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SOIL DISPLACEMENT UNDER A LOADED 
CIRCULAR AREA’ 

BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 

Reported by L. A. PALMER, Associate Research Specialist, and E. S. BARBER, Junior Highway Engineer 

the supporting characteristics of the subgrade under 
flexible types. of pavement. The procedure uses 

laboratory-determined stress-deformation curves for 
the subgrade soil in conjunction with rational theoretical 
analyses. ‘The method of approach does not include the 
making of penetration and loading tests directly on the 
subgrade, a procedure that has various disadvantages. 
A correlation between measured deflections of the sub- 
gerade under wheel loads and the deflections computed 
from laboratory test data and theory is an indicated 
experimental procedure that should extend knowledge 
in this field. 

The system of stresses at 
any point within a semi- 
infinite, elastically isotropic 
body produced by a uni- 
form load over a circular 
area at the surface has been 
determined by A. E. H. 
Love? and 8. D. Carothers.’ 
Formulas for the vertical 
displacement, V, at any 
point of the elastic body 
due to the surface load are 
given in various texts * 
dealing with the theory of 
elasticity. The use of such 
formulas involves knowl- 
edge concerning two elastic 
constants—Poisson’s ratio, 
u, and the modulus of elas- 
ticity, LH. Test data as reported by Terzaghi® and 
others show that the deformations of soils under load 
are not characteristic of elastic materials. Hence, there 
is difficulty in applying the formulas based on the as- 
sumption of elastic properties. 

The purpose of this report is to indicate a method of 
computing vertical displacement in soil due to a uni- 
form load over a circular area by the use of triaxial 
compression test data. The vertical displacement or 
settlement so computed is that caused solely by lateral 
yield of the soil. It is assumed that this type of 
settlement, S;, is completed prior to the occurrence of 
any settlement due to consolidation of the supporting 
soil. A modulus of deformation, C, is used in the 
formulas instead of the modulus of elasticity, /, and 
since it is assumed that the settlement, S,, occurs at 
constant volume, yu is necessarily equal to }. 

‘Tikes REPORT describes a procedure for evaluating 

tion. 

essential. 

1 Paper presented at the Twentieth Annual Meeting of the Highway Research 
Board, December 3, 1940. 

2 The Stress Produced ina Semi-Infinite Solid by Pressure on Part of the Boundary, 
ned ey E. H. Love. Philosophical Transactions of the Royal Society, series A, vol. 
28, 1929. 
3 Test Loads on Foundations as Affected by Scale of Tested Area, by S. D. Ca- 

pers. Proceedings, International Mathematical Congress, Toronto, pp. 527-549, 

4 See for example equations 203 and 204, page 335, of Theory of Elasticity, by S. Timo- 
shenko. McGraw-Hill Book Company, first edition, 1934. 

5 Determination of Consistency of Soils by Means of Penetration Tests, by Charles 
Terzaghi. PUBLIC ROADS, vol. 7, Ng. 12, Feb. 1927. 

276217—40——1 

Various formulas for use in the design of flexible- 
type pavements have been advanced in the past, but 
the theories and assumptions upon which they have 
been based have not permitted of experimental verifica- 

In a rational design, knowledge of the stress- 
deformation characteristics of the subgrade soil is 

Such knowledge would make it possible to 
set up maximum allowable deformations of the base to 
serve as criteria for use in designing the surface. 

This report presents a method of evaluating the sup- 
porting characteristics of the subgrade under flexible- 
type pavements, and, for the first time, suggests definite 
experimentation that can be made. 
suggested method has considerable promise and an 
extensive study is warranted to check the theory. 
Accordingly, a series of tests, including large-scale 
outdoor tests, is planned to substantiate the theory or 
to determine what modification may be necessary. 

The modulus of deformation, C, is herein defined as 
the ratio of stress to deformation without regard to the 
nature of the deformation whether it be elastic or 
plastic deformation or both. 

The method of analysis used in this paper for the 
case of a uniform load over a circular area may be 
applied, with certain modifications, to the case of a 
parabolic or conical distribution ‘of load over the 
circular area. 

MODULUS C DETERMINABLE FROM STABILOMETER TEST DATA 

In stabilometer tests, cylindrical soil samples encased 
in rubber sleeves are compressed to failure by applying 

a vertical load with or with- 
out lateral pressure. Lat- 
eral pressure is applied by 
air or fluid and is constant 
during an individual test. 
The decrease in length, A h, 
of the sample with increas- 
ing vertical load may be 
measured by means of a mi- 
crometer dial attached to 
the moving plunger or by an 
automatic recording device. 
The initial length of the 
sample is designated as h. 

A more complete descrip- 
tion of plotting the stabilo- 
meter test data in connec- 
tion with computing C has 
already been published.* In 

figure 1, the portions of the three curves for which the 
vertical pressure, v, is less than the lateral pressure, J, 
have been omitted and the coordinate axes have been 
moved to the right so that the point where /=v falls 

It is felt that the 

Ah 
on the re O axis. 

In figure 1, the slope of any of the secant lines is 
taken as the modulus of deformation, C, within the 
range of loading indicated. The more nearly straight 

Ah ; ; 
the line representing the v versus ae relationship, the 

more nearly the secant modulus becomes a tangent 
modulus. The greater the curvature of the line re- 

Ah : 
presenting the v versus i relationship, the greater is the 

divergence of the secant line from the curve. Usually 
this divergence increases with increasing load. 

From the theory of elasticity, the vertical strain e,, 
at any point on the axis of loading in the stressed earth 
below the uniformly loaded circular area of radius, 
a, 18 

6 The Settlement of Earth Embankments, by L. A. Palmer and E. S. Barber. 
PUBLIC ROADS, vol. 21, No. 9, November 1940. 
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VERTICAL PRESSURE,” - THOUSANDS OF POUNDS PER SQUARE FOOT =LATERAL PRESSURE 
POUNDS PER SQUARE FOOT 

4 

ae J 
0.006 0.008 0.012 

Sh 
UNIT DECREASE IN HEIGHT, “i 

0 0.002 0,004 0.010 0.014 0.016 

Figure 1.—Loap-ComMpression Trst RESULTS. 

O Vara! 
C2 a Oz = F\Pe— 2H) ----------~--- (1) 

where z is the depth of the point; V is the vertical dis- 
placement at the point; and p, and p, are normal 
stresses in the vertical and radial directions, respec- 
tively, acting at the point. 

If instead of EF, the modulus of deformation, C, is 
used and taken as a constant, equation 1 becomes 

oV_1 
SP MIONE ee ee ee (2) 

The expressions for the normal stresses, p, and p,, are 

a8 

Pernt, E ane (3) 

and 

Ey 2(1+y)z Zz 
pBl 1 | 2u— gt ayat @ebey® eve a (4) 

where p is the unit surface load. The origin of coor- 
dinates is taken at the center of the circular area of 
earth surface. By substituting equations 3 and 4 in 
equation 2 and integrating between the limits z and ~ , 
there results 

gsr we ~ ep (9 Yee 5") 2 we maximum J} He 2”) (a?+ 2”) (abe) 

+t 2@—1)2 | (5) 
By taking p= %, . 

3pa> 

SE TOlate fist c= eee 

SETTLEMENT FACTOR, F” 
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S| ETT ig 
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°o ° Mm 2 > ° a 

sss | [ RADIUS 
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SETTLEMENT =#7o F 
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F= (2-222) Jit Graye—Usea.aleys Hu +2442-1)2/a 

| Pl 
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Ficure 2.—SrETTLEMENT UNDER CENTER of UNIFORM 
CrrcuLaR Loap. 

or in general, 

: a 
Maximum V =r F 

2 

<a 4 (2) ; 
F= 2) /14(2) —~ = 6 + (u- @—1)2 ey AY a 

F may be called the “settlement factor.’ In figure 
2, Fis plotted against values of z/a for values of 0, 0.2, 
0.3, 0.4, and 0.5 assigned to wu. It is observed that the 
value of uw has but little influence on the value of F if 
z/a exceeds unity. 

where 

SHAPE OF LOADED AREA HAS LITTLE EFFECT ON SETTLEMENT 

In equations 5 and 6, z can have any value. For 
u=% and z=0, equation 6 becomes 

Opa : epi (8) 
which is the total settlement due to lateral yield from 
the load down to infinite depth, and it also is the down- 
ward displacement of a soil particle at the center of the 
circular surface-contact area. Equation 8 gives S;, 
along the centerline. At points removed from the 
centerline, the settlement is less than this value. Ac- 
cording to Timoshenko? the average settlement under 
the uniformly loaded circular area, which is the average 
deflection of all points over the circular contact area, is 
85 percent of the maximum deflection at the center. 
Timoshenko‘ also shows that the average settlement un- 
der a uniformly loaded circular area is practically the 
same as that under a uniformly loaded square area. He 
shows further that the average settlement under a 
uniformly loaded rectangular area having sides of ratio 
2:1 is about 4 percent less than that realized in the 
case of the circle or square. Thus the effect of shape 
of loaded area on settlement is not so important as 
might at first be thought. 

‘Theory of Elasticity, by 8. Timoshenko. McGraw-Hill Book Co., first edition, 
1934, pp. 338 and 339. 
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The depth, z, figure 2, may be considered as the 
thickness of an incompressible yet flexible layer, in- 
finite in lateral extent, below which there is yielding soil 
of infinite depth. Such a condition may be realized for 
practical purposes if a bed of stabilized soil-aggregate 
is spread over a clay soil and a load is applied to the 
stabilized surface. The settlement in this case would be 
due entirely to yielding of the clay if the thickness, z, of 
the soil-aggregate bed is assumed to remain constant 
under load and to have no flexural strength. Then, as 
shown in figure 2, for given values of p and C, increasing 
the ratio, z/a, either by increasing z or decreasing a, 
reduces the settlement factor, /, and hence the value 
of Di. 

This reasoning is based on the simplifying assumption 
that the bed of material of thickness z and the more 
yielding material below it comprise a single homo- 
geneous and isotropic mass of material insofar as the 
system of stresses is concerned. As pointed out pre- 
viously,’ a very similar assumption has been made and 
used to very good advantage in estimating the settle- 
ments of structures supported by one or more layers of 
compressible soil with one or more intervening layers 
of sand. 

For a uniform load on a circular area at the surface, 
the maximum shearing stress at each point on the axis 
of loading is 

ibs 
Smax— 5 (Pe— Pr) en ee ee ee (9) 

where the difference, p.—p,, is the principal stress 
difference. 

From equations 3 and 4, 

1—2 Z 32° 
pe p= p| + (tw (a+ 22) 2 (a? +2") % ei 10) 

=pf 

where 
Z 2 3 

ik apyF (ws 3 a 
iE owas eC awe 

ete) \ya4G) 
Values for the principal stress differences at different 
depths on the axis of loading and for different values of 
uw are shown. in figure 3. It may be noted from this 
figure that for w=, the maximum principal stress 
difference is equal to 0.58p and occurs at the depth, 
2=0.71a. 

It is necessary to bear in mind that p,—p, is the 
difference between the vertical and lateral pressures 
on the axis of loading. Obviously there could be no 
lateral yielding of the supporting soil if p, and p, were 

- equal in magnitude and of the same sign. at all points. 
’ In figure 1, the points A, A’, and A’’ were selected 

so as to give v—l the same value. In general, the 
modulus, C, obtained from the slopes of secant lines, 
such as OA, O’A’, etc., vary somewhat with the mag- 
nitude of the lateral pressure, 7, maintained constant 
during a single test. Uusally the value of C is lowest 
for the curve, /=0. The procedure in this paper is to 
use an average value of C obtained from two or more 
curves of the type shown in figure 1 for a definite value 

7Stresses Under Circular Loaded Areas, by L. A. Palmer. Proceedings of the 
- Highway Research Board, vol. 19, 1939. 
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FicurE 3.—PRINCIPAL STRESS DIFFERENCE UNDER CENTER OF 
UniIrorM Circuntar LOoap. 

of v—l, applicable to the particular problem. The 
value of v—l which determines the average C to be 
used is the maximum principal stress difference at 
any point within the yielding soil mass and on the axis 
of loading. Obviously this procedure is on the side of 
safety. 

EXAMPLE ILLUSTRATES USE OF PRINCIPLES 

The use of these principles may be illustrated by an 
example. 

Assume the existence of a clay layer extending from 
the earth surface to an infinite depth. Assume there is 
a uniform load at the surface of 3 tons per square foot 
distributed over a circular area having a radius of 10 
feet. Taking » as %, the greatest principal stress 
difference on the axis of symmetry is at a depth of 
0.71a=0.71X10=7.1 feet. Soil samples taken at this 
depth have the stress deformation characteristics 
shown in figure 1. The greatest principal stress 
difference=0.58p=0.58 X6,000=3,480 pounds _ per 
square foot. 

On the curve, /=0, figure 1, for v—/=3,480, v=3,480 
pounds per square foot. This is at point A on this 
curve. The secant line, OA is drawn. 

. 93,480 
= d - +) a The slope of OA is 0.0096 ° 362,000 pounds per 

square foot, the value of C from this curve. For the 
curve obtained with /=1,440 pounds per square foot 
in the triaxial test, the point A’ is determined by adding 
1,440 to 3,480 to obtain a value, v=4,920 pounds per 
square foot. The corresponding percentage deforma- 

3,480 

0.0068 

512,000 pounds per square foot. Similarly, from the 
secant line O’’ A’’ for the curve, /=4,320 pounds per 
square foot, C corresponding to v=7,800 pounds per 

3,480 

0.0065 

535,000 pounds per square foot. The average modulus 
is then 1/3 (362,000+512,000+535,000) or 470,000 
pounds per square foot. 

