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PRESENT KNOWLEDGE OF THE DESIGN 
OF FLEXIBLE PAVEMENTS' 

A REVIEW OF EXISTING DATA AND DISCUSSION OF NEEDED RESEARCH 

BY THE DIVISION OF TESTS, BUREAU OF PUBLIC ROADS 

Reported by A. C. BENKELMAN, Associate Research Specialist 

URING recent years highway engineers have be- 
D come more and more interested in the problem of 

the design of flexible pavements. The reason for 
this interest is two-fold: First, because of the large mile- 
ages of this type of pavement that are built annually 
and the desire to build such pavements according to 
scientific principles; and second, because until accepted 
principles of design are formulated neither the question 
of the relative economy of different types of road sur- 
face nor the allied question of allocation of vehicle costs 
can be answered authoritatively. 

The purpose of this report is to review the status of 
our existing knowledge of the problem and to point out 
what additional information is needed in order that 
dependable principles of design can be formulated. 
The report first reviews what is known about the 
design of the component parts of the road structure, 
continues with a discussion of the methods of design 
or formulas that have been suggested for determining 
the thickness of road surfaces, and concludes with a 
brief statement ot the research aspects of the problem. 

The statement has been made that the function of a 
pavement of the flexible type is to distribute the wheel 
load to the subgrade in such manner that the intensity 
of pressure will cause neither permanent nor elastic 
deformation of the soil of sufficient magnitude to pro- 
duce failure of the pavement surface.! This means 
that primarily the subgrade and not the surface con- 
stitutes the medium of support of vehicular loads. 
Thus, knowledge of a quantitative character concern- 
ing the bearing capacity of soil materials when sub- 
jected to forces identical with those created by traffic 
loads is a first essential for the development of basic 
principles of flexible pavement design. 

Great progress has been made during recent years in 
the study of soil science as related to the design and con- 
struction of highways. Certain basic facts established 
prior to 1930 led to the development ot ways and means 
for improving the stability of subgrade soils. For 
example, it was known that (1) the performance of a 
subgrade is governed by the physical characteristics of 
the soil, i. e., cohesion, internal friction, compressi- 
bility, elasticity, and capillarity, (2) these character- 
istics depend upon soil constituents which may be 
easily identified by laboratory tests, and (3) subgrades 
may be classified into groups on a basis of their physical 
characteristics. 

SEVERAL METHODS CURRENTLY USED TO STABILIZE SOILS 
In 1929 Hogentogler and Terzaghi? suggested an 

approximate method of analysis with which it was 
possible to develop some interesting data regarding 

“s Paper presented at the Seventeenth Annual Meeting of the Highway Research 
Board, Washington, D. C., 1937. ; : 

1A Symposium on Research Features of Flexible-Type Bituminous Roads, by 
f£. F. Kelley. Part Il. Proceedings of the Fourteenth Annual Meeting, Highway 
Research Board. 1934. 

2 Inter-reiationsbip of Load, Road and Subgrade, by C. A. Hogentogler and Charles 
Terzaghi. PuBiic Roaps, vol. 10, no. 3, May, 1929. 
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the probable effect of the characteristics and condition 
of the soil on bearing power. They indicate in part 
that by combining a cohesive clay with a granular soil 
in the proper proportions, its bearing capacity could 
be more than tripled and, also, that the supporting 
capacity of a wet cohesive soil might be as low as one- 
thirtieth of the bearing capacity of the same soil when 
dry. The authors were able to demonstrate that the 
unit bearing capacity of a noncohesive soil increases 
with increase in the width of loaded area, and that the 
amount of increase is different in different soils. For 
soils entirely lacking in cohesion, computed values 
indicated that a marked increase in unit supporting 
capacity would accompany an increase in width of 
loaded area, whereas for cohesive soils no increase 
would be expected. 

Methods employed at the present time for improving 
the stability of subgrade soils and foundation course 
soil mixtures are predicatd to a large extent upon the 
fundamentals enumerated above. They consist pri- 
marily of (1) soil stabilization wherein granular ma- 
terials are added to cohesive soils or cohesive binder 
is incorporated with granular soils, (2) treatment with 
different materials such as deliquescent chemicals, 
bituminous products, or portland cement, and (8) instal- 
lation of drainage structures or the construction of 
surface treatments which separately or jointly function 
to prevent cohesive soils from taking up moisture. 

Recently other means have been developed for im- 
proving the stability as well as the permanency of 
support of subgrade soils. The work of R. R. Proctor 
for example, indicates that for every soil there is an 
optimum moisture content at which maximum density 
can be obtained with a given method of compaction; 
and studies by Hans F. Winterkorn* point to the 
fact that the physical properties of a subgrade may be 
altered completely by chemical treatment of the soil. 

The question of changing the characteristics of soils 
by artificial means has been touched upon here merely 
for the purpose of indicating that it is possible, on a 
basis of existing knowledge, to improve the quality, 
uniformity, and permanency of support of subgrade 
soils. The fact that the subgrade or the foundation 
course, which is generally composed of soil mixtures, 
plays such an important role in the performance of a 
flexible pavement emphasizes the need of designing 
these component parts of the structure in such manner 

3 Fundamental Principles of Soil Compaction. Engineering News-Record, vol. 
111, no. 9, 1933. 

Field and Laboratory Determination of Soil Stability. Engineering News-Record, 
vol. 111, no. 10, 1933. 

Field and Laboratory Verification of Soil Stability. Engineering News-Record, 
vol. 111, no. 12, 1933. 
New Principles Applied to Actual Dam Building. Engineering News-Record, 

vol. 111, no. 13, 1933. 
4 Oiling Earth Roads, Application of Surface Chemistry. Industrial and Engi- 

neering Chemistry, vol. 26, 1935. 
Adsorption Phenomena in Relation to Soil Stabilization. Proceedings, Fifteenth 

Annual Meeting, Highway Research Board, 1935. 
Surface Chemical Factors Influencing the Engineering Properties of Soils. Pro- 

ceedings, Sixteenth Annual Meeting, Highway Research Board, 1936. 
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that they will provide uniform and constant support 
for the surface to be laid upon them. It is believed 
that this should constitute the basic procedure in 
design rather than to attempt to compensate for inequal- 
ities in foundation or subgrade support by varying the 
thickness of the surface crust. What appears to be 
needed at the present time is to translate the qualita- 
tive means available for improving subgrade support 
into quantitative values suitable for use in a mathe- 
matical treatment of the problem. 

