of well-graded sands with a binder. 

5. The greater the internal friction the more will the 
support of the subgrade be improved by distributing 
the load over a larger area or by increasing the dead 
weight of the pavement. 

6. Increasing the intensity of subgrade support per- 
mits a reduction in the thickness of nonrigid founda- 
tions and increases the factor of safety against ‘‘break- 
age’’ but not necessarily against longitudinal and trans- 
verse cracking in rigid pavements. 

7. Eliminating the elastic rebound in subgrades per- 
mits the construction of nonrigid pavement types other- 
wise not suitable. 

8. Increasing the uniformity of subgrade support 
reduces the extent of transverse and longitudinal 
cracking in rigid pavements and may provide against 
failure in nonrigid types. 

DRAINAGE 

9. Side ditches or deep trenches may intercept water 
furnished by porous strata and may serve to lower the 
ground-water level. Thus they may be effective for 
preventing failure in side-hill fills, for increasing the 
paperade support, and for reducing the extent of frost 
eave, 
10. Tile laid in trenches filled with porous material 

and placed under the edges of pavements serve to 
intercept water entering from the sides and to prevent 
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the accumulation on top of the subgrade. Thus, they 
may serve the same purposes as deep side trenches and, 
in addition, reduce the extent of softening of the sub- 
gerade due to saturation from the top. Also they 
provide against the separation of cracked rigid slabs, 
due to successive freezing of water trapped by imper- 
vious shoulders. 

SUBGRADE SURFACE TREATMENTS 

11. Subgrade surface treatments consisting of oiling 
and blanket courses serve to prevent the infiltration of 
soft subgrades into superimposed pavements and thus 
they may very appreciably increase the service value 
of nonrigid pavements laid on fine silt or clay subgrades. 

SUBGRADE TREATMENTS 

12. Subgrade treatments serve primarily to increase 
the intensity of subgrade support, although, depending 
upon conditions, they may also increase the uniformity 
of subgrade support. Thus, they are beneficial pri- 
marily only with respect to the construction of non- 
rigid pavements. 

13. Intensity of subgrade support is increased by 
adding cohesive materials to sands, granular materials 
to clays, and both cohesive and granular materials to 
silts. Adding moisture capacity reducers to retain 
high cohesion, and granular materials to supply internal 
friction, to clays may increase the benefits furnished 
by the addition of granular materials alone. 

14. Subgrade treatments should be planned on the 
basis of the information furnished by laboratory tests 
concerning the soil properties. 

BASE COURSES 

15. Compacted base courses serve primarily to 
furnish load distribution in nonrigid pavements. 

16. Except when porous base courses extend from 
the bottom of the pavement to the top of a rock sub- 
grade, compacted base courses may be the more 
efficient. 

17. The penetration of the underlying clay into the 
voids of porous base courses may furnish conditions of 
support which, due to their lack of uniformity, may be 
extremely undesirable. 

18. Base courses may reduce the extent of longi- 
tudinal cracking which would otherwise occur in rigid 
pavements. This ceases to be a benefit in pavements 
which contain a center joint or groove. 

19. Except when lack of uniformity in subgrade 
support is caused by conditions which exist in close 
proximity to the pavement, the efficiency of base 
courses for decreasing the extent of primary and 
secondary transverse cracking in rigid pavements is 
questionable. 

PAVEMENT DESIGN 

20. ‘“Beam”’ strength is desirable in pavements laid 
on soils whose low support is due to a lack of internal 
friction. 

21. ‘‘Beam”’ strength is not a necessity in pavements 
laid on soils whose low support is due to the absence of 
cohesion. 

22. ‘‘Beam”’ strength is not an essential requirement 
for wearing courses on Group A~—1 subgrades. 

23. Increasing the thickness of rigid pavement 
furnishes an increase in the factor of safety against 
the occurrence of “‘breakage”’ but not to an appreciable 
extent against the occurrence of primary and secondary 
transverse cracking due to lack of uniformity in support. 
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24. Crack control and steel reinforcement serve to 
eliminate the undesirable effects caused by such crack- 
ing as can not be prevented in rigid pavements. ‘Their 
use permits a predetermination of the ultimate size 
of slabs, free from additional visible cracks, and also 
prevents faulting and separation of the slabs. _ 

25. A subgrade survey record, to be of practical use 
in the design of highways, should consist of a map 
showing the ground-water level and the soil profile 
together with a description of the physical properties 
(both laboratory and field) of the various soils which 
comprise the profile. 

SUMMARY 

26. Each part of the pavement has a particular pur- 
pose to fulfill. If it is necessary to have three parts— 
subgrade treatment, base course, and wearing surface— 
each is equally important and failure in any one may 
mean destruction of the pavement. Therefore, selec- 
tion of the various courses should be made with regard 
to the duties which they are to perform; and the same 
diligence and precaution should be exercised in the 
construction of the lower courses as in the top or 
wearing course. 
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A. S. T. M. SYMPOSIUM ON MINERAL AGGREGATES 

The American Society for Testing Materials announces as a 
portion of the program of the annual meeting to be held at 
Atlantic City June 25-28, a ““Symposium on Mineral Aggregates” 
which should be of considerable interest to all producers and 
users of aggregates. 