In this problem, the depth of a layer or zone wherein 
compression due to yielding does not occur is zero and 
hence z/a is zero. From figure 2, for z/a=0 and 

tion is 0.68. Then C from this curve is or 

square foot on the curve, is computed as 

ial, a 15 Then 

Bec 6,000 100s. 
Pune aia 000, 7 

=0.19 foot, or about 2.3 inches, 
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Suppose now that there is a bed of compact sand 5 
feet thick at the surface and that the clay is below. 
Neglecting the lateral displacement or vertical com- 

paction of the sand, with rla=A=0.5, the displace- 

ment factor, figure 2, is seen to be reduced from 1.5 to 

1.33 and the value of S, is reduced to 23x =2.0 

inches. Similarly, if the bed of sand is 10 feet thick, 
z/a becomes 1 and F, figure 2, is 1.06. 

With a bed of compact sand 10 feet thick, the greatest 
principal stress difference is in the sand and not in the 
clay. The greatest principal stress difference in the 
clay is then 10 feet down from the ground surface on 
the axis of symmetry and, from figure 3, its value at 
the point, z/a=1, is 0.538p. For the soil data plotted 
in figure 1, the moduli of deformation corresponding 
to various v—l values are shown in figure 4 for the three 
curves, /=0, /=1,440, and /= 4,320 pounds per square 
foot. An average for these three curves is also shown. 
For p=6,000 pounds per square foot and a maximum 
principal stress difference of 0.53 p=0.53 X 6,000=3,180 
pounds per square foot, the corresponding C from the 
average,curve, figure 4, is 490,000 pounds per square foot. 
Taking /’=1.06 corresponding to z/a=1 and p= %, 

g, — 8,000 10 
“~~ 490,000 

This is approximately 70 percent of the settlement 
without the sand, assuming no lateral displacement or 
compaction of the sand. 

Actually, the sand would undergo some lateral dis- 
placement or compaction or both but to a considerably 
lesser extent than would a soft clay. Greatest settle- 
ments due to lateral yield are to be expected in plastic 
soils in which pore pressures of considerable magnitude 
are developed by loading. 

X1.06=0.13 foot or 1.6 inches. 

With reference again to figure 4, consider a wheel 
load producing 10,000 pounds per square foot pressure 
on the surface of the clay, assuming a balloon tire and 
an equivalent radius of 6.5 inches for the contact area. 
Here the greatest principal stress difference on the axis 
of loading is 0.5810,000 or 5,800 pounds per square 
foot, corresponding to an average C value, figure 4, of 
270,000 pounds per square foot. For z/a=0, F=1.5 
and 

10,000 6.5 ; 
S,= 270,000 *< 1.5=0'36 mehe 

Suppose now that the wheel rests on a flexible-type 
pavement of thickness 6.5 inches and that the lateral 
movement and compaction of pavement material 
under the wheel load is negligible. Under the pave- 
ment is the same clay, extending to an infinite depth. 
The maximum principal stress difference in the clay is 
0.58p for z/a=1 and p=, and is'0.53 x 10,000—=ayaGa 
pounds per square foot. The corresponding C value, 
average curve, figure 4, is 330,000 pounds per square 
foot and #=1.06, figure 2. Then 

__ 10,000 6.5 
Sr= 330 000 <1.06=0.21 inch. 

By making similar computations for the same soil and 
for various values of 2, the settlements shown in table 1 
are obtained. It is observed in table 1 that when the 
pavement thickness is of magnitude such that 2/a is 
equal to or greater than 2, any further increase in 
pavement thickness effects a relatively small decrease 
in S;. It is also noted that the modulus, C, increases 
rapidly as the principal stress difference decreases, a 
fact that is indicative of the curvilinear relationship 

between v and ae. 

TABLE 1.—The effect of pavement thickness on the estimated settle- 
ment, Sz, due to yielding of the subgrade. Unit load=10,000 
pounds per square foot, equivalent radius of wheel load=6.5 
anches and p=% 

F Maximum | 
Thick- principal Nodulusiot Deflec- Settle- 
ness of 2 stress AWamasalon tion monte 
pave- a difference in rai ’ | factor, Ss y 

ment, z subgrade, EF us 
v—l 

Pounds per | Pounds per 
Inches square foot square foot Inches 
0 0 5, 800 70, 000 1. 50 0. 36 
3.25 0. 50 5, 800 270, 000 1.33 . 32 
6. 50 1.00 5, 800 330, 000 1.06 ~21 
8. 00 1223 4, 600 390, 000 93 mG 

10. 00 1, 54 3, 750 455, 000 . 80 il 
12. 00 1.85 2, 950 505, 000 71 . 09 
15. 00 2.32 2, 200 550, 000 59 ALYY / 
18. 00 Zetia 1, 600 580, 000 51 . 06 

The effect of moisture content and compaction on 
the modulus, C, of a typical clay soil is shown in table 2. 
The settlement, S;, caused by lateral displacement of 
this clay when subjected to a uniform load over a 
circular area is also shown. For the computations 
shown in table 2, uw is taken as % and the surface load 
is assumed to be applied directly to the clay; that is, 
e/a==0: 

The effect of moisture content and density is strik- 
ingly illustrated by the computed values in table 2, 

(Continued on page 198) 
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EFFECTS OF HIGHWAY LIGHTING ON 
DRIVER BEHAVIOR 

BY THE DIVISION OF HIGHWAY TRANSPORT, PUBLIC ROADS ADMINISTRATION 

Reported by W. P. WALKER, Assistant Highway Engineer-Economist 

CCIDENT RECORDS have consistently shown 
that nighttime driving is more hazardous than 
daytime driving. During recent years illumina- 

tion engineers have performed considerable research on 
highway lighting with the object of reducing the ratio 
of nighttime to daytime accidents per vehicle-mile of 
travel. Several hundred miles of rural highway are 
now lighted, many of these being temporary installa- 
tions for purposes of demonstration and experimenta- 
tion. One such installation is a 1-mile section on U. S. 
Route 422 near Chagrin Falls, Ohio. Excessive grade 
and curvature at this loca- 
tion result in its being con- 

section is approximately level tangent. Figure 1 is a 
sketch of the plan and profile showing the operating 
positions of the study equipment. ‘ 

The surface is portland-cement concrete pavement 
in fairly good condition, having a width of 20 feet 
except on and below the hill where it is 27 feet wide. 
The shoulders on the 20-foot section are 10 feet wide 
and consist of 2 feet of clay-gravel and 8 feet covered 
with grass and in good condition. The section 27 feet 
wide has a 6-inch curb on each side. Lighting is by 
means of incandescent lamps in specially designed 

reflectors mounted 25 feet 
high, 125 feet apart, and 

sidered highly hazardous, 
and for this reason it was 
selected by the Nela Park 
Engineering Department of 
the General Electric Com- 
pany for study of methods 
of illumination and meas- 
urement of factors affecting 
visibility on lighted roads. 

In the fall of 1939, the 
Public Roads Administra- 
tion and the Ohio Depart- 
ment of Highways con- 
ducted studies at this loca- 
tion in an effort to determine 
the effect of lighting on 
driver behavior. ‘These 
studies were made over a 5- 
day period and three types 
of equipment were em- 
ployed, each designed to 
obtain different information 
regarding driver behavior. 
With this equipment, com- 
prehensive data were col- 

Limited data indicate that the behavior of drivers 
operating under artificial light conforms very nearly to 
their behavior in the daytime, but that the behavior of 
drivers at night without overhead lights differs measur- 
ably from their behavior in the daytime. Differences 
between the behavior of drivers during daylight and 
darkness are most apparent in the frequency of passing 
and in the transverse positions of vehicles on the pave- 
ment. There is inconclusive evidence that speed may 
also be affected. 

During daytime the drivers utilized 57.7 percent of 
the available opportunities for passing as compared to 
55.6 percent during nighttime with the highway lighted. 
At night with the highway unlighted the drivers utilized 
only 38.5 percent of the available opportunities for 
passing. 

The frequency distributions of transverse positions 
are almost identical for conditions of daytime and 
nighttime with the highway lighted, but there is a 
marked difference in these distributions for conditions 
of daytime and nighttime with the highway unlighted. 
The average position of the right wheel of passsenger 
cars moving freely was 3.3 feet from the edge of a 
20-foot pavement during both daytime and nighttime 
with the highway lighted. With the highway unlighted, 
this average position was 4 foot nearer the center of 
the road. 

extending 5 feet out over 
the pavement. The lights 
are along only one side of 
the road. Figure 2 shows a 
portion of the section in the 
daytime and when lighted 
at night. 

In evaluating the effects 
of highway lighting from a 
safety standpoint the acci- 
dent record itself would be 
the most desirable index, 
but, since the number of ac- 
cidents per mile of highway 
is relatively small, to obtain 
reliable data for a 1-mile 
section of highway would 
require years. Moreover, 
no accident records were 
available for this particular 
section of road. As a sub- 
stitute for accident records 
it is possible, by a critical ex- 
amination of driver behavy- 
ior under the various con- 

lected on passing practices, transverse positions of vehi- 
cles, and vehicle speeds and spacings. The primary ob- 
jective was to determine to what extent driver behavior 
varied in daytime, in nighttime with the road lighted, 
and in nighttime with the road unlighted. Inclement 
weather during the observations increased the number of 
variables to include conditions of wet and dry pavement. 

The highway approaches the section on a tangent 
with a slightly undulating grade. About mile from 
the first hght and within the lighted section, the road 
rises slightly, then drops sharply on a grade of about 
10 percent for a distance of approximately }6 mile. 
There are two horizontal curves on this grade, one of 
them being very sharp. The lower \% mile of the 

ditions, to judge the probable effects of these conditions. 
From the results of driver-behavior studies, it is pos- 
sible to find instances where a driver on an unlighted 
highway was unquestionably driving too fast or in an 
otherwise reckless manner, but there is no way of prov- 
ing that the particular driver might not drive just as 
recklessly during daylight or on a lighted highway. 
However, the chances are that there will be just as 
many reckless drivers using the highway at night when 
it is not lighted as when it is lighted. 
A differentiation between safe and unsafe driving 

practices under any set of driving conditions is difficult 
to make. Undoubtedly, the safest driving conditions 
exist during hours of daylight with a dry pavement, 
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and the average driver under these conditions might be 
expected to perform in a somewhat different manner 
with respect to speed, distance from car ahead, and 
transverse position on the pavement than he would on 
the same highway after dark. If the drivers perform 
on a lighted highway at night in the same manner they 
perform on the highway in daylight, it is safe to assume 
that the vehicles are moving with greater safety and 
facility than they would on an unlighted highway. The 
degree to which driver performance on the lighted high- 
way at night approaches that for daylight hours should 
be a measure of the effectiveness of the lighting in 
bringing about safer driving conditions. 

PASSING PRACTICES STUDIED ON LIGHTED SECTION 

Equipment for determining the passing practices of 
motor-vehicle drivers has been developed and its use 
described.'? The equipment permits determination 
of the speed and time spacing of each vehicle at any 
point within a half-mile section, and shows whether the 
vehicle was in its own or the opposing lane of traffic or 
was straddling the centerline of the road. It does not 
permit a determination of the pavement edge clearances 
of vehicles. 

Because of topographic conditions on the section of 
road studied, it was practical to install only two-thirds 
of the detector tubes, the location selected being on the 
tangent at the top of the hill. On a portion of this 
study section passing was restricted by inadequate 
sight distance. Because of this and the low traffic 
volumes prevailing, the number of passing maneuvers 
recorded was not great. The equipment was operated 
during afternoons and evenings until about 10 p. m. for 
4 days. The lights were off on alternate evenings. 

Table 1 shows the actual operating time of the 
recorders, the number of vehicles, and the number of 
passing maneuvers recorded under the various con- 
ditions studied. Of the 107 passing maneuvers re- 
corded, a complete record was obtained of only 53, the 
other 54 having been started before entering or com- 
pleted after leaving the study section. In all 107 cases, 
however, the passed and passing vehicles were recorded 
while abreast of each other so that data were obtained 
on at least half of each maneuver. 

' Procedure Employed in Analyzing Passing Practices of Motor Vehicles, by 
ay Holmes, yates tee vol. 19, No. 11, January 1939. ? 

rogress in Study of Motor-Vehicle Passing Practices, by O. K. Normann, 
PUBLIC ROADS, vol. 20, No. 12, February 1940. ; 

TABLE 1.—Results of studies using passing equipment 

By ne Net hours} Vehicles | Passings 
Condition studied | recorded | recorded 

Daylights cee eae eee eee eo ere meee ote. 1,85 448 415 
Night—lights ontario eee eae eee 3.77 496 20 
Night—lichts.0 ff 22 see ee toe a ee ee es 4.48 616 20 
Twilicht sie ae 2 eee eee 1. 50 462 26 

Totelitaeses eee ee eee ne Pen, wooo tse ee 11. 60 2, 022 107 

Conclusive results obviously cannot be drawn from 
such a small and varied sample. It is of interest, 
however, to examine a few of the passing maneuvers 
that were made under what might be considered hazard- 
ous conditions. Since no passing maneuver was made 
when an oncoming vehicle was so near as to constitute 
a hazard, this sample includes only passing maneuvers 
that were made where the driver could see less than 
400 feet of road surface ahead of him. This figure is 
used because it represents the sight distance at the 
point of beginning of a double white line center marking. 
The remainder of the passing study section had no 
centerline marking except the black center joint. 