ROLLING A SURFACE-TREATED Roap SERVES TO COMPACT THE 
SurFACE Into a Dense Mass, IncrHAsiNG Its Loap-Carry- 
ING CAPACITY. 

BEARING CAPACITY OF A SOIL DEPENDS UPON SEVERAL 

VARIABLES 

Most of the existing test data on soil bearing power 
have been developed from studies of the design of 
foundation footings. Here, in marked contrast to 
suberades for flexible pavements, the pressures imposed 
upon the soil medium are of the sustained type and are 
of practically uniform intensity. Whether either the 
test data or the theoretical conceptions of bearing 
power that have been developed from these studies are 
applicable at all to the problem under discussion de- 
pends, in part at least, upon whether the static wheel 
load proves to be the critical load for which the thick- 
ness of pavement surface must be designed. 

If it is found that the action of the rolling wheel load 
plus the impact effect of a motor vehicle is, under 
average conditions, more severe than that of the 
static wheel load, then it would appear that our present 
knowledge of soil-bearing power has little application 
in the design of flexible pavements. If, on the other 
hand, future investigations should show that the com- 
bined effect of the moving wheel and impact is less 
severe than that of the static load alone, then these 
data should prove of value and the logical procedure 
would be to base the design or thickness of flexible 
surfacings upon the static wheel load. 

This question is one of the most controversial issues 
that has entered into attempts to develop a rational 
method of design on a basis of our existing knowledge. 
In some of the suggested methods of design there is an 
allowance for the dynamic effect of moving vehicles 
of as much as 50 percent over and above the permissible 

static wheel load, whereas in others no allowance what- 

ever is included. ; 
Space does not permit, nor do the circumstances ap- 

pear to warrant, a detailed review in this report of the 

existing data on soil bearing power. An attempt will 

be made, however, to discuss the problem in a general 
way and to cite some of the more significant results of 
the many investigations and analyses that have been 
made. 

It was indicated previously in connection with the 
approximate method of analysis by Hogentogler and 
Terzaghi that the bearing capacities of soil media 
depend upon the size of the loaded area, and that the 
degree of this dependence is determined by the char- 
acteristics of the material. The question of variation 
in bearing capacity with size of loaded area is an im- 
portant one, as far as flexible pavements are concerned, 
because the areas of subgrade pressure lie within the 
size range in which, according to existing test data, 
the most marked variations in bearing capacity are 
encountered. 

A great number of investigations have been made 
concerning the bearing capacities of soils of a cohesive 
nature. Most of them involved the application of 
sustained loads to the soil material through rigid 
bearing plates which ranged in size generally from a 
few square inches up to 9 square feet. The results 
obtained, including those of St6tzner in 1919,° A. Bijls 
in 1923,° the Bureau of Public Roads in 1925 7 and Fritz 
Emperger in 1926,° indicate that the unit bearing 
capacity of such soils for a given settlement decreases 
as the size of the loaded area increases and that settle- 
ment under the same unit load varies almost directly 
as the square root of the area. W.S. Housel in 1929 ® 
in a series of tests that involved several types of 
cohesive soil found also that for a given settlement 
the larger the area the smaller the unit bearing capacity. 
In general, as far as the effect of size of loaded area is 
concerned, the data he obtained are in agreement with 
those of the other investigators mentioned above. 

In Germany the bearing capacity of soils has been 
studied quite extensively in recent years. While the 
majority of tests made have involved soils which, as 
far as it has been possible to ascertain, might be said to 
fall on the border line between those of a cohesive and 
noncohesive nature, the results are of considerable 
interest. The conclusions reached in these researches 
indicate, in general, that (1) the unit bearing capacity 
varies with the size of loaded area, (2) settlement con- 
sists of both elastic and permanent compression of the 
material, and (3) lateral displacement of the soil from 
beneath the loaded area, particularly in small-sized 
areas in conjunction with excessive unit pressures, is an 
important contributory factor to settlement. 

EFFECT OF SIZE OF LOADED AREA ON BEARING CAPACITY STUDIED 

Ki. W. Goerner,'® working in the soils laboratory of 
the Freiberg Institute under the direction of Dr. 
Kégler, studied in great detail the load reaction char- 

5 Erzielung gleicher Fundamentsenkung durch wahl des kleineren Bodeneinheit- 
druckes bei der grossern Fundamentfliche. Dissertation, Braunschweig, 1919. 

6 Le Genie Civil, May 1928, pp. 490-492. 
7 The Supporting Value of Soi) as Influenced by the Bearing Area, by A. T, Gold- 

beck and M. J. Bussard. Pusitc Roaps, vol. 5, no. 11, January 1925. 
8 Die zulassige Belastung des Baugrundes. Die Bautechnik, vol. 4, 1926. 
* A Practical Method for the Selection of Foundations Based on Fundamental 

Research in Soil Mechanics. Department of Engineering Research, University of 
Michigan. Bulletin No. 13, 1929. 

10 Uber den Einfluss der Fliichengrésse auf die Einsenkung von Griindungskorpern. 
Geologie und Bauwesen, no. 3, 1932. 



January 1938 BUB LIC ROADS 203 

acteristics of a natural sand soil. Static loads were 
applied to material held in box containers, through 
circular, rigid bearing plates which ranged in area from 
5 square centimeters to 1 square meter (0.775 sq. in. 
to 10.8 sq. ft.). The containers were of sufficient size 
and depth to eliminate confining effects. The material 
in an artificially dried state was placed i in the containers 
with a given degree of compaction for each individual 
test. 

A great number of tests were made, the results indi- 
cating rather definitely that the effect of size of loaded 
area depends, among other things, upon the unit pres- 
sures imposed on the material. For very low unit 
pressures settlement was practically independent of 
size of area, irrespective of the density of the material. 
For larger ‘unit pressures, beginning with an area of 
approximately 75 square inches, the settlement in- 
creased as the bearing area was either decreased or 
increased. According to Goerner, the behavior in the 
first instance was caused by lateral displacement of 
the material from beneath the loaded area and, in the 
second, chiefly by vertical compression which increases 
as the size of the area increases. The rate of increase 
of settlement with decreasing area is rapid for, as the 
area approaches a minimum size, “‘pile action”? appa- 
rently develops. The rate of increase of settlement 
with increasing size of area is more gradual, the data in 
general indicating that the increase varies almost in 
direct proportion with the square root of the loaded 
area. 