Highway engineers will be particularly interested in papers 
dealing with Methods of Inspection, by A. 8. Rea, chief, bureau 
of tests, Ohio State Highway Department; Fine Aggregates in 
Concrete, by H. F. Gonnerman, of the Portland Cement Associa- 
tion; Fine Aggregates in Bituminous Mixtures, by H. W. Skid- 
more, Chicago Paving Laboratory; Influence of Coarse Aggre- 
gate upon the Strength of Concrete, by F. C. Lang, engineer of 
tests and inspections, Minnesota State Highway Department; 
Influence of Coarse Aggregate Upon the Durability of Concrete, 
by F. R. MeMillan, of the Portland Cement Association; Effect 
of Aggregates upon the Stability of Bituminous Mixtures, by 
Prevost Hubbard, of the Asphalt Association; and Aggregates in 
Low Cost Road Types, by C. N. Conner, of the American Road 
Builders Association. : 

The symposium will be opened by a paper on Organization 
Problems, by R. W. Crum, director of the highway research 
board, and chairman of the committee in charge of the program, 
and will close with a paper on Needed Research in Aggregates, 
by F. H. Jackson, of the Bureau of Public Roads. 
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388D. Public Road Mileage and Revenues in the New 

England States, 1914. 
390D. Public Road Mileage and Revenues in the United 

States, 1914. A Summary. 
407D. Progress Reports of Experiments in Dust Prevention 

and Road Preservation, 1915. 
463D. Earth, Sand-Clay, and Gravel Roads. 

*532D. The Expansion and Contraction of Concrete and 
Concrete Roads. 10c. 

*537D. The Results of Physical Tests of Road-Building Rock 
in 1916, Including all Compression Tests. 5c. 

*583D. Reports on Experimental Convict Road Camp, 
Fulton County, Ga. 25c. 

*660D. Highway Cost Keeping. 10c. 
*670D. The Results of Physical Tests of Road-Building 

Rock in 1916 and 1917. 
*691D. Typical Specifications for Bituminous Road Mate- 

rial samen Oc 
*724D. Drainage Methods and Foundations for County 

Roads. 20c. 
1216D. Tentative Standard Methods of Sampling and Test- 

ing Highway Materials, adopted by the American 
Association of State Highway Officials and ap- 
proved by the Secretary of Agriculture for use in 
connection with Federal-aid road construction. 

1259D. Standard Specifications for Steel Highway Bridges, 
adopted by the American Association of State 
Highway Officials and approved by the Secretary 
of Agriculture for use in connection with Federal- 
aid road work. 

DEPARTMENT BULLETINS—Continued 

No. 1279D. Rural Highay Mileage, Income, and Expenditures, 
1921 and 1922. 

1486D. Highway Bridge Location. 

DEPARTMENT CIRCULARS 

94C. T. N. T. as a Blasting Explosive. 
331C. Standard Specifications for Corrugated Metal Pipe 

Culverts. 

TECHNICAL BULLETIN 

No. 

No.55. Highway Bridge Surveys. 

MISCELLANEOUS CIRCULARS 

No. 62M. Standards Governing Plans, Specifications, Con- 
tract Forms, and Estimates for Federal-Aid 
Highway Projects. 

93M. Direct Production Costs of Broken Stone. 
*109M. Federal Legislation and Regulations Relating to the 

Improvement of Federal-Aid Roads and National- 
Forest Roads and Trails. 10c. 

. FARMERS’ BULLETIN 

No. *338F. Macadam Roads. 5c. 

SEPARATE REPRINTS FROM THE YEARBOOK 

No. 1914Y. Highways and Highway Transportation. 
937Y. Miscellaneous Agricultural Statistics. 

TRANSPORTATION SURVEY REPORTS 

Report of s Survey of Transportation on the State Highway 
System of Connecticut. 

Report of a Survey of Transportation on the State Highway 
System of Ohio. 

Report of a Survey of Transportation on the State Highways of 
Vermont. 

Report of a Survey of Transportation on the State Highways of 
New Hampshire. 

Report of a Plan of Highway Improvement in the Regional Area 
of Cleveland, Ohio. 

Report of a Survey of Transportation on the State Highways of 
Pennsylvania. 

REPRINTS FROM THE JOURNAL OF AGRICULTURAL RESEARCH 

Vol. 5, No. 17, D- 2. Effect of Controllable Variables upon the 
Penetration Test for Asphalts and 
Asphalt Cements. 

Vol. 5, No. 19, D- 3. Relation Between Properties of Hardness 
and Toughness of Road-Building Rock. 

Vol. 5, No. 24, D- 6. A New Penetration Needle for Use in 
Testing Bituminous Materials. 

Vol. 6, No. 6, D- 8. Tests of Three Large-Sized Reinforced- 
Concrete Slabs Under Concentrated 
Loading. 

Vo. 11, No. 10, D-15. Tests of a Large-Sized Reinforced-Con- 
crete Slab Subjected to Eccentric 
Concentrated Loads. 

* Department supply exhausted. 
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