Eighteen vehicles started to pass where the sight 
distance was 400 feet or less and these maneuvers are 
shown graphically in figure 8. These data are presented 
merely as a matter of general interest, since any com- 
parison in numbers would be inconclusive and the — 
similarity of the passing maneuvers permits of little 
differentiation for various conditions. It will be noted 
that, under all four conditions of light, there are cases 
where the passed and the passing vehicles were abreast 
of one another at points where the sight distance was 
only 200 feet. The speeds of these passing vehicles 
varied between 25 and 50 miles per hour. Had an 
oncoming vehicle made its appearance during one of 
these maneuvers, either the passing or oncoming vehicle 
would almost certainly have been required to take refuge 
on the shoulder to avoid a collision. In these 18 passing 
maneuvers, 11 of the passed vehicles were trucks, busses, 
or tractor-semitrailer combinations moving relatively 
slowly. 

Several of the passing maneuvers of westbound 
vehicles (fig. 3) were accomplished without creating any 
traffic hazard, the reason being that the sight distance 
increased to about 2,000 feet before the passing vehicle 
was completely in the left lane. These were violations 
of the center striping that would not be so classified had 
the marking been of the directional type which permits 
passing in one direction while prohibiting it in the 
opposite direction. The number of vehicles that could 
have passed but were discouraged from doing so by 
reason of the center striping cannot be determined. 

Table 2 shows the relationship between the actual 
number of passing maneuvers recorded and the number 
that could have been accomplished under favorable 
conditions. Classified as “‘potential’”’ passings are those 
cases where a vehicle was following another vehicle at a 
spacing of 1% seconds or less at a point where no restric- 
tion was offered to passing by an oncoming vehicle 
within 1,500 feet or by a sight distance less than 1,200 
feet. The percentage that these potential passings are 
of the total is shown in the last column. These figures 
show that 42.3 percent of these drivers were reluctant 
to pass during daylight as compared to 61.5 percent at 
night when the highway was unlighted. When the 
highway was lighted, however, only 44.4 percent of the 
drivers preferred to follow the vehicle ahead rather than 
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pass it. This compares favorably with the data for 
daylight conditions. It might be concluded from this 
that the drivers using the highway while it was unlighted 
were more cautious than those using the highway while 
it was lighted, but the important fact shown here is 
that the driving practices observed while the lights 
were on conformed much more nearly to those for day- 
light conditions than did the driving practices on the 
unlighted highway. 

SOME HAZARDOUS DRIVING FOUND UNDER ALL CONDITIONS OF 

LIGHTING 

The passing study equipment is well adapted to 
studying the variations in speed of vehicles over a 
length of highway. Such an investigation is of inter- 
est here to determine what effect the combination of 
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TABLE 2.—Relations between the actual and potential number of 
passings under various conditions 

Number of passings Percent- 
s ae age that 

Condition — | Hotenitial 

Actual Potertial| Total is of total 

pee | = —| 2A 

Daylightaee saree eee Oa ge ee Se 41 30 71 | 42.3 
Night—lights on______- 2 SON Os 20 | 16 36 | 44.4 
INi@h tig htsso fies. = eens eee ee 20 | 32 | 52 | 61.5 
Pwilights cance lee (ee 2 ig ee eS 26 25 | 51 | 49.0 

a large diamond-shaped “Hill” sign and a flashing 
danger signal, both located near the crest of the rise 
just preceding the steep descent, had upon the speeds 
of vehicles under various conditions. In figure 4, the 
average speeds of vehicles as maintained throughout 
the section are plotted. The warning signs were lo- 
cated opposite station 14, facing eastbound traffic. 
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The speed curves for eastbound vehicles vary con- 
siderably for the three conditions shown. The aver- 
age speed of the vehicles on the lighted highway showed 
a slight increase for the first 850 feet, whereas with 
the lights off, the average speed began to decrease al- 
most immediately after entering the section. A num- 
ber of explanations of this difference in behavior sug- 
gest themselves but none has any plausible basis. For 
each condition of lighting, the average speed showed a 
noticeable decrease upon approaching the warning signs, 
the amount of decrease varying from 5 miles per hour 
when the highway was lighted to 8 miles per hour dur- 
ing daylight. Without these warning signs, drivers 
unfamiliar with the road would be unaware of ap- 
proaching any danger since the terrain visible from 
this point did not reveal the hill. 

The ordinate of figure 4 for westbound vehicles rep- 
resents their average speeds as they ascended the grade. 
The normal speed of these vehicles was somewhat lower 
than for the eastbound traffic. 

The results of the passing study show that there are 
certain drivers whose hazardous driving habits cannot 
be corrected by means of artificial lighting, since such 
drivers are present under all conditions of light and 
darkness. 

The results further show that there is a marked 
difference between the normal behavior of drivers dur- 
ing daylight and darkness, and that the behavior of 
drivers under artificial light conforms more nearly to 
their behavior during daylight than it does to their 
behavior during darkness. 

The effect of weather conditions on driver behavior 
was more noticeable in the results of the speed-place- 
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ment study than in the passing study. For this reason 
the results for various lighting conditions have been 
further classified to show variations caused by wet 
pavement. 

The passing equipment and placement equipment are 
two distinct sets of apparatus and are operated inde- 
pendently of each other. Speed and _ time-spacing 
data for all vehicles are an incidental part of the passing 
study records, and are available for any point within 
the study section. These data are also obtained by the 
speed-placement recorders but at only one point. In 
addition, the latter equipment records the positions of 
vehicle wheels with respect to the edge of the pavement. 

Table 3 shows how the 32.49-hour net operating time 
of the speed-placement equipment was distributed with 
respect to weather and lighting conditions. This was 
the total time of study at three locations: One on the 
level tangent at the top of the hill, one on the sharp 
curve about midway of the steep grade, and one on the 
level tangent at the foot of the hill. 

TABLE 3.—WNet hours of operation and vehicles recorded in speed- 
placement study 

tye Hours Vehicles 
Condition studied | recorded 

Daylight: 
Wet pavement. 25 be ee ee ee ee 2.00 441 
Dry: DAVEMCRU. toe ee ee ee ee ree 10. 13 2, 388 

Night—Lights on: 
Wet pavement___________- A aap rp eg 3. 72 547 
Dry pavement. s2o2 ee es Se eee 5. 92 1,131 

Night—Lights off: 
Wet pavement: 2.2.4.2 25-0-- Be ee ee | re : 
Dry“ Dayvementss_--- a. ==. ee eee eee : 6. 92 1, 027 

Pwilight_2220 see Oe ee ee eee 3. 80 1, 225 

TT Oba: 2S ee reco ae tas ee ee ec en ee ee 32. 49 6, 759 

The frequency distribution of time spacings was 
investigated as a possible index of driving habits under 
various conditions of lighting and alinement. It is of 
interest that the time-spacing patterns varied only 
slightly from patterns found in previous studies, con- 
firming the results of nearly all earlier studies. Under 
all conditions the percentage of vehicles traveling at or 
below the average time spacing was between 63 and 67. 
Earlier studies had showed invariably that approxi- 
mately two-thirds of the vehicles traveled at or less 
than the average time spacing. 

In figure 5, the frequency distributions of time spac- 
ings are shown for four conditions. Distributions for 
other conditions could also be shown but the similarity 
is so pronounced that further illustration is unnecessary. 
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The fact that the frequency distribution of time spacings 
is a definite function of the average spacing and hence 
of the traffic volume, is more apparent in figure 6, where 
the distribution is based on the percentage of the 
average spacing. Here the distribution of spacings for 
one condition is superimposed on that for another up to 
twice the average spacing. These two conditions 
represent the extremes in traffic volumes studied. 
These results show that for the traffic volumes studied 
the time spacing of vehicles is independent of alinement, 
weather, and light conditions. 

PLACEMENT OF VEHICLES UNDER VARIOUS CONDITIONS 

COMPARED 

Data on the average placement of all vehicles with 
respect to the edge of the pavement are useful in 
comparing driver behavior under various conditions. 
In order to eliminate insofar as possible all extraneous 
factors, however, the most significant placement data 
are those obtained while drivers were uninfluenced by 
the presence of a preceding or an opposing vehicle. 
The edge clearances of such ‘‘freely’’ moving passenger 
cars on the tangent at the top of the hill, figure 7, 
show frequency distributions for conditions of daylight 
that are very similar to those at night with the highway 
lighted. In both cases the average edge clearance was 
3.3 feet. 

The distribution of edge clearances at night with the 
highway lights off, however, follows a noticeably 
different pattern and the average placement is \ foot 
nearer the center of the road. With the highway 
lights on, 75 percent of the drivers followed a path 
not more than 2 feet wider than the car, the right 
wheel always being between 2 and 4 feet from the 
pavement edge. When the highway lights were off, 
the same percentage of drivers had a 3-foot variance 
in their path, the position of the right wheel being 

27621740 —2 
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between 2 and 5 feet from the pavement edge. On 
the tangent at the foot of the grade the similarity 
between the placements during daylight and at night 
with the highway lights on is almost as striking (fig. 
8). The difference in the average placement for these 
two conditions is only 0.1 foot. No record was ob- 
tained at this location at night with the highway 
unlighted. 

Because of differences in weather conditions no direct 
comparison can be made of placement data recorded on 
the curve. The pavement was wet when studied with 
the highway lights on, and dry when studied with the 
lights off. Furthermore, the paths of vehicles traveling 
upgrade were restricted by the natural tendency of 
of drivers to hug the inside of the curve regardless of 
weather or lighting conditions. For the drivers travel- 
ing downgrade there is greater freedom in selecting the 
path which the driver feels is consistent with safety and 
comfort. Figure 9 shows that, for vehicles traveling 
downgrade, there was a slight difference between the 
placement distributions at night with the highway 
lights on and in the daytime under similar weather 
conditions. However, when the highway lghts were 
off there was a marked difference in the distribution 
when compared to that for daylight with dry pavement. 

As mentioned previously, the speeds of all vehicles 
were obtained as an incidental feature of the passing 
study at the top of the hill, and at three points with the 
speedmeter: The top of the hill, below the hill, and on 
the grade at the curve. 
From the results of the passing study, figure 4, it 

appears that the speeds of vehicles, particularly of those 
just entering the lighted section, may not be representa- 
tive of normal driving practice on lighted highways. 
This may be caused by the fact that the passing-study 
section was located at one end of the lighted portion of 
the highway, and drivers entering the section had had 
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no opportunity to adjust their driving to the changed 
condition. This assumption appears “reasonable since 
the speeds of westbound vehicles were fairly uniform, 
as shown in figure 4. 

At the first location of the speedmeter, 700 feet from 
the end of the lighted section, this same effect could be 
expected to influence the speed distribution. In 
addition, during study at this station the sample ob- 
tained under each condition was too small to indicate 
reliably the effect of illumination on speed distribution. 
The results obtained at the other two stations, located 
nearer the center of the lighted section, are not subject 
to these limitations. 

Figure 10 shows that the distribution of speeds on 
the tangent below the hill was about the same under 
illumination as during daylight. The average speeds 
were 43 and 44 miles per hour, respectively. The 
posted speed limit on this road was 35 miles per hour, 
but these speed distributions show that 82 percent of 
the vehicles traveled in excess of this speed, both during 
daylight and at night with the highway lighted. Under 
both conditions 20 percent of the vehicles traveled in 
excess Of 50 miles per hour. 

On the curve, speed distributions were more varied 
in character, as shown in figure 11. For vehicles going 
downgrade the greatest similarity in speeds seems to 
exist. between daylight with wet pavement and night 
without lights but with dry pavement. The speed dis- 
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tribution for vehicles on lighted, wet pavement seems 
to be in a class by itself, the aver age speed of 26 miles 
per hour being 6 miles per hour less than for daylight 
under similar weather conditions. For vehicles going 
upgrade, there are no marked differences in the patterns 
of speed distribution for the various conditions, but it is 
of interest that the average speeds of vehic les going 
upgrade under the various conditions are almost identi- 
cal with the speeds of vehicles gomg downgrade under 
those same conditions. 

(Continued on page 199) 



Poel OR THE CHEMIEAL PROPERTIES 
Ole Ol FINES ON EEF PERFORMANCE 

OF SOIL-AGGREGATE MIXTURES 
BY THE DIVISION OF TESTS, PUBLIC ROADS ADMINISTRATION 

Reported by PAUL RAPP, Associate Chemist, and JACOB MIZROCH, Junior Chemical Engineer 

N ACCUMULATION of data from laboratory 
tests and field observations during the past several 
years has shown a general relation between the 

physical properties of soils and their performance in 
base and surface courses. The sampling and laboratory 
test procedures used in determining the physical prop- 
erties of soils are presented in detail in the Standard 
Specifications for Highway Materials and Methods of 
Sampling and Testing of the American Association of 
State Highway Officials. The specifications ! for base- 
and surface-course materials place special emphasis on 
the liquid limit, plasticity index, and mechanical 
analyses of the soil mortar or soil fines. 

In general, these physical tests have been a satisfae- 
tory means of determining the suitability of soil-aggre- 
gate mixtures for road-building purposes, but in certain 
instances they have not been adequate for purposes of 
differentiation between satisfactory and unsatisfactory 
materials. The purpose of this paper is to indicate the 
additional information that may be derived from a 
study of the chemical properties of the soil fines which, 
together with the knowledge of physical properties, pro- 
vides a more adequate basis for determining suitability 
than do physical properties alone. 