Goerner’s tests were made in the laboratory under 
carefully controlled conditions. As far as the effect of 
size of bearing area is concerned, the results as described 
were definite and conclusive. Heinrich Press" in 
studying the bearing capacity of soils in the field ob- 
tained results that are in close agreement with those of 
Goerner. Most of his work was done in connection 
with the design of foundations, the tests of bearing 
capacity of a number of types of soil being followed 
with observations of settlement of the structures erected. 
In general, the results of these studies indicate that the 
settlement of structures cannot be predicted with any 
great degree of certainty from the behavior of small- 
sized test areas, particularly for structures resting on 
soils of a sandy nature. 

Recently the Bureau of Public Roads has investigated 
the bearing capacity of a silt loam soil beneath rigid 
bearing plates ranging in size from about 3 square 
inches to 38 square fect, the latter area being nearly 
four times larger than that used in any of the tests 
mentioned above. The tests indicate clearly that for 
areas less than about 5 square feet, the settlement under 
the same unit load was proportional to the diameter or 
the square root of the area. For areas exceeding this 
size, however, the results of the tests showed the settle- 
ment to be independent of the size of the bearing 
area. 

The tests were made in connection with an investiga- 
tion of concrete pavement design, their purpose being 
to determine the modulus of subgrade reaction in order 
that measured slab stresses might be compared with 
those computed by means of Westergaard’s theory of 
slab stress. Because rigid pavement ‘slabs are subject 
to but very small deflections, the tests were limited, in 
general, to settlements of a magnitude considerably less 
than those of the other studies enumerated. 

1 Baugrundprobebelastungen, ihre Auswertung und die an den Bauwerken 
gemessenen Setzungen. Die Bautechnik, vol. 10, no. 30, 1932. 

RELATIONS BETWEEN SETTLEMENT AND SIZE OF LOADED AREA 

GIVEN FOR COHESIVE AND NONCOHESIVE SOILS 

From what has been presented in the preceding para- 
graphs, it is apparent that our knowledge of soils has 
advanced to the point where the bearing power of sub- 
grades can be improved in a scientific manner. By the 
incorporation of granular materials in clay soils or by 
furnishing gr anular soils with cohesive binder, they can 
be improved with respect to both the quality and 
uniformity of support. By treatment with deliquescent 
chemicals, the moisture content of graded soil mixtures 
can be controlled and their supporting power main- 
tained within fairly narrow limits. Soils of defective 
grading may also be improved by admixtures of bitu- 
minous materials or portland cement. In addition to 
these methods, which are in general use at the present 
time, the more recent discoveries involying compaction 
of soils at their optimum moisture content and base 
exchange by chemical treatment offer further possibili- 
ties for improving the support of subgrade soils. 

The proponderance of existing test data on soil 
bearing power indicate that (1) the settlement of co- 
hesive soils under the same unit load varies directly as 
the square root of the area, and (2) the settlement of 
noncohesive soils under the same unit load for very low 
pressures is independent of size of area. As the unit 
pressure on noncohesive soils is increased, beginning 
with an area of approximately 75 square inches, settle- 
ment increases as the size of area either decreases or 
increases from this value; as the area increases, settle- 
ment increases almost in direct proportion to the square 
root of the area; as the area decreases settlement 
increases, at first cradually, then rapidly. 

The above generalization relating to cohesive soils is 
applicable only for pressures which lie well within the 
safe bearing capacity limits of the material and for 
areas up to approximately 9 square feet, the maximum 
size of area used in the majority of tests made. The 
generalizations for noncohesive soils apply for areas up 
to about 1 square meter (10.8 square feet). 

The test data developed recently by the Bureau of 
Public Roads in connection with the concrete pavement 
studies are in disagreement with the above-stated rela- 
tionship between settlement and loaded area for co- 
hesive soils. In these tests, settlement under low unit 
pressures, for areas up to about 5 square feet, varied 
directly as the square root of the area; and for areas 
above this size up to a maximum of 388 square feet, 
resistance was indicated to be independent of size of 
area. Inasmuch as these tests were made with care 
and precision, there is no reason to doubt that the results 
reflect the true area-settlement reactions of this par- 
ticular soil medium. Why the results fail to agree with 
the other test data cited to the extent above indicated is 
not known. 

Obviously the true influence of the size of bearing area 
for a particular grade of soil cannot be determined by 
test unless the material in question is perfectly homo- 
geneous to a depth at least equal to that to which the 
effect of the load extends. It is the exception rather 
than the rule to find such homogeneity in soils as they 
exist in nature, and it is largely for this reason that the 
results of bearing-capacity experiments on areas of test 
size cannot always safely be extended to pressure areas 
of a size such as are found beneath foundation footings 
or even rigid pavements. 

Beneath flexible pavements, pressure areas on the 
subgrade resulting from loads on the surface will tend 
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to be small and, in general, may not exceed 10 square 
feet. This does not mean, however, that the pene- 
tration-area relationship suggested by the preponderance 
of existing test data is applicable to the problem of 
design of such pavements. In the first place, the test 
data cited were developed using rigid bearing plates; 
and in the second place, with possibly one exception, 
the material surrounding the loaded area was not re- 
strained from movement in any way. Conditions are 
quite different in flexible pavement subgrades because 
the wheel load is transmitted to the soil through a 
flexible medium whose weight serves to increase the 
resistance of the soil to lateral as well as upward move- 
ment. 

FEW DATA AVAILABLE ON PRESSURE DISTRIBUTION UNDER 

FLEXIBLE PAVEMENTS 

Few attempts have been made to develop compre- 
hensive data on either the load reaction characteristics 
of flexible pavements or the manner in which they 
distribute loads to the subgrade. The reason for this 
probably lies in the difficulty of developing satisfactory 
apparatus and testing technique rather than any lack 
of interest in the subject. However, even with the 
somewhat crude methods employed at the time of the 
Bates Road tests ” and by the Bureau of Public Roads 
in 1923," information of interest and of value was 
produced. 
When the Bates road was built, a total of 26 pressure 

cells were installed on the subgrade of certain of the 
sections. Tests were made subsequently, involving 
study of the deflection of the surface and pressure 
distribution on the subgrade as a loaded truck was 
moved slowly toward and away from the points where 
the cells were located. While only a single cell was 
installed on the subgrade beneath a flexible pavement 
section (sec. 5—8-inch brick, 2-inch mastic cushion, 
8-inch rolled stone base) data obtained during the 
limited tests made are of interest. 