CHEMICAL PROPERTIES OF SOILS DEPENDENT ON CLAY MINERALS 

PRESENT 

The chemical properties of soils are dependent di- 
rectly on the kind and amount of clay minerals present. 
Hence a brief resumé of the chemistry of clay minerals 
is given. 

Hendricks and Alexander? have reported that clay 
minerals may be included in three general classes or 
groups as follows: 

1. The kaolin group: 
a. Kaolinite 
b. Nacrite 
ec. Dickite 
d. Halloysite 

2. The montmorillonite group: 
a. Montmorillonite 
b. Beidellite 
ce. Nontronite 
d. Magnesium bentonite 

3. The hydrous micas. The general formula is 
2K,0.3R’0.8R/’,03.245i,0.12H,0 

where R’ denotes a divalent metal, magnesium for 
example, and R’’ denotes a trivalent metal such as 

aluminum. 
X-ray studies of minerals of the groups listed have 

shown that their constituent molecules, silica and 

composition Al,O3. 2 SiQs. 
PaHO: 

composition Al,O3. 
4Si0O,. XH,O. 

1 Standard Specifications for Materials for Stabilized Base Course, M 56-38 and 

Standard Specifications for Stabilized Surface Course, M 61-38, American Association 

of State Highway Officials. , 
2 Minerals Present in Soil Colloids, by S. B. Hendricks and L. T. Alexander. 

I. Descriptions and Methods of Identification. Soil Science, vol. 48, No. 3, 1939, 

p. 258. 

alumina, are arranged in layers. ‘These layers con- 
stitute the crystal lattice of a mineral. 

In the kaolin group, the layers of silica and alumina 
alternate, forming a lattice with a molecular ratio of 2 
silica to 1 alumina. Owing to replacement of silicon 
by aluminum within the lattice, ratios of less than 2 to 
1 have been observed. Iron may replace aluminum 
in the lattice without affecting the molecular ratio. 

The montmorillonite group is characterized by a 
lattice consisting of a layer of alumina between two 
layers of silica. Here the molecular ratio is 4 silica to 
1 alumina. Replacement of silicon by aluminum may 
reduce the ratio to 3 to 1 in certain members of the 
group, without altering the lattice structure. Iron 
and magnesium may be present, substituted for the 
aluminum. 

The term ‘“‘hydrous micas” is a tentative one which 
serves to designate a group of related minerals having a 
theoretical formula similar to that of mica. However, 
these minerals contain less potassium and more water 
than true micas. 

In addition to the clay minerals, certain accessory 
minerals are to be found in soils. Iron is present in the 
form of hematite, Fe,O;, and goethite, FeO(OH.) 
Titanium has been found to be present in the form of 
the mineral, leucoxene, and as the oxide, rutile, TiQy. 
Aluminum may be present in the form of diaspore or 
bohmite, AIO(OH), and gibbsite, AI(OH);. Silica, 
SiO., may be present in the form of quartz or it may be 
present in an amorphous state. 

Silica-sesquioxide ratio is defined as the molecular 
ratio of silica (SiO) to the combined oxides of iron and 

aluminum (Fe,0;+ Al,O;). Silica-alumina ratio is the 

molecular ratio of silica to alumina (Al,O3). In this 

study both ratios were found to have a similar relation 
to physical properties. Therefore, the silica-alumina 

ratio is not discussed but is included in the paper as a 

matter of record. Silica-sesquioxide and silica-alumina 
ratios were determined in the colloidal clay fraction of 

the soil. This portion of the soil is considered the most 

active chemically. Usually it is highly weathered and 
consists mainly of one or more clay minerals of definite 
chemical composition. Silica-sesquioxide and_ silica- 

alumina ratios in the colloidal clay fraction of soils de- 

pend largely on the kinds and proportions of clay 
minerals present. 

The colloids are extracted from the soils by means of 

a supercentrifuge. One hundred grams of soil passing 

the No. 10 sieve (or 50 grams of clay) are stirred to a 

smooth slurry with distilled water. The slurry is 

placed in a disperser and 1,000 milliliters of distilled 

water containing 1 milliliter of 5N ammonia are added. 

After dispersing for 2 minutes, the mixture is poured on 

a No. 270 sieve. The material retained on the sieve is 

dispersed in the same manner as before and the process 

continued until the sand remaining on the sieve 1s 
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washed free of all colloid coating. The combined sus- 
pensions containing the soil fraction passing the No. 270 
sieve are passed through a supercentrifuge. The centri- 
fuge speed and rate of feed are so adjusted * that all 
particles coarser than 0.001 millimeter are thrown out 
of suspension inside the centrifuge bowl. The sus- 
pension passing through the centrifuge is concentrated 
with fine-grade Pasteur-Chamberland filter candles 
using suction. The material thrown out of suspension 
is removed from the bowl and redispersed in the filtrate 
from the candles. The resulting suspension is again 
centrifuged. The process is repeated until the centri- 
fugate is practically clear, showing that all of the dis- 
persible colloid has been removed. 

The colloids are concentrated to a slurry by filtra- 
tion with the candles. The slurry is dried at 105° C., 
powdered, and the powder stored in vials for analysis. 
The analyses are made by standard procedures for soil 
analysis.* 

Base or ion exchange is defined as the substitution 
of a base for another base, or for hydrogen, in the soil. 
This action can best be illustrated by the description 
of a laboratory experiment. A sample of soil that 
showed an acid reaction was placed in a funnel and 
neutral potassium chloride was leached through the 
soil. The leachate was tested and found to be acid; 
on analysis the soil was found to contain more potassium 
than the original soil. The reaction can be written: 
Hydrogen clay-+potassium chloridesspotassium clay + 
hydrochloric acid. The process is reversible and follows 
well-defined chemical laws. 

Base exchange determinations involve measuring 
(1) the base exchange capacity and (2) the kind and 
amount of the exchangeable bases. The method may 
be outlined as follows: 

The portion of the soil sample passing the No. 40 
sieve is leached with neutral ammonium-acetate solu- 
tion. The leachate contains all the exchanged bases 
and the soil retains the absorbed ammonia which dis- 

3 The Fractionation, Composition, and Hypothetical Constitution of Certain 
Colloids Derived from the Great Soil Groups, by I. C. Brown and H. G. Byers, U.S. 
Department of Agriculture, Technical Bulletin No. 319, p. 8, 1932. 

4 Method and Procedure of Soil Analysis Used in the Division of Soil Chemistry 
and ee by W. O. Robinson, U. 8. Department of Agriculture, Circular No. 

placed the bases. The leachate is then analyzed for 
the amount and kind of bases exchanged. The soil is 
washed to remove the excess ammonium acetate and is 
then analyzed for the absorbed ammonia content. 
From the amount of ammonia absorbed, the base 
exchange capacity of the soil is calculated. The sum 
of the exchanged bases and the base exchange capacity 
are recorded in milliequivalents per 100 grams of sample 
taken from the roadway. 

SILICA-SESQUIOXIDE RATIO INVESTIGATED 

A study of the significance of the silica-sesquioxide 
ratio was made on 19 samples of soil-aggregate base 
courses taken from roads in service in Alabama and 
Georgia. The results of the physical tests on these 
samples and the condition of the road surfaces at the 
time the samples were taken are shown in table 1. 
Chemical analyses were made of the colloid fractions 
of these samples and the results are given in table 2, 
including the silica-sesquioxide ratios and the silica- 
alumina ratios. 

These base courses had been surface treated with 
single or double applications of bituminous material and 
mineral aggregate. Since the resulting surfaces had a 
total thickness of only 1 inch or less, the condition of the 
surface was assumed to be directly dependent on the 
condition of the base course. 

The Standard Specifications for Materials for Stabil- 
ized Base Course, M 56-38, of the A. A. S. H. O., 
require that the dust ratio, B/A (ratio of the fraction 
passing the No. 200 sieve to the fraction passing the 
No. 40 sieve) shall not exceed 0.50, and that the fraction 
passing the No. 40 sieve shall have a liquid limit not 
greater than 25 and a plasticity index not greater 
than 6. 

Samples 2, 5, 11, 14, and 19 (table 1) met the re- 
quirements for dust ratio, liquid limit, and plasticity 
index of the A. A. S. H. O. specifications for base courses; 
and it is noted also, in these cases, that the roads were 
in satisfactory condition. Samples 1, 3, and 10 had 
higher plasticity indexes than the specifications permit 
but conformed in all other details. The roads from 
which these samples were taken were satisfactory. 

Tasiy 1.—Physical test data of Alabama and Georgia base-course materials as related to road conditions 

Sieve analysis of samples, percentage passing— 

per ‘i f "iy demas | Rati 
No. BjA 

‘eee 1-inch | 34-inch | 38-inch | No. 4 | No. 10 None a aes 
sieve | sieve sieve | sieve | sieve | sieve (A) (B) 

eee ee a Lat cP ee 

Toe 100 99 90 82 78 62 23 0. 37 
VINE Sea Seow bok SA 4 100 90 64 56 53 18 . 34 
Oil ae ee eel te oe 100 98 96 83 48 19 40 
4 100 98 93 88 84 72 47 23 49 
i gore Sa 100 99 98 96 93 65 33 51 

6 93 90 88 85 81 74 50 31 62 
(fe eR Se et | 100 99 97 94 70 45 64 
8 97 89 82 71 63 54 36 21 58 
9 94 88 78 61 53 46 32 19 59 

10 100 99 98 89 69 57 47 20 42 

11 57 47 22 47 
12 100 89 17 19 
13 100 94 21 22 
14 100 74 20 27 
15 100 59 21 36 

16's ozo fe Nee eee ates ee ee 100 61 20 32 
17 100 99 95 73 56 48 39 17 44 
18 (fe eee 100 97 ai 59 50 35 14 40 
1h hl oe ed 100 95 80 65 58 45 15 33 

eyo 
analysis, per- F hae ; : : 

centage ne total Physical characteristics of material passing the No. 40 sieve 

sample 

Pare delete Shrinkage) Melsture ecuty: 
0.05 to aoe! Liquid ie __| Condition ofroad 
0.005 | Gos | limit | face : surface 
mm. ao Limit | Ratio | Centri-| Field 

2 (S) (R) fuge |(FME) 

6 15 25 9 16 1.8 13 20 | Satisfactory. 
4 11 18 5 13 1.9 9 14 Do. 
2 16 25 9 17 1.8 14 19 Do. 
3 19 42 16 18 Ue 20 23 Do. 

13 18 19 4 13 2.0 10 15 Do. 

13 17 27 11 14 1.9 21 19 | Fair. 
21 21 25 8 14 1.8 18 20 Do. 
11 9 44 21 18 ew | 23 32 Do. 
7 8 28 10 14 1.8 16 20 Do. 
5 12 24 10 14 1.8 13 18 | Satisfactory. 

Ti 10 18 4 14 1.9 12 14 Do. 
2 15 32 10 23 1.5 12 30 | Poor. 
1 20 36 14 22 1.6 15 38 Do. 
3 16 25 6 19 Ae | 10 19 | Satisfactory. 
3 16 28 8 18 1 arg 11 19 Do. 

2 i We 33 10 20 Lik 12 24 Do. 
5 12 28 12 16 1.8 18 20 Do. 
4 iii 31 ll 16 1.8 14 24 Do 
4 10 25 4 16 Load, 13 20 Do. 
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Samples 4, 12, 13, 15, 16, 17, and 18 had higher plas- 
ticity indexes and liquid limits than the A. A. S. H. O. 
specifications permit but the dust ratios were satis- 
factory. Of the seven roads of which these seven 
samples were representative, five, Nos. 4, 15, 16, 17, 
and 18, were in a satisfactory condition, and two, Nos. 
12 and 13, were in poor condition. The remaining four 
samples, Nos. 6, 7, 8, and 9, had excessive dust ratios 
(B/A values, table 1), and high plasticity indexes and 
liquid limits. The road conditions in these four in- 
stances were reported as fair. 

TABLE 2.—Chemical analyses of colloids from Alabama and 
Georgia base courses 

Molecular ratios 

Pee sfomilineo, lori, anos | Oe r ple iOs "e203 iO2 1203 | on ig- a 3 
No. nition | __—SiO2 | SiOz 

AloO3+Fe203! Al2O3 

Percent | Percent | Percent | Percent | Percent 
2 35.0 8.3 4.4 35, 2 17.4 1.5 nit 
5 31.7 12.7 2.4 35.8 16.7 1.2 1.5 

11 32.3 baa 3.9 35. 7 WAY 1.3 1.5 
14 30. 1 25.7 2.7 28.3 13.5 11 1.8 
19 42.2 11.4 1.8 31.5 12,4 1.9 2.3 

1 37.7 12.5 4.6 BILE YS 14.5 1.6 2.0 
3 34.8 14.2 3.4 S258 14.6 1.4 1.8 

10 33. 6 10.9 4.9 34. 5 ily 1.4 ine eA 
4 34.9 15.2 4.1 B22 14.4 14 1.8 

12 42.9 10.3 2.8 30.0 12.8 2.0 2.4 

13 42.6 10.3 Dat 31.2 12.8 1.9 2.3 
15 35. 6 Weve Ze 30.3 13.3 1.5 PAX) 
16 35.6 19.7 2.9 28.6 12.8 15 2: 1 
17 39.3 15. 4 2.3 29.5 12.4 1 Ris 2.3 
18 38.8 15.8 2.2 29.3 12.5 Nadi 2.3 

6 39. 2 12.0 2a 31.8 13.9 iPr 2.1 
7 41,2 9.9 Tera, 32, 5 13.7 1.8 22 
8 41.5 8.4 2.2 34. 2 14.6 1.8 2.1 
9 42.8 8.2 2.6 3a: 14.6 1.9 2.2 

The silica-sesquioxide ratio of soil colloids is con- 
trolled by the kind and amount of clay minerals present. 
The relation of the silica-sesquioxide ratio to the 
character and behavior of soils is hence a resultant of 
effect of the clay minerals. Soils with colloids having 
ratios higher than 2, indicating the presence of mont- 
morillonite group clay minerals, tend to have greater 
volume changes than soils with ratios less than 2. 

Values for the volume change and lineal shrinkage of 
the 19 base-course materials from Georgia and Alabama 
are given in table 3. Chemical analyses and silica- 
sesquioxide and silica-alumina ratios of six additional 
soils are given in table 4. Values for volume change 
and lineal shrinkage of these soils are given in table 5. 
Samples 38, 39, and 40 represent subgrade soils from 
Alabama and Georgia and samples 41, 42, and 43 
represent soils from the vicinity of Washington, D. C. 
It will be noted that the silica-sesquioxide and silica- 
alumina ratios of the three northern soils are greater 
than those for the three southern soils. 

In figure 1 are shown the relations between the lineal 
shrinkage and the silica-sesquioxide (SiO,/R,0;)* and 
silica-alumina (SiO;/Al,0;) ratios for samples 1 to 19 
inclusive (tables 2 and 3) and samples 38 to 43 
inclusive (tables 4 and 5). The curves of figure 1 are 
straight lines plotted by the method of least squares and 
show a definite trend toward an increase in lineal 
shrinkage with an increase in either the silica-sesqui- 
oxide or silica-alumina ratio. Physical test constants 
other than lineal shrinkage do not show this trend. 

*R203= Al203+ Fe203. 

els 

0 | 2 3 4 5 6 7 8 

LINEAL SHRINKAGE - PERCENT 

Figure 1.—Tue RevatTion BETWEEN Si0./R2O3, SiO2/AlLO; 
Ratios AND LINEAL SHRINKAGE OF SOILS. 

TaBLE 3.—Volume change and lineal shrinkage of Georgia and 
Alabama base-course materials 

cl + Lineal shrinkage 
olume change Sample No. C;=R(FME-—8) | 100 (i=. 37 100 ) 

Cs+100 

2 1.9 0.6 
5 4.0 1.2 

alt 0 0 
14 0 0 
19 6.8 2a 

1 7.2 2.3 
3 3.6 1.2 

10 7.2 2.3 
4 8.5 Dib, 

12 8.5 Piaf 

13 25.6 7.2 
15 16 75 =O 
16 6.8 2.1 
17 7.2 2.3 
18 14.4 4.4 

6 9.5 3.0 
iG 10.8 3.4 
8 23.8 6.9 
9 10.8 3.4 

TasBLe 4.—Chemical analyses of colloid fraction of subgrade soils 

Molecular ratios 
poy ete ders Losson|- = an 

i i 1:03 igni- : ; 
No. Seite ta Wess ae limesecile tion il on S00 we 480) 

Al,03+Fe203| A1203 

Percent | Percent | Percent | Percent | Percent 
38 30.8 11.7 2.9 36.8 iu 1.2 1.4 
39 37.4 14.1 4.2 Paley) 13.3 1.6 2.0 
40 38. 4 14.6 2.8 31.8 Lard 1.6 oe | 
41 46.0 5. 2 3.6 31.7 12.4 2.2 2.5 
42 47.0 12.7 1.2 25.8 11.2 2.4 3.1 
43 48.5 9. 2 1.0 28.0 9.0 2.4 3.0 

TaBLE 5.— Volume change and lineal shrinkage of subgrade soils 

Rotana change Linea! shrinkage 
olu 3/700 — 

Sample No. ea ME-S ( Von 
Crs=R (F ) 100 i Cy-+100 

38 0 0 
39 16.5 5.0 
40 21.0 6,2 
41 16. 2 4.8 
42 23.4 6.8 
43 28.5 8.0 

Since there is a relationship between the silica-ses- 
quioxide ratios and the physical properties of soils, there 
should be in turn a relationship between the service 
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behavior and _ silica-sesquioxide ratio. That this is 
true is shown in table 6. Five base courses with soil 
aggregates conforming to A. A. 8S. H. O. specifications 
contained colloids with silica-sesquioxide ratios from 
1.1 to 1.9. All of the roads represented by these 
samples gave satisfactory performances. Of the re- 
maining 14 soil-aggregates which conformed only in 
part with the A. A. S. H. O. specifications, those with 
silica-sesquioxide ratios below 1.7 represent  satis- 
factory roads, those having ratios of 1.7 or 1.8 are bor- 
derline cases varying between satisfactory and fair, 
and those with ratios of 1.9 and 2.0 are unsatisfactory. 

TABLE 6.—Comparison of condition of roads with chemical 
characteristics of colloids from base course materials from 
Alabama and Georgia 

SOILS CONFORMING WITH A. A. 8S. H. O. SPECIFICATIONS 

(EXCEPTIONS NOTED) 

E> ee ee Ne 2 sae a 

| Sam- Silica- 
ple Type of material Condition of road sesqui- 
No. | | oxide ratio 

} =f} a 2 a eee a Ses ee, 

12 Georgia pebble soil Satisfactory -___-- 1.5 
6 | Popsoil 2-2: | S02 = ee 1.2 

11 Clay gravel_- -do_ is) 
14 Sand clay- (6 (0a pe ial 

119 Clay gravel. -_- OO oe 1.9 
| 

SOILS WITH EXCESSIVE PLASTICITY INDEX 

— ml: se 

1 | Georgia pebble soil Satisfactory __..-__- 1.6 
3 Sand clay do- : : 1.4 

10 Clay gravel_-__- 22d 1.4 

SOILS WITH EXCESSIVE LIQUID LIMIT AND PLASTICITY INDEX 

ae Sand clay_ | Satisfactory ______- | 1.4 
V2 __do FOOrss : = 2.0 
113 _do : ’ do. Se! | 1.9 

a 9 do eee Fe) Satisfactory _____- 1.5 
i | do Bee 8 ; 2 do pee) 1.5 

17 | Clay gravel___ do=== é EZ 
18 | Gone 2 - | do . len zi 

SOILS WITH EXCESSIVE DUST RATIO, LIQUID LIMIT, AND 

PLASTICITY INDEX 

Fair 1 
: a do : Le 

Clay gravel do oe 1.8 
Oma | do E ao 1 

oo ~] 

' Does not conform to A. A. S. H. O. gradation specification. 

The base courses were from 5 to 8 inches thick so 
that it was not considered likely that the subgrade had 
a marked effect on the surface behavior of the roads 
represented by samples 1 to 19, tables 1, 2, and 3. 

BASE EXCHANGE RELATED TO SURFACE COURSE PERFORMANCE 

Since a relationship between the results of chemical 
and physical tests and the service behavior of soil- 
aggregates in base courses was shown, there should be a 
relationship between chemical factors and the behavior 
of soil-aggregates in surface courses. To test this 
assumption, a study of base-exchange characteristics 
was made on soil-aggregate samples from the surface 
courses of 14 roads in Maryland and 4 roads in Delaware. 
_Base exchange was considered to be of most sig- 

nificance in these surface courses because a large per- 
centage of the surfaces tested had been treated with 
sodium chloride or calcium chloride. Base exchange 
measurements take into account the effect of the 
addition of these chemicals, whereas silica-sesquioxide 

measurements are independent of the addition of water- 
soluble chemicals. 

The condition of these 18 soil-aggregate surface 
courses and the results of the physical tests on samples 
taken from them are given in table 7. Samples 20 to 
23, inclusive, were taken from 4 road surfaces in Dela- 
ware that subsequently were to serve as base courses 
for bituminous surfaces. However, at the time they 
were sampled and their condition observed, they were 
being used as surface courses and therefore they are 
considered as such in this study. 

The Standard Specifications for Materials for Stabi- 
lized Surface Course, M 61-8, of the A. A. S. H. O., re- 
quire that the dust ratio, B/A, shall not exceed 2/3, and 
that the fraction passing the No. 40 sieve shall have a 
liquid limit not greater than 35 and a plasticity index 
not less than 4 and not greater than 9. 

Samples 20 to 23, inclusive, failed to meet the speci- 
fication requirements for surface courses in that their 
plasticity indexes were too low. However, the road 
conditions were satisfactory in the sections represented 
by samples 20, 21, and 22. The road surface repre- 
sented by sample 23 was unconsolidated and very 
dusty in summer. 

Materials represented by samples 24 to 37, inclusive, 
table 7, were taken from surface courses of Maryland 
roads. Sample 37 met the requirements of the 
A. A.S.H.O. specifications for surface courses, except 
for grading, but the road surface was soft and rutted 
under light loads. The plasticity indexes of samples 
24, 30, 33, 34, 35, and 36, were low. ‘The roads from 
which samples 24, 33, and 34 were taken were in good 
condition. The road represented by sample 30 be- 
came soft when wet and the surfaces of the sections 
represented by samples 35 and 36 were corrugated due 
to a deficiency of binder. 

The section from which sample 25 was taken was in 
good condition and that represented by sample 26 
was in faily good condition, although the dust ratios 
of these samples were higher and the plasticity indexes 
lower than the specifications permit. Sample 32, which 
had an excessively high plasticity mdex, was repre- 
sentative of a road having a number of pot holes (due 
in part perhaps to lack of maintenance). Sample 31, 
which had a high dust ratio, was taken from a road 
that was badly rutted and soft when wet. The 
remaining three samples, Nos. 27, 28, and 29, which 
had higher dust ratios, plasticity indexes, and liquid 
limits than the A. A.S.H.O. specifications permit, 
were taken from roads that were badly rutted. 

Of the Delaware roads, the two represented by sam- 
ples 20 and 21 gave the best service.’ The third (No. 
22) was satisfactory but not quite as good as the first 
two. The fourth sample (No. 23) represented material 
that was unsatisfactory. It did not consolidate and 
was very dusty in dry weather. 

Base exchange data for the Delaware and Maryland 
surface courses are given in table 8. They show that, of 
the four samples from Delaware, sample 23 had a much 
lower base exchange capacity than the other three. 
These results indicate that the soil mortar of sample 23 
contained a much less effective binder than the other 
three soils which show highly weathered and effective 
binders. Base exchange data and condition of the 
Delaware roads are compared in table 9. 

5 Reported by Maxwell P. Harrington, Soils Engineer, Delaware State Highway 
Department by letter—‘‘When placed in the roadway they consolidate rapidly and 
become exceedingly hard. They are impervious to water when consolidated and do 
not become even slightly soft or muddy.” 
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TABLE 7.—Physical test data of Delaware and Maryland surface course material as related to road conditions 

Sieve analysis of samples, perc oe Hydrometer Physical characteristics of material passing 
y P percentage passing analysis the No. 40 sieve 

ee oe a 

Sam- 
ple Ratio Silt Clay, hrinics Moisture ~ an a Set 
Re. 1 16. te 34- pS Eas Oe No. No, B/A One a enlion Bt pie: rinkage equivalent Condition of road surface 

inch | inch | inch | inch} 4 LO* | a (ise 0.005 epee quid | ticity 
sieve | sieve | sieve | sieve | sieve | sieve “(Ay “(By milli- oe limit | index C 

meter} 2. Limit | Ratio | ,<€™ | Field 
meter trifuge 

| a a es 100 98 94 94 55 13 0. 24 5 8 21 1 23 1.6 14 22 | Smooth and well compacted. 
21 100 97 87 82 75 75 52 11 «2 3 8 19 0 21 alee 13 21 Do. ; 
7 Ie a 100 99 98 98 68 13 .19 7) il 16 0 21 1.7 a 28 Do. 
2230 cae eS eS ee ae eas | Se 2 100 62 7 at 3 4 15 0 26 1G 3 22 | Unconsolidated. Dusty in summer. 
AAS See eee oe ye AkL Un ee Set 96 74 40 Dx . 53 10 9 18 ye ERR eh tl I, ee 13-4) eee Smooth and well compacted. 

VAS] eee 87 OH res 59 44 31 23 .74 13 9 25 EH eee Sees es Se TOnte-, sear. Surface tight, but rough due to lack of 
maintenance. 

Vat |) ee ee are ees LOOM =a ee 88 62 40 28 740) 19 6 20 3. ie een ees 1S ale see Surface has loose mulch on top and a 
: few soft spots. 

Hf f= Se ae 94 Sha Beene. 69 54 43 31 pare? 16 13 41 TO atte es A, 9. 34 lees Surface badly cut up and rutted. 
ys: eee 97 90; |. ae: 63 52 39 31 . 80 12 17 39 P| See ae Bs |e Rutted badly, soft when wet. 
Pats ieee oe 100 OO eee 92 84 71 62ers 34 25 39 AK V4 eS = 2 | te S2uleesoos Do. 

OL | Spe eee LOOM See 69 43 23 13 .57 4 5 22 hl at fA ee Re 1G Bo ees Surface smooth, soft when wet. 
co ig le Ne 91 OOUhse = =e 81 73 59 42 aie 21 17 34 Shit see a as ae 26) peo oee Rutted, soft when wet. 
Bo |eesen 95 04 a| eee 62 48 35 16 . 46 4 11 31 1 eee | Se TSG cece es Pot holes, may be due in part to lack of 

maintenance. 
Gta Peeps a 98 OE) se oe 67 54 29 12 .41 5 "i 19 3 eee ae en. 12 ee Satisfactory. Loose mulch on top. 
Oar SiR 100 Om) here at 82 66 43 12 . 28 4 7 16 Of Pees ih ee ae Smooth in good condition. 