Before subjecting the test road to truck traffic, a 
4-ton wheel load produced a maximum pressure of 12 
pounds per square inch on the subgrade. After 1,000 
trips of the 2,500 pound wheel-load increment of loading 
the pressures produced by the 4-ton static wheel load 
amounted to 30 pounds per square inch. Apparently 
the mechanical bond existing in the rolled stone base 
course had been at least partially destroyed by the 
disruptive action of the moving trucks. This would 
decrease the area over which the static wheel load was 
distributed to the subgrade and thus increase the unit 
pressure. 

The tests by the Bureau of Public Roads in 1923 
involved the application of sustained loads, through a 
bearing block shaped to simulate a truck wheel, to 
layers of crushed stone of several thicknesses laid both 
upon a dry sand and a wet clay supporting medium. 
The distribution of the loads through the materials was 
measured with pressure cells placed both on and 
beneath the soil layers. These tests indicated that (1) 
under a given load the maximum intensity of pres- 
sure decreases as the thickness of surface increases, 
the decrease being, roughly, directly proportional to 
the increase in thickness; (2) in general, the thicker the 
surface the higher the load-carrying capacity; (3) the 

'2 Bates Experimental Road, by C. Older. Bulletin No. 18. State of Illinois, 
Division of Highways, 1924. 

18 Highway Engineering Investigations at the Arlington Experiment Farm, by 
A. 'T. Goldbeck. Proceedings Ninth Annual Conference on Highway Engineering, 
University of Michigan, 1923, 

thicker the surface, the higher the intensity of pressure 
on the subgrade can be, at least until failure begins to 
take place; and (4) the more resistant the supporting 
medium, the higher the intensity of pressure developed 
and the greater the ratio between the maximum and 
average pressures. 

In 1924 the Bureau of Public Roads ™ studied the 
bearing capacity of a number of gravel roads in Minne- 
sota. The surfaces ranged in thickness from 6 to 12 
inches and all were on the same general type of sub- 
grade. Static loads were applied to the surface crust 
through a rectangular-shaped bearing block, 52 square 
inches in area. ‘The tests indicated that: 

1. Settlement was almost directly proportional to 
load. 

2. Resistance of the surfaces was high; four out of 
six locations supported a load of 100 pounds per square 
inch at a settlement of 0.10 inch. 

3. The effect of the loads was confined practically to 
the area beneath the bearing block, deflection gages 
placed 6 inches away registering no movement. 

4. At one location after loading the surface the 
gravel course was removed and the subgrade soil 
loaded directly. For equal settlements up to 0.10 
inch the subgrade supported only about one-half the 
unit load carried by both the surface (6-inch thickness) 
and the subgrade. 

Tests made in 1928 ® by the Bureau of Public Roads 
throw some light on the possible difference in impact 
reaction of flexible as compared to rigid pavements. 
Tt was observed that a flexible pavement consisting of 
a 1-inch sheet asphalt wearing course on a waterbound 
macadam base deflected over an appreciable area 
under an impact load and then sprang back without 
apparent injury. The deflection at the point of appli- 
cation of the load amounted to as much as } inch, 
some deflection being noticeable at a point 3 feet away. 
In several rigid pavements, which were subjected to 
the same test, the deflection was much smaller and the 
impact reaction higher. 

VARIATION IN PRESSURE UNDER BEARING PLATES OF DIFFERENT 

RIGIDITY DISCUSSED 

A great amount of investigation and study has been 
given to the problem of pressure distribution in soils 
in connection with the design of foundation structures. 
Here pressures are transmitted to the soil through 
bodies which, in contrast to flexible pavement surfaces, 
are essentially rigid in character. Some work carried 
on in Germany indicates the difference in the pressure 
distribution as well as the supporting capacity of soils 
when loaded through bearing plates whose degree of 
rigidity was varied between rather wide limits. 

Kégler and Scheidig ' in a series of tests studied the 
pressure distribution in sand when sustained loads were 
applied to the material through three bearing plates, 
centrally loaded. All were 99 centimeters (39 in.) in 
diameter, but varied greatly in rigidity. At a depth of 
40 centimeters (15.75 inches) the maximum pressure 
amounted to 103, 153, and 181 percent of the applied 
unit pressure for rigid, semirigid, and elastic plates, 
respectively. At a depth of 10 centimeters (3.94 
inches) the maximum pressure amounted to 160 and 
300 percent of the applied unit pressure for the rigid and 

144 Unpublished data of the Bureau of Public Roads. 
15 Effect of Pavement Type on Impact Reaction, by J. T. Thompson, 

ROAps, vol. 9, no. 6, August 1928. 
Die Bautechnik. 16 Druckverteilung im Baugrunde, F. Kégler and A. Scheidig. 

No. 31, July 15, 1927. 
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flexible plates, respectively, no value being given for the 
semirigid plate. As was to be expected, the greater the 
rigidity of the bearing plates the less the variation in 
unit pressure under the plates. 

Additional information on the same subject was 
developed by Heinrich Press in 1934.'7 Sustained loads 
were applied to two types of soil through square bearing 
plates of different rigidity, the pressure being recorded 
in the material at depths of 10, 32, 54, and 76 centi- 
meters (3.94, 12.6, 21.3, and 29.9 in.). The vertical 
displacement of the plates was recorded also, both at 
the edge and center. One of the soils was the same as 
that used in the tests by Kégler and Scheidig, the other 
being described as a loam containing 21 percent sand. 
Tests were made on the latter material both in the dry 
state and when containing 32 percent moisture. 

The results of the tests are summarized in table 1. 
These data indicate clearly that the maximum pressure 
that may develop at some depth in a soil from the 
application of an external load depends to a marked 
degree upon the flexibility of the body through which 
the load is transmitted. 

Tasuy 1.—Resulis of sustained load tests on different soils using 
bearing plates of different rigidity 

Maximum soil pressure—10 em (3.94 in.) beneath surface— 
expressed in terms of applied unit load 

60 by 60 em 50 by 50 em 
(23.6 by 23.6 in.) plates (19.7 by 19.7 in.) plates 

Soil sean 7, 

(0.059 es ane Loaded at center 

Rigid Rigid Gettin & Semirigid Flexible 
eer aered (0.0787 in.) | (0.059 in.) 