Yay) pee ee 97 SOd ae, 57 47 30 13 . 48 2 6 17 OP ese ee Le S| eae ee Surface corduroyed. Not enough 
binder. 

36 aa 94 Sia itee 8 55 46 29 7 . 24 2 5 15 Oe cares aoe Salers Do. 
Sialeasee 100 O9 = ieee 88 77 55 28 .51 16 9 22 4 ee Se eee IGS eae Surface soft, rutted. 

TABLE 8.—Base exchange data obtained with Delaware and 
Maryland soils 

Milli-equivalents ! of 
base exchange capacity 

Sample ig ———| Predominant 

No. | Per100 | Per 109 |@Xchangeable| pH 
grams soil grams base 
passing total 

No. 40sieve| sample 

20 4.0 2.0 Ca and Mg 4.8 
21 2.9 1 ae Ca 4.8 
22 1.9 1.3 Ca 4.4 
23 1,2 ac Ca 5.0 
24 3.3 1.3 Ca 7.6 

25 6.7 2.1 Ca 7.8 
26 2.3 9 Ca 7.4 
27 8.0 3.4 Ca 7.4 
28 6.8 27 Ca 4.7 
29 7.5 5.3 Ca 5.8 

30 10,0 2.3 Ca We 
381 6.3 Sn Ca 5.5 
32 6.9 2.4 Ca 4.8 
33 3.6 1.0 Ca 4.1 
34 2.9 12 Ca 5.1 

35 3.8 Ue Al Ca 4.8 
36 2.0 6 Naand Ca 6.3 
37 5.0 2.8 Ca Tat 

none A weight of substance in grams 
1 Milli-equivalent= 1000 X - = = ; : ° 

q ot WOES chemical equivalent weight of the substance 

TABLE 9.—Comparisons of road conditions with base exchange data 
of Delaware soils 

Base ex- 
change 

Samp! eee ample | m.,, fe Ae milli- 
Sie. Type of material Condition equivalents 

per 100 
grams total 
sample 

20 | Clay gravel__-___- Smooth and well compacted ---------- 2.0 
Pie | Ea = oseare: BES 2 77) Abo Qn te FAL Pes od re eee ee Ley 
dat eee Se Cora re eet es Us SO (Ke Re ee SE eS Ss ak ee 1.3 
Dates |e ees do____------ | Unconsolidated. Dusty in summer_- ate 

According to Hogentogler and Willis ° the stability of 
a soil depends on the cohesiveness of the binder and 

6 Stabilized Soil Roads, by C. A. Hogentogler and E. A. Willis, PUBLIC ROADS, 
vol. 17, No. 3, May 1936, p. 465. 

the strength and permanency of the adhesion that can 
be developed between the coarser soil particles and 
binders. Therefore, if base exchange measurements 
indicate the effectiveness of the binder, the effectiveness 
in turn should also be indicated by physical tests if the 
diluting action of the sand can be eliminated. To test 
this assumption, the samples from Delaware roads were 
sieved through the No. 200 sieve and the physical tests 
made on the minus No. 200 material. 

The test results, table 10, show that both the liquid 
limit and the colloid content of sample 23A are about 
half those of the other three. The low colloid content 
and low liquid limit are indicative of the low efficiency 
of the binder in the case of this soil-aggregate. Higher 
colloid contents in the other samples produced higher 
physical test constants and a more cohesive binder. 

Taste 10.—Mechanical analysis and physical characteristics of 

Delaware soils passing the No. 200 sieve 

MECHANICAL ANALYSIS 

= —— 

Particles smaller than 2 millimeters 
(percentage by weight) 

Sample Coarse Fine Silt, Clay, | Colloids, 
No. sand, sand, 0.05 to smaller | smaller 

2.0 to 0.25 to 0.005 than than 
0.25 0.05 milli- 0.005 0.001 
milli- milli- meter milli- milli- 
meter meter meter meter 

20A 0 10 59 31 21 
21A 0 5 49 46 28 
22A 0 14 45 41 18 
23A 0 12 39 49 11 

PHYSICAL CHARACTERISTICS OF MATERIAL PASSING NO. 200 SIEVE 

Shrinkage 
Sample Liquid | Plastic- 
No. limit ity index . 

Limit Ratio 

20A 45 10 22 1.6 
21A 44 14 20 LNG 
224A 42 10 20 te IZ 
23A 21 0 20 Wore 

|e oe ae lL ee ee ee 
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For the 14 Maryland roads, samples 24 to 37, the 
condition of the roads and the base exchange charac- 
teristics of the corresponding soils are listed in table 11. 

TABLE 11.—Base exchange data and road conditions for Maryland 
soils conforming and not conforming with A. A. S. H. O. speci- 
fications 

| 

Milli- 
equiva- 
lents 

Sam- 1 : ; base 
ple | Type of material Premera ea: Condition of road 

No. | per 100 
| grams 

total 
sample 

137 | Rock-soil___....---| Conforms except for 2.8 | Surface soft, rutted. 
grading. 

24 | Limestone screen- | Plasticity index too 1.3 | Smooth, well com- 
| ings. low. pacted. 

BO) See oe coe ee ORO i = Rs Spey oe 2.3 | Smooth, soft when 
wet. 

33 | Sand-gravel___-_--_- ee ON eer 1.0 | Satisfactory, loose 
mulch on top. 

34 | Sand-clay-gravel___|____- COO ete one by a 1.2 | Smooth, in good con- 
dition. 

35 | Sand-gravel__...---|_---- (6 Cole sp = eee 1.1 | Surface corduroyed, 
not enough binder. 

Laie ea COe 2 ese ee Oeee oe eee 2.6 Do. | 
125 | Topsoil and lime- | Plasticity index too 2.1 | Surface tight. 

stone. low and dust ratio 
too high. 

‘26 | Limestone screen- |____- (6 (0 eee eo Se | .9 | Surface has _ loose 
ings. mulch on top and 

| soft spots. 
32 | Sand-gravel.____-_- Plasticity index too 2.4 | Pot holes, may be 

high. due in part to lack 
of maintenance. 

27 | GUA Vell y ae aeee se Liquid limit, plas- 3.4 | Surface cut up and 
ticity index and rutted. 
dust ratio, all too 
high. 

128 | Stone fragments__-_|____- (6 (oe Se Pees eee 2.7 | Rutted, soft when 
wet. 

140) ie ae a) (6 (0a oe 268 Spee rsa Ca dou eee se 5.3 Do. 
ES leleces! dos 2s ee) eet Dust ratio too high-- 3. 1 Do. 

1 Does not conform to grading specifications. — y 
2 Predominant exchangeable base in this soil is sodium. 

predominates. 
In all other soils calcium 

Comparing the requirements of the A. A. S. H. O. 
specifications for surface courses with the physical test 
results and the conditions of the road surfaces, it may 
be noted that samples failing to meet the A. A. S. H. O. 
specifications due to a low plasticity index represented 
roads in both good and unsatisfactory condition. 
However, the base exchange capacity of the soil, cal- 
culated on the basis of 100 grams total sample, shows a 
striking correspondence with the service behavior of 
the road. Six roads (represented by samples 37, 32, 
27, 28, 29, and 31) with soils of base exchange capacities 
ranging from 2.4 to 5.3 were in an unsatisfactory condi- 
tion with surfaces badly cut up and rutted. The sur- 
face represented by sample 30, with a base exchange 
capacity of 2.3, was in good condition in dry weather 
but became soft in wet weather. Four samples (Nos. 
33, 35, 36, and 26) having base exchange capacities of 
from 0.6 to 1.1 were from roads that were corduroyed 
or had loose mulch on top. The remaining three 
samples were all from roads in good condition, and for 

these samples the base exchange capacity varied from 
1.2 to 2.1. Hence it is possible to correlate the service 
behavior of these roads with the base exchange capac- 
ity of the soil-aggregate in the road. The soils can be 
arranged into three groups according to their base 
exchange capacities as follows: 

1. High base exchange capacity. The binder is over- 
active, causing detrimental effects resulting in roads 
with poor surfaces. 

2. Medium base exchange capacity. This gives the 
desirable results of consolidation and bonding of the 
road surface. 

3. Low base exchange capacity. The resulting detri- 
mental effects are loose and unconsolidated material. 

Soils can be classified in this manner even if they 
show uniform physical test constants because the chemi- 
cal characteristics of soils seem to be the fundamental 
factors controlling physical properties. Particle size 
thus becomes a secondary factor. In some cases its 
effect is greatly modified by chemical variations. 

Soils conforming to A. A.S.H.O. specifications are, 
in general, satisfactory. Those not conforming to the 
specifications may be satisfactory road materials be- 
cause of their particular chemical properties. These 
chemical properties appear to be more important than 
has been generally realized. 

Table 8 contains a column showing the results of 
hydrogen ion (pH) measurements on the Delaware and 
Maryland soils. They are included as a matter of 
record, but pH, in this study, has not been found to 
have any relation to either physical tests or service 
behavior. 

SUMMARY 

The data presented warrant the following conclusions: 
1. Not all soils can be adequately classified for road- 

building purposes by physical tests alone. The chemis- 
try of the soils must also be considered in many cases. 

2. There is a general relationship between the silica- 
sesquioxide ratios of the colloid fractions of soils and 
the lineal shrinkages of the same soils. 

3. The condition survey showed that roads having 
soil-aggregate base courses whose colloid fractions had 
low silica-sesquioxide ratios were in better condition 
than those with higher ratios. 

4. Base exchange measurements indicate the activity 
of the binder portion of the soil. 

5. The base exchange capacity of the binder soil was 
directly related to the service behavior of 18 road sur- 
faces examined. Surface courses having base exchange 
capacities above 2.2 milliequivalents per 100 grams of 
sample were soft and rutted. With the exception of 
sample 21, those having base exchange capacities below 
1.2 milliequivalents were corduroyed and did not con- 
solidate. For values of the milliequivalent from 1.2 to 
2.1, inclusive, the surfaces of the roads were in satis- 
factory condition. 

(Continued from page 186) 

For the condition of ultimate failure in the stabilometer 
test, the value of C is taken as zero, and with reference 
to the computed values of CO, table 2, it is seen that 
only for the condition of 100 percent maximum density 
is this soil able to deform in place without failure 
under a principal stress difference of 6,000 pounds per 
square foot which corresponds to a unit surface load 

of 10,344 pounds per square foot. For this particular 
table, a decrease of 4.8 percent in moisture content 
(24.5 to 19.7 percent) is attended by a relatively small 
gain in dry density (from 103 to 105 pounds per cubic 
foot). However, the increase in C corresponding to 
this moisture difference is quite large and is indicative 
of benefits derivable from having a well-compacted and 
stable subgrade. 
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TABLE 2.—The effect of moisture content and compaction on the modulus, C, of a clay soil and on the settlement, Sz, of this soil when under a uniformly loaded circular area of radius 6.5 inches, p= % 

aot Modulus, C, corresponding to principal stress difference, SERINE Ty 5, sp rites, ao ae ee 
v—l = = moisture Dry density PTO 68 a 

content ——— 

v—l=500 v—l1=1,000 v—l=3,000 v—l=6,000 p=862 p=1,724 p=5,172) p=10,344 
| 

Percentage 
Percentage of mazi- 

of dry Pounds per mum Pounds per Pounds per Pounds per Pounds per 
weight cubic foot density square foot square foot square foot square foot Inches Inches Inches Inches 35. 2 86 82 50, 000 10 10 10 0.17 (2) (2) (2) 30. 5 92 88 170, 000 80, 000 10 10 05 0, 21 (2) (2) 24. 5 103 98 600, 000 440, 000 120, 000 10 .O1 . 04 0. 42 (2) 19.7 105 100 900, 000 790, 000 590, 000 250, 000 -O1 . 02 .09 0. 40 

1 Samples failed at these principal stress differences. 
2 Failure. 

CONCLUSIONS 

On the basis of the earlier report 7 and on the com- 
putations and data in this report, it is believed that the 
following general conclusions are warranted. 

1. For a uniform load on a circular area at the earth 
surface, failure of a cohesive supporting earth is most 
likely to begin at any point of a basin-shaped surface 
intersecting the axis of symmetry at a depth equal to 
about 0.7 of the radius of the loaded circular area and 
extending to the perimeter. For points on this sur- 
face, the principal stress differences have maximum 
values. 

2. Since stresses of a certain magnitude may be in- 
sufficient to cause failure of the subgrade and yet suf- 
ficient to cause considerable settlement, depending on 
the properties of the subgrade, a knowledge of the stress- 
deformation characteristics of the subgrade soil is ab- 
solutely necessary. 

3. It is believed that development of a method of 

7 Stresses Under Circular Loaded Areas, by L. A. Palmer. Proceedings of the High- 
way Research Board, vol. 19, 1939. 

estimating deflections of the subgrade on the basis of 
laboratory test data and without the necessity of load- 
ing tests in the field is a desirable objective. 

4. A method is described for determining the modu- 
lus of deformation of cohesive soils by means of the 
triaxial compression device. In general this is a 
secant modulus that diminishes in magnitude as the 
principal stress difference is increased. 

5. By substituting the appropriate value for this 
modulus in integrated expressions similar to those that 
apply to elastic behavior, it is possible to make some 
sort of estimate of the deflection of the supporting soil 
under load. 

6. It is shown that the movement under stress di- 
minishes according to determinable relations as the 
thickness of pavement is increased, assuming that both 
lateral yield and compaction within the flexible pave- 
ment itself is relatively small. 

7. Values of settlement computed from theory and 
stabilometer test data indicate the possibility of very 
materially reducing deflections under wheel loads by 
having the subgrade compacted to maximum density. 

(Continued from page 192) 

It would appear from the speed distributions that the 
effect of highway lighting at this hazardous location 
was a reduction in the average speed when the pave- 
ment was wet. However, concrete pavement has a 
tendency to appear slippery at night when wet, whether 
the light is from an overhead source or from the head- 
lights of vehicles. Such accentuation of the appear- 
ance of slipperiness may account for this marked re- 
duction in speed, but it is impossible from the results 
obtained to determine to what extent, if any, the over- 
head lights influenced vehicle speeds when the pave- 
ment was wet. 

The speed counter was operated continuously for 96 
hours at a position on the tangent at the top of the hill. 
This counter merely classified the vehicles by their 
speeds into 10 groups, and the total number of vehicles 
in each group was manually recorded at the end of each 
hour. Despite the fact that speeds at night under 
lights at this position may not be representative of 
normal behavior, this phase of the study is of particular 
interest because it represents perhaps the longest con- 
tinuous record of vehicle speeds ever collected. 

Table 4 shows the average speed of vehicles and the 
distribution of speeds in 10 groups. As might be ex- 
pected, the average speed during daylight, 38.5 miles 

per hour, is faster than the average speed at night. 
The average speed with the lights on, 35.0 miles per 

TABLE 4.—Percentage of vehicles traveling in various speed groups 
during daytime and nighttime while pavement was dry and while 
pavement was wet ! 

Night hours, 6 p. m. 

Daylight hours, to 6 a. m. 
7a.m.to5p.m. SS 

Speed group, miles per hour Pavement dry Aves 

—— ment 
r wet, 

Dry | Wet | rights | Lights | lights 
BENS? |) WE hee oft on on ment | ment 

Percent|Percent| Percent| Percent| Percent 
Belo Wel Olea eee ee we ro eee: : 3.6 5.2 2.4 
POE = 25. 0b ae eer See eee, oe ee 3.2 5.6 4.6 6.4 4.5 
vAsp a Oa) oa pe PETE ee os pee Oe a 7.5 10.0 9.8 Wea | 11.8 
20°83); Ie ern Le EE. 19.1 22.4 24.6 25. 4 29.5 
OD ee tA = eee Oe eee Ceres Oe ore oh 30.1 32.7 31.4 25.9 31.9 
ZC Ge Oe ee ees ee ae ee 17.0 13.6 14.0 13.6 11.6 
B55 D0 soe ao ee eee ee eee 12.6 8.0 7.6 8.4 5.8 
DOLE Osc se eee an ee ea ne ee pae de he See 6.7 ond 3.4 2.8 21 
fatale: Rao ae, Oke ee Oe ee oe ee ee Abit -5 9 05 we 
Overjs9 Doe ae ee ee ae a Eee ao A) i Ls oa :3 

Average Speed as. eee ets SS 88 5 36.5 | 36.8] 35.0 35. 8 
Wenhicles perioure tee eae ee 197 174 84 82 73 
Number of vehicles studied____________- 5, 886 1, 722 1, 989 966 874 

1 Data for 8 hours of study between 6 and 7 a. m. and between 5 and 6 p. m. and 
for 1 hour at night with pavement wet, lights off, are not included in this table 
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Figure 12.— TRAFFIC AND 

hour, is less than the average of 36.8 miles per hour 
found with the lights off. Wet pavement resulted in a 
decrease of speed in daytime, but a slight increase at 
night with the highway illuminated, a change that is 
inexplicable. It is significant that where a reduction 
of average speed occurs (table 4) it results from a gen- 
eral lowering of speeds in all speed ranges rather than 
because of a marked decrease in the number of vehicles 
in the higher speed groups. Under all conditions, some 
vehicles moved at 60 miles per hour or faster despite 
the 35-mile speed limit. 

Figure 12 shows graphically the variation in average 
speed and traffic volume by hours. The consistency of 
the records is shown very clearly in this figure, for in no 
daylight hour was the average speed on wet pavement 
as great as that on dry pavement. This condition was 
reversed when the highway was lighted, as in the early 
evening, and thereafter throughout the night the aver- 
age speed on wet pavement remained consistently higher 
than that when the pavement was dry. 

SUMMARY 

In interpreting the significance of the results of this 
investigation, several factors should be borne in mind. 

1. The traffic volumes were relatively low, and the 
effect of lights on the speed of traffic as shown here may 
be entirely different from that for greater traffic volumes. 

2. The alinement and grade of the short length of 
road studied may have prevented drivers from driving 
normally under any one condition. 

3. The novelty of the lights being off for the first time 
in several years may well have had an influence on 
drivers accustomed to using the road. 

4. The number of vehicles for which the speeds were 
recorded at night was not great. 

5. The final criterion of effectiveness of lighting 
installations should be the effect on safety as revealed 
by before- and after-accident records. 

These considerations almost preclude comparison of 
the results obtained in this study with those obtained 
elsewhere. Results of the study, however, seem to per- 
mit the following conclusions: 

1. There are measureable differences in the behavior 
of drivers during daylight and darkness. These dif- 
ferences are most apparent in the transverse position of 
vehicles and in the frequency of passing. There is 
evidence that speed is also affected, but in this study the 
evidence cannot be considered conclusive. 

2. The behavior of drivers operating on a lighted 
highway conforms very nearly to their behavior in day- 
light but does not conform to their behavior on unlighted 
highways at night, insofar as transverse position and 
passing frequency are concerned. 

3. Conditions of illumination, as well as alinement 
and weather conditions, have no apparent effect on the 
normal distribution of time spacings between vehicles. 

Other findings of general interest are: 

4. A posted speed limit, when unenforced, has little 
effect upon the speeds of vehicles. Speeds as high as 
82 miles per hour were recorded on the study section 
where the posted limit was 35 miles per hour, and hourly 
averages were seldom below this legal limit. This speed 
limit appears unreasonably low because the locality is 
distinctly rural in character although within corporate 
limits. 

5. There is a certain minority of drivers on the road at 
all times who are prone to take risks. This is brought 
out rather clearly in the passing study, in which drivers 
were found passing where sight distances were entirely 
too short for safety. 



G3
3*

h1
S*

62
 

| 
6
9
¢
*
t
e
e
*
 

Lo
r 

C1
e*
On
O*
st
2 

00
2*
19
0°
19
 

£€
01

°3
90

*6
L1

t 
| 

, 
9
6
 

62
3 

60
 

5 
4 

t
2
 

1
0
°
6
 

oo
ry

 
o
p
e
n
g
 

9
 

tt
e 

| 
t
l
e
*
e
u
e
 

L¢
eo

*h
L9

 
G
e
 

t
r
 

0
¢
6
'
S
6
 

T
e
A
v
H
 

61
S 

°6
¢S
 

|
 

lg
s*
¢l
t 

en
l*
 

e
g
 

L
e
a
l
 

B
a
n
’
 

o
n
e
 

BI
UN
JO
D 

Jo
 

PU
AS
IG
 

* 
Bo
e*
Te
r 

| 
en
" 

OR
T 

*T
 

C0
6 

RR
OT
T 

49
9"

t 
B
u
y
s
 

1S
0*
62
l 

G9
S*

Si
g*

t 
G¢

l*
2S

9*
2 

2a
St
*e
te
*2
 

££
6°

E1
G"

h 
e
e
e
 

09
0'
9S
 

16
5°

61
S"

L 
41
35
' 

10
°C
 

GL
i‘
éa
l 

08
2 

'S
on
't
 

ee 
t
e
e
 

g0
0°

rs
 

| 
Gt

a*
cR

At
 

|
 

O
t
 

*t
el

*e
 

60
e*
 

s
l
r
"
 

c
I
 

*¢S
3*e

 
WO

IB
UT

YS
E 

AA
 

36
9‘

*9
20

'L
 

zt
e*

es
s*

t 
€1
2°
26
6°
¢ 

Gr
S 

ea
l 

Gn
9*
6S
9*
L 

h
e
m
e
 

60
0‘

Sl
¢ 

Bh
6'
20
¢ 

30
5°

 
L2

 
L*
 

13
5 

|_
e8
9‘
co
ut
 

= 
On

E“
 

OL
S 

£3
9°
Sh
L 

#0
0 

lc
¢*
; 

20
0°

33
8 

TH
A 

69
9‘
°S
8E
 

‘t
h 

aS
l*

eh
3*

¢ 
en
6*
eS
l*
L 

Cr
vs
*c
r’
¢ 

1l
9*
he
e*
9 

p
b
s
 

|
 

29
6°
 

6S
 

G6
S‘

°6
S9

'4
 

061
 
6
1
6
 

°¢
 

29
¢°

31
6 

a
e
 

6'
t 

03
3°

81
6 

o
a
 

99
°T
 

20
°t

16
°2

 
wO
AE
 

TN
S 

06
0°
 

ge
n"
 

t B6
L*
hS
O"
L 

0
0
£
 

*26
1‘2

 
2g
i*
2i
s 

99
S*
19
0°
t 

v
a
 

ea
e 

B
e
 

29
5°

 
6S
L 

L6
n*

 
12
S"
 

OG
L 

‘a
nt

 
Gi

0*
13

9 
p
s
a
 

et
e*
os
3*
t 

~—
Ss
|:
-B
l 

‘
e
s
t
e
 

99
3*

60
S*

5 
«|

: 
OH
O*
 

TS
N 

S
T
 

£2
S*

13
3*

T 
$2
6 

*6
2e

3°
E 

ra
za
 

{s
un
g 

6
8
°
 

tb
e 

't
 

9l
3°
06
0'
t 

ol
g‘

lg
s*

t 
11
0*
gs
l*
y 

G
r
’
 

16
6°
2 

t
e
s
 

o
t
 

G¢
l*

10
e*

t 
91
3*
26
n*
4 

o9
¢‘

le
s*

2 
g6
9*
Li
L‘
t 

Gg
2*
lo
r‘
2 

2 |
 

B9
R*
Se
T*
S 

e1
9°

O 
|
 

SG
6*
HR
Le
°E
T 

£O
s"

sG
e"

t 
—s|

.:«
 

GO
 

*B
tG

*2
 

oq
o 

oS
l*

ec
e*

t 
49

2 
‘
9
2
9
2
 

1G
1‘
S2
S*
t 

9
3
1
 

‘S
rl
 

*2
 

11
1°

S6
3 

12
9°
SS
9‘
L 

wO
AE

C 
TH

ON
 

01
6°
S 

06
¢'

26
9 

O1
n*

£0
S'

2 
Lr

n'
3£

0'
S 

gL
 

iy
gs
t 

66
1'
S8
9'
¢ 

ba
pa
 

ta
se

: 
b
0
E
*
h
S
2
 

L
e
v
‘
 

i
t
s
 

¢
i
n
*
6
2
3
°
9
 

b
H
O
*
S
I
L
 

ST
 

*
h
 

b
r
e
 

“9
LL

*3
 

yI
OX
 

MO
NT
 

£
0
*
2
S
t
 

¢i
2*

es
2 

2a
l‘

*e
1g

 
G
a
 

* a
n
e
‘
 

g0
0*

ol
i*

t 
11

9°
36

3"
L 

a
l
p
i
n
e
 

|0
26

°S
i6

 
On

s’
 

t£
0"
t 

02
0*
0S
2'
2 

04
0'
00
S 

*h
 

O1
n*
Bt
9 

|
 

oo
n 

‘1
2k

 
2 

6
6
5
 

*
O
L
h
 

O
a
k
 

“
H
S
6
 

O
I
L
 

*
 
e
t
h
 

t
¥
e
*
L
0
b
 

aa
ty
sd
ur
uy
y 

MO
NT
 

; 
6R

E*
SZ

O*
t 

bg
0*

l1
b*

t 
at

i*
so

2*
t 

L
B
L
 

*
 

HO
t’
 

L 
r
a
d
e
 

ta
l*

oz
6*

t 
|
 

Ge
r 

* 
1h

S*
2 

30
0'

03
92

e°
S 

fg
a*

os
n'

 
t 

32
5°

43
6'

2 
; 

T9
0°

TS
9 

90
0°
St
e*
t 

bH
OE

GI
*S

 
Ie

g“
9t

e*
e 

| 
CO

rr
eL

e'
e 

vU
E 

UO
T 

03
S*

S9
1*

¢ 
1
9
1
2
s
?
 

gt
S*
0g
9*
) 

gi
s*

cl
s*

t 
62
9°
S9
1°
¢ 

vi
he

on
ah

e 
1£
6 

‘9
22

 
°¢
 

41
3°

¢h
6'

9 
3l
2°
03
s 

16
6°
31
S‘
L 

in 
a 

ial
 

o
t
t
o
 

t
e
 

L
0
8
*
1
3
h
°
9
 

C
1
s
*
s
S
l
*
t
 

¢
9
l
*
3
2
e
9
°
c
 

BO
SS
UU
TT
AL
 

| 
Go

2‘
Li

t'
s 

01
9*

fe
n*

Or
 

3¢
l‘
60
S*
1 

63
0°

 
1G

1°
¢ 

n
s
e
 

na
d 

BS
H)

 
AH

 
'S

G2
'L

 
nl
2*
22
S*
2 

S
a
a
s
 

Gr
O'
 