2 2.0 mm 1.5mm 
center formly era Siva 

SOT ae aoa ee 1. 36 8. 05 1. 50 1. 50 2.95 3. 30 
THORMUOr Ves ses = 1. 35 2. 90 1.09 1. 49 2. 80 3. 14 
Loam, moist_--- 1. 26 3. 00 1. 50 1. 50 2.98 3. 20 

USE OF OSCILLATING MACHINE IN STUDY OF PAVEMENTS 

DESCRIBED 

With regard to the displacement or settlement of the 
soils, only limited data in graphical form are given in 
the report. In case of the rigid 60- by 60-centimeter 
bearing plate on the sand, the settlement amounted to 
about 0.2 centimeter, and for the flexible plate loaded 
at the center with the same apparent unit load it 
amounted to approximately 2 and 1 centimeters at the 
center and at the edge, respectively. For the rigid 
plate on the dry loam, the settlement was about 0.3 
centimeter and for the centrally loaded flexible plate 
the settlement at the center was about 1.5 centi- 
meters. For the flexible plate, uniformly loaded on 
the sand, the average settlement was about 0.7 centi- 
meter and on the moist loam about 0.5 centimeter. 
It is of interest to note from the graphical data given 
in the report that the sand beneath the rigid plate 
supported with considerably less settlement a unit load 
2.5 times greater than that which it supported when 
beneath the flexible plate. Comparable data for the 
loam soil are not given. 

Recently a comparatively new method of test has 
been used in Germany to study the load reaction 

17 Druckverteilung unter starren und elastischen Lastflichen yerschiedener Grosse 
bei verschiedenartiger Belastung im Sand und Lehn. Die Bautechnik, No. 43, 
October 5, 1934. 

characteristics of soils and road surfaces. The method, 
briefly described, involves the application of periodic 
forces, the intensities of which vary according to a sine 
law, to a material and the study of its physical reaction 
by measurements of displacement and speed of propa- 
gation. An oscillating machine is used to apply the 
forces. It consists essentially of two parallel shafts 
that rotate in opposite directions and to each of which 
is attached an eccentric weight. The weights are so 
synchronized that, as they revolve, only vertical reac- 
tions are developed. 

The displacement of the soil medium or road surface 
under the action of this machine is measured at suc- 
cessive distances from the center of force application 
by means of precise, electrically operated seismo- 
eraphs. The same instruments are used also to record 
the rate at which a given force impulse is propagated 
in the medium. 

A great amount of work has been done in the de- 
velopment and standardization of this method of test. 
First, it was used for studying the effect of vibrations 
in buildings and other structures and later for investi- 
gating the physical properties of soils. During the 
past few years, it has been used to study the properties 
of both flexible and rigid pavements when acted upon 
by dynamic forces. 

One investigation of unusual interest was carried on 
at Stuttgart, Germany, under the direction of F. J. 
Meister.!8 The purpose of the investigation was pri- 
marily to evaluate the intensity of the forces imposed 
upon flexible pavements by moving vehicles. To do 
this it was first necessary to develop quantitative values 
that would indicate the ability of such pavements to 
support loads of a dynamic nature. This information 
was developed with the oscillating machine and dis- 
placement recording instrument. The machine was 
operated at different frequencies and at different load 
intensities on the surface of the road and the displace- 
ment of the pavement in a vertical and in two horizontal 
directions was measured. 

Tests of this general nature were made on four 
flexible pavements and on one rigid pavement. Sub- 
sequently trucks, both empty and loaded, equipped 
with different types of tires were operated at various 
speeds over the surface of one of the flexible pavements 
and the displacement of the surface again recorded. 
The displacement values were then converted to kilo- 
erams of dynamic force. 

EFFECT OF DYNAMIC LOAD MEASURED BY OBSERVING PAVEMENT 

DEFLECTIONS 

Inasmuch as the size and contact area of the tires 
used in the moving load tests varied over rather wide 
limits, it was necessary in the preliminary tests with the 
oscillating machine to investigate the effect of size of 
the contact area on which the dynamic load was ap- 
plied. The results obtained from a limited series of 
tests involving the application of the same force in- 
tensity at several frequencies through the normal 
machine contact area (1,220 sq. cm, 78.7 sq. in.), and 
through an area about one-tenth of this size indicated 
no consistent or appreciable difference in effect. 

It is true that one might well question whether the 
effect of loads of either a static or dynamic nature, on 
flexible pavements, can be measured accurately by dis- 
placement observations made either at the pomt where 

18 Die dynamischen Figenschaften von Strassen. Dissertation. Martin Boerner, 
publisher, Halle (Saale), Germany. 1936 
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the load is applied or at some distance from this point. 
In the above-mentioned tests the conclusions as to 
relative effect were based on the vertical displacements 
measured at a distance of 0.4 meter from the point at 
which the load was applied. 

Two separate and distinct series of tests using moving 
loads were made, one with the trucks traveling over the 
natural surface and the other with the wheels on one 
side of the vehicle passing over an obstruction 1 inch 
in height at the point where the displacement of the 
surface was recorded. The results of the tests, which 
are shown both in graphical and tabular form in the 
report, indicate in general that (1) on a flexible pave- 
ment of normal and uniform smoothness, the intensities 
of the dynamic loads vary in almost a direct proportion 
with vehicle speed, (2) the magnitude of the sprung load 
has very little effect upon the intensity of the resulting 
force. 
When the artificial obstruction was employed the 

data indicate that for a given tire type the same dvy- 
namic effect was developed with a wheel load of 2,100 
kilograms (4,620 pounds) as with one of 1,350 kilograms 
(2,970 pounds). The indicated dynamic force was 
2,500 kilograms (5,500 pounds) for both wheel loads 
when solid-rubber-tire equipment was used and 1,000 
kilograms (2,200 pounds) with pneumatic tire equip- 
ment. 

With the truck traveling over the normal road sur- 
face, the same wheel loads equipped with solid tires 
produced dynamic forces of 575 kilograms (1,265 pounds) 
and 500 kilograms (1,100 pounds), respectively, while 
with pneumatic tires the indicated forces were 250 
kilograms (550 pounds) and 175 kilograms (385 pounds), 
respectively. 

It is difficult to reconcile the force values obtained by 
this method of test with the results of the motor-vehicle 
impact studies made in this country. In this connection 
Meister is not specific in stating whether his dynamic 
force values are to be interpreted as representing the 
dynamic increments alone or the total forces developed 
by the movement of the vehicles over the road surface. 