86
h‘

 
t 

= 
2
9
k
 

*t
lg

t 
BS

G 
HS

E 
ST

 
00

5*
O 

0
0
0
"
9
3
L
 

pu
sy
 

Ar
ey

 
G3
0 

*6
S¢

 
tl

i*
si

l 
00

1 
* 
6
9
 

B
0
1
 

LE
 

'L
 

S
e
e
n
 

6£
0*
63
¢ 

‘1
 

g0
¢ 

‘3
91
'¢
 

€r
l*
sc
e‘
ar
 

a
e
i
e
 

93
6 

‘2
06

 
a 

O
S
E
 

Si
lt

 
G
t
O
*
Z
S
I
t
 

62
S"
01
 

Sn
3"
be
s*
T 

a
 

Ay
or

gu
ey

 
66
4°
 

9
6
0
4
 

6n
8 

‘2
6 

‘2
 

99
3*

li
o*

¢ 
£3

6°
HS

9 
"1

 
an
s 

‘e
re
’?
 

h
a
a
 

bite o2t*Log't 21€‘290'2 osl'eS6"t | 1n6* Se" pris 

tereses" 

l 

09L*6e5*2 

tH 

62eL*399*2 

BUEIpUy 

0G6*Get‘t 006‘08S‘2 1£S*213*¢ 

¢ Ll¢ 666‘zol SOS ieee “out 

ost * ‘OL *20 ‘923 *9G¢ ‘1 

| 
ae 

s[oTes6"I 

ene 

“908°C 

Zo 

esi 

ae 

2 

w1B1095, 

LGy 

el 

I9L*3hS*t 

B3t'395 

"I 

GS‘ 

929 

61 

*ES2*t 

aici 

0G1 

‘166 

oli 

li6"t 

eLet 

peacete 

tok 

areal 

€3g" 

Ot 

| 

S€H*Geo"L 

srl*oir‘2 

9° 
Olt 

43 

ihe 

ynoq2auUED 

019°S32 

LLG‘ 

LE 

L60%sht*t 

gee 

*3fo*2 

££3°160°L 

ger 

*£36*t 

Bes 
spel 

ol3*630't 

Lig*éot'2 

| 
6S2"9¢n'h 

_|_850*oln*s 

163‘ 

6¢n‘2 

ql 

629" 

ag 

oll*¢¢e 

€S1* 

Son 

le.*l99 

£08 

* She‘ 

L 

636‘063't 

Lal‘ 

Lyo't 

sususyTy 

Ie 

fee 

G22 

* 
fen 

Grr 

*2e6 

0Ge*s0¢'t 

106° 

139 

036°320'L 

Hate, 

teste 

t 

Ol€*age*h 

4 

066'91S*2 

4 

1S¢*0g0'S 

noeSge"t 

g 

| 
6€6*HnS*2 

a 

PI
V 

[s
s9

p9
g 

e
s
 

or
ee
n 

So
nn

 
H 

PI
V 

[e
r0

pa
d 

O
R
 

e
e
d
 

S
L
 

Pr
y 

[v
29
po
g 

Ba
gh
 

ee
e 

-O
Ud
 

AO
A 

AT
AV
 

| 
“I
VA
W 

S
G
N
 

JO FONV TIVE NOILONULSNOO AOA GIAOUddVY NOILOAULSNOO YJGNNn UVAA TVOSId LNAIWIND ONIN AaALaATIWOoOS 

7° 
N wo : 

. 
| ed ai) 

Mo 
° 
Wo 

- 

- 

- 

woe 

e ; 
RANA Rol 

e 

° 

WO -|\O OV 
° 

- 
eed 

° 

a|-r 

ro 
chs 

m 

SRO" CEE *h 

| 
ee
 

103 ‘+33 °1 
° 

WaTOW NW at 
Wst|- Oe 

eee 

r- OW nN 
. 

oS 
Pte 
=a : 

WelK WO AMO =- 
° 

| etl oY 
. 

= 
- Oo 

= 

° 

\O ot 
~ 

atn 
° Z 

nr 
° 
Ono 

| 09 *n9S 
113° 663°¢ 

GGS*39S*2 209‘ 

6nL*€ 

{| 

61S‘3l0‘L 2£3 

bre 

S91 ‘Olé 

Aba 
SAR 

ay 

to +t 
rt} e 

oF 
-- 

d 

j 

3 
ia 

eno) 
° 

a 

rYoO 
° 

uw 

. 

| od 
a 
wu 

Ont 
° e 

Dawe) 
OW 

° 

we] 
mA 

wee 

: 

° 
ONY 

uw 

int 
°° 

omnes) 
° 

LAW OO uw 
oO a 
- - 

° 
1 
Dats) 

ma 
WO PN 
— NN 

2
3
 

‘e
st

 
¢¢

l*
60

2 

8 
wor LV ON 

° 

\o 

° 
co = 

: 

° - a 
WO (LO WO} 1000 CU HN 

° ey 

04 

cs 

rod e 

mM Oo 
aah 

° 
te 
m 28 

Aol 
—- NU 

Pu BAS EGS OAS 

i) 

WO Myr OV 
wool 

ele‘lec*t 
| 

3S2*sel*h 
392 ‘966°1 | €13°OHO't 

|| 
2
9
0
 

| 
¢39‘CCs*t 
Gin 

‘6038 

o 

-|— =— 

© OPS PS MD ONO] OO O 
° ° 

WO TUN O 00 
QU OV Behe 

e e 

m" - 

eva) 
° Shee 

-nwlon- 

WO md IN AMO Mma 
° 

mr |Ost wl mot 

° 

at = |LUN8 

oe 

e|l-- 
r-+tO|Or 

www 
. 

“fOUd GAWNVAD 

O7V6} 
O
F
 
Y
H
A
W
H
A
O
N
 

H
O
 
S
V
 

S
L
O
G
f
O
u
d
 

A
V
M
H
O
I
H
 

C
I
V
-
T
V
a
a
A
d
d
T
 

A
O
 

S
A
.
L
V
L
S
 

December 1940 



PUR DE GaROADS Vol. 21, No. 10 202 

¢2S* Leo's 

ge
e 

*o
sl
*¢
 

¢li‘lee*s 

~ 
° . 

ae 
N 

201 '0¢9‘¢z2 

h°293*t 

Oo 
° 

wo 

aéorien‘or 
|
 ofstsoi'ig |

 Siu. 

33
G°
)¢
1 

299'SL2 

05
9 

‘0
¢ 
t 

a
e
 

4G
2‘
St
t 

OS
¢ 

*O
St

 

00¢ ‘19 
t 

26d 

G9S 

‘aca 

0Sl* 

Lo¢ 

cory open 

TBAGH 

BIquINJoD 

Jo 
Psi 

a 
B
u
r
a
r
o
d
 A
A
 

U
I
S
U
O
O
S
T
M
 

BYUTBALA 
S
A
M
A
 

| 
~~ nA 

i 

- 

398° 0G2 €26*€S1 13" 36 
99

0°
9L

h 
OL
L*
O€
¢E
 

1S
1‘
n6
2 

WO}BUTYSE AA BrUIBAT 
A, 

}UOULID A
 

oe 
WOU Dig 
~a 

Vso UNO A My bol 
e| 

00
1 

he
 

26
5 

‘3
9S
 

lo
n*
lg
 

666° 

199‘tOL*L 

Lh0* 651 

Oo 

N O|OVr- DOLLY PM) LL 8 
° 

Ue 
ira’ 

egacggeng 
an 

°o 

oO 
Ln) 

+6
6°
S3
 

OL
S‘
 

tL
e 

BS
¢*
1S
1 

Tn suxo 

dessouua 

L, 

B
O
B
 

T
N
s
 

BU
T[

OI
BD

 
WI
NE
S 

pu
yi

s]
 

sp
ou
y 

tot 

VW 

ie “sl 
t6S 

0L1*S02 

Len * 1e¢ 

W WO FM |W ON Ott Mow 
e 

a. Ory 
. 

£63°3lh 
£
3
‘
 42
 3° 
lie 

GO9*S6L"T 

l¢2*al¢e 133*t29 

Lo b 

033 

‘eh 

6'1¢9 

Sao 

258s 

26°6tL G
1
 

°6S 
0S 

‘6S 

G
H
o
*
S
 

iS" 
49S‘ 

101 
005 *61¢ 

srueal[Asuuag 
w
o
s
2
1
0
,
 

B
U
O
U
e
T
I
O
 

orgo 

BOyB 

WION 

BUTTOIB) 

GION, 

yAIOX 
MONT 

oorxeyy 
MONT 

Aasiage 
MONT 

4 

£33°39 

t6r° 

Lat 

9 
tnt 

0
2
0
9
1
1
 

G39 ‘*09¢ 

a
a
r
y
s
d
u
r
e
y
y
 
M
O
N
T
 

BpPBAINT 

B
Y
s
B
I
q
e
N
 

| 

-rmwowonm 

90
5°

 
1t
9 

6
1
4
0
9
 

29
6‘

el
t 

BUEUOW 

Linosstfl 
TddIsstsstJAl 

a 

BL
L 

3
h
 

66
£ 

*9
h0
*L
 

ity 
= NINOW Pho = Mo — tho = 

. 
WUODnDOWr 

|_
 

ni
e 

‘l
se

 
OO

k 
f 

293 ‘132 
ceiilh 

I
S
 

216'13 
102 *S92 

ql 

O0
2‘

 
1O

L 
st
 3°
C6

L 

Ge
l 

‘3
92
 
|
 

w
l
 

Li
o%
2 119°

 
3
S
h
 

HL
Oo
*6
sn
‘t
 

c6l tet 

t
*
3
e
l
 

292
 

‘
6
4
9
 

£43
 

‘O
L 

Loo*6L 

O£0'2l 

ete “
S
O
L
 O6L*6i1 
Lec* 
tol 

330331 

1S0* 

492 

001 

°86h 

gol‘ ie 

glh 

‘O22 

at2‘gl2 

000°S ¢ 

sol 
drt 000°S ¢ 

6£
£*
90
¢ 

06
8 

‘h
92
 

Lo
e 

*c
oe
*t
 

1€S*6 
Zoi" lee 

In
t 

*9
99
 

¢°
0¢
 

9°ht G*OL 

*°6 

L3.*6St 

619° 
g92"S6 

¢
 

nS
 

O9
E 

¢L
L°
16
 th

6*
O6
1 

¢ 

SLOT 

“fOUd GAWNWVAD 
JO SJONVTVa 

o } 

Pry Tet0ped 

| 

SO
D 

TH
OL
 

po
ys
un
s|
 

PIV 
[e29ped 

80
D 

TH
OL
 

po
ye
un
sy
 

s
o
n
 

| 

PIV [ez9peq 

38
0)
 

[
O
L
 

p
e
y
e
m
A
s
y
 

NOLLONULSNOO YOA GAAOUdIT VY 

SLOdrOdd GAVOuU WAdaAT AO AAVGNOOAS GIV-TVUAdAA HO SN.LV.LS 

N
O
L
L
O
N
U
L
S
N
O
O
 
Y
A
a
N
n
 

UVIA TVOSIA LNAWAND ONIN GaALATAWOo 

O
7
6
}
 

O
€
 

Y
U
A
R
P
W
A
A
O
N
 

H
O
 

S
V
 

U.S. GOVERNMENT PRINTING OFFICE: 1940 



_ PUBLICATIONS of the PUBLIC ROADS ADMINISTRATION 
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10 cents. 

60 cents. 

DEPARTMENT BULLETINS 
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tures, 1921 and 1922. 15 cents. 

No. 1486D . . Highway Bridge Location. 15 cents. 

TECHNICAL BULLETINS 

No. 55T . . . Highway Bridge Surveys. 20 cents. 

No. 265T. . . Electrical Equipment on Movable Bridges. 
35 cents. 

Single copies of the following publications may be obtained 
from the Public Roads Administration upon request. They can- 
not be purchased from the Superintendent of Documents. 

MISCELLANEOUS PUBLICATIONS 

No. 296MP. . Bibliography on Highway Safety. 

House Document No. 272 . . Toll Roads and Free Roads. 

Indexes to PUBLIC ROADS, volumes 6-8 and 10-19, inclusive. 

SEPARATE REPRINT FROM THE YEARBOOK 
No. 1036Y . . Road Work on Farm Outlets Needs Skill and 

Right Equipment. 

TRANSPORTATION SURVEY REPORTS 

Report of a Survey of Transportation on the State Highway 
System of Ohio (1927). 

Report of a Survey of Transportation on the State Highways 
of Vermont (1927). 

Report of a Survey of Transportation on the State Highways 
of New Hampshire (1927). 

Report of a Plan of Highway Improvement in the Regional 
Area of Cleveland, Ohio (1928). 

Report of a Survey of Transportation on the State Highways 
of Pennsylvania (1928). 

Report of a Survey of Traffic on the Federal-Aid Highway 
Systems of Eleven Western States (1930). 

UNIFORM VEHICLE CODE 
Act [.—Uniform Motor Vehicle Administration, Registration, 

Certificate of Title, and Antitheft Act. 

Act IJ.—Uniform Motor Vehicle Operators’ and Chauffeurs’ 
License Act. 

Act I]].—Uniform Motor Vehicle Civil Liability Act. 

Act IV.—Uniform Motor Vehicle Safety Responsibility Act. 

Act V.—Uniform Act Regulating Traffic on Highways. 
Model Traffic Ordinances. 

A complete list of the publications of the Public Roads Ad- 
ministration, classified according to subject and including the 
more important articles in PUBLIC ROADS, may be obtained 
upon request addressed to Public Roads Administration, Willard 
Bldg., Washington, D. C. 
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