Earlier in this report attention was called to the fact 
that as yet we do not know whether the thickness of 
flexible pavements should be based on the static or 
dynamic wheel load. Not only is adequate information 
lacking concerning the intensity of the dynamic wheel 
load on the average flexible pavement but we know very 
little of the effect such a load has upon the structure as 
compared to the static wheel load. According to 
Meister, it would be a simple matter to develop quan- 
titative data regarding the ability of flexible pavements 
to support moving vehicular loads by means of the 
oscillator method of test. He states that, “* * * 
for low frequencies of vibration or low rates of load 
application, the load-displacement values constitute an 
index of the dynamic modulus of pavement reaction 
* *-. * 1. e. the force necessary to displace 1 square 
centimeter of the surface to a depth of 1 centimeter. 

Certainly the development of such data by any 
method of test for pavements of various thicknesses 
laid upon the same and different subgrades would 
prove of great value in establishing basic principles of 
flexible pavement design. 

STRESSES INDUCED,IN, PAVEMENT BY OSCILLATING MACHINE 

COMPUTED 

Dr. A. Ramspeck, at present a member of the staff 
of the German Research Society of Soil Mechanics, has 
carried on some work with the oscillator method of test 

which suggests the possibility of developing information 
of interest and value concerning the dynamic properties 
of concrete pavements. 

One of the first facts established in studies of the 
dynamic properties of soils with an oscillating machine 
was that the rate at which a quickly applied force is 
propagated in a soil medium depends upon the elastic 
properties and possibly upon other physical char- 
acteristics of the soil. Such a force sets up vibrations 
in the medium, the propagation of which takes place in 
the form of waves whose length is a function of the 
speed of movement, low speeds being characterized by 
short wave lengths, high speeds by long wave lengths. 
From this it would appear that the higher the propaga- 
tion speed of dynamic waves in road structures, the 
less severe the vibratory disturbances would be. 

The tests by Ramspeck'® were predicated in part 
upon these considerations. Besides investigating the 
rate at which oscillator force impulses were propagated 
in concrete pavements of various thicknesses laid upon 
different types of subgrade, he measured the amplitudes 
of slab movement at different points. From the data 
obtained he developed the deflection profiles of the slab 
existing at any given instant. Since an oscillating 
machine was used to apply the forces, he assumed the 
vibrations were sine-shaped and on this assumption 
developed mathematical relations by means of which 
the bending stresses in the concrete were computed. 

In one set of tests, Ramspeck, in the manner de- 
scribed above, computed the vibratory bending stress 
in slabs of the same thickness (25 cm.) laid upon three 
types of subgrade: (1) Poor-quality sand; (2) loam soil 
on which a sub-base of crushed stone 7 centimeters 
thick was placed, and (3) high-quality rolled gravel. 
The same force intensity was applied to all three slabs 
at a frequency of 25 cycles per second. ‘The computed 
values of slab stress as given in the report amounted to 
0.074, 0.014 and 0.007 kilogram per square centimeter 
(1.0, 0.20, and 0.10 lb. per sq. in.), for bases (1), (2) 
and (3), respectively. 

In connection with these tests, sine wave profiles of 
the slabs, reproduced from the seismograph records, 
are shown in the report. These are interesting inas- 
much as they show the differences in wave length and 
amplitude of movement that were observed with the 
three test slabs. The wave length for the test slabs 
on subgrades (1) and (2) was about 10 meters, while 
that of the slab on subgrade (3) was in excess of 20 
meters. The amplitude of vibratory movement, in 
contrast to the wave lengths, was nearly the same for 
slabs on subgrades (2) and (3) (0.0010 to 0.0012 mm), 
while for the slab on the poor sand subgrades the 
amplitude was 0.006 millimeter. 

OSCILLATING MACHINE USEFUL IN PRODUCING REPEATED 

DYNAMIC FORCES OF KNOWN MAGNITUDE 

Ramspeck also investigated the action of joints in 
concrete pavements when the structure was set in 
vibration with an oscillating machine. In one series 
of tests he measured the amplitude of movement at six 
points, three on one side of a longitudinal joint and 
three on the other, the slab in question being laid upon 
a compacted gravel subgrade. The joint was of the 
dummy type, a groove 6 centimeters deep being cut 
into the surface with a special joint-cutting machine. 

Pe Dynamische Undersuchungen auf Strassendecken. 
936. 

Praktische Anwendungen dynamischen Untersuchungen Veréffenentlichungen 
des Instituts der Deutschen Forschungsgesellschaft fur Bodenmechanik (Degbo) an 
der Technischen Hochschule, Berlin. Heft. 4. Julius Springer, publisher. 1936. 

Die Beton-Strasse, No. 2. 
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The presence of this groove in the surface did not in 
any way serve to disturb the continuity in vertical 
movement of the slab. In another series of tests the 
vertical displacement of a pavement laid on a yielding 
subgrade and containing transverse joints was measured 
out to a distance of 60 meters from the point where the 
force impulses were applied. In these tests the con- 
tinuity of the displacement or deflection curve was 
broken at each of the joints. 
Ramspeck explains these phenomena as_ follows: 

A subgrade whose elastic properties or physical char- 
acteristics tend to approach those of the surfacing 
material will vibrate in harmony with the surface and 
the two media will tend to respond as a unit to vibratory 
motions. On the other hand, a subgrade whose 
physical characteristics differ to a marked degree from 
those of the surfacing material is apt to vibrate out of 
harmony with the surface. In other words, a sharp 
plane of discontinuity, at least as far as vibratory 
movements are concerned, may or may not exist 
between the road surface and supporting medium. 
By studying the rate at which oscillator force impulses 

are propagated in road bodies before and after laying 
concrete pavements, information was developed which, 
according to Ramspeck, may be used to indicate the 
thickness of slab necessary on new construction work. 
For example, according to graphical data shown in his 
report, a slab 25 centimeters in thickness would be 
necessary on a subgrade having a propagation speed 
of 125 meters per second (410 ft. per sec.), one 20 
centimeters in thickness for a speed of 210 meters per 
second (690 ft. per sec.), and one 15 centimeters in 
thickness for a subgrade whose propagation speed is 
250 meters per second (820 ft. per sec.). 

In connection with these particular data, Ramspeck 
infers that it should be possible to develop information 
concerning the proper thickness of pavements of the 
flexible types for different subgrades from measured 
values of propagation speed. 

The above constitutes only a very brief résumé of the 
dynamic method of test. The results of certain inves- 
tigations have been cited not because they are con- 
sidered highly significant or conclusive, but primarily 
for the purpose of illustrating the type of information 
concerning the dynamic and vibration properties of 
road structures that may be developed with this method 
of test. 

The fact that repeated dynamic forces of known 
magnitude and characteristics can be applied to a 
road structure with an oscillating machine is one of the 
strongest arguments in favor of this method of testing. 
It should be possible with such a machine to apply 
forces that are similar in character to those which are 
imposed upon pavements by moving vehicles inasmuch 
as the revolving eccentric weights are analogous to the 
unsprung mass of a vehicle and the weight of the 
machine is analogous to that of the sprung load. The 
obvious advantages gained from the use of such a 
machine in pavement design studies instead of moving 
vehicles are: (1) The magnitude of the forces can be 
definitely controlled and determined, and (2) the same 

intensity of force can be applied and repeated at any 
desired point and at a range of rates of application. 

FORMULAS FOR COMPUTING THE THICKNESS OF FLEXIBLE 

PAVEMENTS DISCUSSED 

As early as 1901, consideration was given to the 
possibility of designing flexible pavements according 
to scientific principles. 

if 

At that time what is NOW known | tional Road Congress. 

as the Massachusetts’ rule was evolved. This rule 
states that ‘the pressure is distributed through macadam 
and any ordinary gravel or boulder base at an angle of 
45° with the horizontal, and the resulting maximum 
pressure (P) on the subgrade amounts to the wheel 
load (W) divided by the square of twice the thickness 
(T) of pavement.”’ This rule may be expressed alge- 
braically as follows: 

5, |W P= amy or T=0.54/ 5 QT 

One of the questions considered at the Third Inter- 
national Road Congress (held in 1913) concerned the 
design and construction of water-bound macadam 
roads. Of eight reports dealing with this question 
presented at the meeting, that of Charles Lelievre * is 
most interesting and constructive. In reading the 
report one cannot help but be impressed with the fact 
that the author had a broad perspective of the problem 
in general and an appreciation of the need of designing 
roads according to scientific principles. 

After discussing the function of the different compo- 
nent parts of the road structure he commented on the 
fact that there is an undeniable relationship between 
subgrade support and foundation and wearing course 
thickness that should be considered in the rational 
economic construction of a road. He called attention 
to the need for conducting experiments to determine 
the area over which traffic loads are distributed in 
road surfaces and for finding out what intensities of 
pressure are transmitted through the surface and 
foundation course to the subgrade. Lacking such 
data, by resorting to the use of information developed 
in 1877 by Leger in the course of a study of the dis- 
tribution of forces in solid bodies conducted by means 
of polorized light, Lelievre attempted to obtain a 
solution to the problem of load distribution in road 
surfaces. 

From his analysis he concluded that: 
When the upper surface of a road is pressed vertically by a force 

covering an area of diameter d the extreme lines of pressure in the 
interior of the road assume the form of a bell, having their apex 
within d and embracing at the lower base of the surface a zone of 
diameter D such that the difference D—d does not exceed 2% times 
the thickness of the surface. 

For foundation course mixtures he decided for reasons 
not stated that the difference D—d should not exceed 
1% times the thickness of the course. 

Using these relationships, Lelievre made a series of 
calculations that served to indicate the intensity of 

pressure that would be apt to develop on the subgrade 

beneath road surfaces of different thicknesses. The 

results of his calculations, for an assumed load of 8,816 

pounds resting upon the rim of a wheel 5.51 inches 

wide are given in table 2. 
The relationships used by Lelievre may be expressed 

algebraically as follows: 
For surface courses 

‘ W 
P= "@.5TLa)/4 

For foundation courses 

ae W 

~ (1.5 7-+d)*/4 

2 Construction of Water-bound Macadamized Roads. 
Report No. 81. 1913. 

P 

Proceedings, Interna- 
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TaBLE 2.—Calculated intensity of pressure on the subgrade caused 
by a load of 8,816 pounds 

SURFACE COURSES 

Thickness inehess— - s-2ss4.- see ee 1.97 3. 94 5.91 7. 87 9. 84 11.81 
Subgrade pressure, pounds per square 

Macks 27.4 17.4 12.3 9.1 inches See Oe ee ee 1102.5 | 4 

FOUNDATION COURSES 

Thitknessy Imchesoceee see sae seee see 5. 91 7.87 | 9.84 | 11.81 | 15.74 | 39.37 
Subgrade pressure, pounds per square 

In Chin Soke o Rae ce eee ee 56.0 | 37.4 ioe ol 20nd 13.4 2.0 

COMBINED SURFACE AND FOUNDATION COURSES 

Thickness of foundation course, 
inches... 2, Spee eee eee 5. 91 7. 87 9. 84 

Subgrade pressure, in pounds per 
square inch, for surface courses of: 

11.81 | 27. 56 39. 37 

BOdinGhés: ees eee ee 19.3 14.7 12.6 10. 2 rt) 2.0 
Ol Inches=: - oes eee T3e2) 10.9 OL eal Biel 7, 
7-09 inches! ss 225 =e ee ee eee CT al OW lees cA ol Se oe eS al Be 
7:87 InCheS:ostsce~ 82-25 ee eee ONT, 8.2 6.8 61 2.8 1.6 

In which P=the unit pressure on the subgrade. 
W=the applied wheel load. 
7'=the thickness of surface. 
d=diameter of the load contact area. 

In using these equations for computing the subgrade 
pressure beneath a pavement consisting of a surface 
and foundation course, it is necessary first to solve for 
the value of D for the surface course (D=2.57-+d) 
and substitute this value of D for d in the second 
formula. 

Mrixine O1u-TREATED GRAVEL IN THE CONSTRUCTION OF A 
FLEXIBLE-TypPE Roap SurFaAce. THE Resistance THAT THIS 
Type OF SURFACE OFFERS TO DEFORMATION UNDER LOAD 
DEPENDS EssENTIALLY UrPon THE DEGREE OF COHESION AND 
INTERNAL FRictTIoNn It PossEsszEs. 

DISCUSSION OF OTHER FORMULAS 

With regard to the values given in the table, atten- 
tion is called to the fact that they have been referred 
to and accepted in this country as data derived from 
actual tests. The facts of the situation may be sum- 
med up as follows: A Mr. Washington who attended 
the Third International Road Congress as a delegate 
from New York State, in reporting his trip to the 
State Highway Commissioner,” listed the French 
pressure values with the comment: 

Very interesting to us are French tests of the amount of 
pressure exerted through the road on the subsoil by a wheel load 
of 4 tons with a 5.5-inch tire. 

_ The data were reproduced subsequently in Engineer- 
ing and Contracting (vol. 42, December 16, 1914) with 
the statement that: 

41 Report of the State Commissioner of Highways (New York), 1913, vol. 2. 

The following notes on the transmission of pressure through 
macadam to the subgrade were made by W. de H. Washington 
in the last annual report of the New York Highway Commis- 
sion * * *, French tests on the amount of pressure exerted 
through the road on the subgrade by a wheel load of 4 tons 
* * * gave the following results * * *. 

Two years later the values appeared in Agg’s 1916 
edition of Construction of Roads and Pavements. In 
1927 Harger and Bonney ” proposed a method of 
design for flexible pavements. In a discussion of the 
method they not only call special attention to the fact 
that their formula for thickness is in essential agree- 
ment with the French test data of Lelievre, as re- 
produced by Agg, but they also show the comparison 
in graphical form. 

The Harger and Bonney formula is predicated upon 
the Massachusetts rule of pressure distribution at an 
angle of 45°, although it is modified slightly so as to 
permit taking into consideration the width of tire 
through which the load may be applied to the road | 
surface. Expressed in terms of thickness, it is as | 
follows: 

Ba AE: 
Ree ioror ais 

In which 7'=the thickness of surface. 
W=the load. 
p=the unit pressure on the subgrade. 
a—width of tire. 

B. E. Gray ** has suggested a formula of the same 
general type for figuring the thickness of flexible pave- 
ments. It takes into consideration the area rather 
than the width of tire contact as follows: 

Wd T=0.564 

In which 7’=thickness of surface. 
W=the load. 
p=the unit pressure on the subgrade. 
d=diameter of equivalent area of tire 

contact. 

The above formulas assume that all types of flexible 
pavements will transmit superimposed loads to the sub- 
gerade at a definite and constant angle with the hori- 
zontal and that the pressure transmitted to the subgrade 
is uniform over the area affected. In view of these 
assumptions it is not surprising that so little considera- 
tion has been given to their use as a means of determin- 
ing the necessary thickness of surface on new construc- 
tion work. 

It is a matter of common knowledge that the resist- 
ance that a bituminous or soil-aggregate mixture offers 
to deformation under load depends essentially upon the 
degree of cohesion and internal friction it possesses. 
Certainly if variations in these properties affect resist- 
ance they in turn will affect load distribution since 
resistance and load distribution are closely related. 
Moreover, it is known that the intensity of the pressure 
imposed upon the subgrade will vary, depending upon 
such factors as the character of the soil material and the 
flexibility of the surface through which the loads are 
transmitted. 

22 Highway Engineers Handboot, Harger and Bonney, vol. 1, Fourth Edition, 1927. 
33’The Design and Construction of Bituminous Pavements. Report presented at 

the rine Meeting of Highway Engineers and Commissioners of Michigan, Hough- 
ton, Mich., 1934. 
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THE WELL-DESIGNED FLEXIBLE-TyrPE Roap ADEQUATELY SERVES MopERN TRAFFIC. 

Ba 

Tue Loap-CarryInG Capacity OF SUCH 
A Roap DEPENDS UPON THE SUPPORTING POWER OF THE SUBGRADE AS WELL AS UPON THE THICKNESS OF THE SURFACE. 

If a formula for surface thickness is founded upon a 
given angle oftead distribution, then the size of the load 
contact area through which the load may be applied 
should necessarily be taken into account. For this 
reason, of the formulas cited that of Gray and those 
of Lelievre are the most logical. The Massachusetts 
formula assumes that the load is concentrated at a 
point; the Harger-Bonney formula assumes that it is 
concentrated on a line equal in length to the width of 
tire. The former assumption is, of course, entirely 
untenable whereas the latter might be a reasonable 
assumption for steel tires but it can scarcely be con- 
sidered so for any modern tire equipment. 

OTHER FORMULAS FOR COMPUTING FLEXIBLE PAVEMENT 

THICKNESS PRESENTED 

Recently two other methods have been suggested for 
designing flexible pavements, one by Hawthorn and one 
by Housel. Although both are based upon certain 
theoretical conceptions of soil resistance and pressure 
distribution rather than upon new or original test data, 
in certain respects they are more complete and logical 
than those already enumerated. 

Hawthorn’s method * is predicated upon the assump- 
tions that the wheel load is distributed to the subgrade 
through a truncated cone of the surface course and 
that the subgrade support under the base of the cone 
is uniform. Considering that the load is applied on 
the road surface through a circular contact area of 
radius a and equating the load to the subgrade support, 

2% A Method of Designing Non-Rigid Highway Surfaces, by George Edward 
Hawthorn. Bulletin No. 83. University of Washington, Engineering Experiment 
Station, 1935. 

assuming @ as the shearing or load-distributing angle, 
measured from the vertical, he obtained the formula 

t= = P a 
~ tand\ rq 

In which =the thickness of surface. 
P =the wheel load. 

=the unit subgrade support. 

When @ is 45° this formula is exactly the same as that 
of Gray, namely: 

1=0.5044/2—a 

In recognition of the possibility that the angle of 
load distribution may vary over rather wide limits, 
Hawthorn proposes a method for determining this 
angle experimentally for different types of surfacing. 
The method involves the measurement with soil 
pressure cells of the maximum value of q on the sub- 
grade directly beneath a load applied on the surface 
and the substitution of this value in the above formula, 
solving for @. 

The use of any of the formulas enumerated for deter- 
mining the thickness of flexible pavements requires, 
among other things, quantitative knowledge concern- 
ing the bearing capacity of the subgrade soil. With 
present methods of test the development of adequate 
knowledge of this character in the field is out of the 
question not only because of the time and expense 
involved but because of the physical impossibility of 
simulating with any degree of certainty the stress 
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reactions to which subgrades are subject under pave- 
ments of the flexible type. 
Hawthorn offers an mdirect method for developing 

quantitative values of soil bearing power. He de- 
veloped an equation based upon the generally accepted 
theory that the resistance that a soil offers to displace- 
ment under sustained load depends upon its cohesion 
and internal friction. This equation also takes into 
account the added resistance to displacement that the 
weight of a road surface may afford. The principle of 
the method is much the same as that advanced by 
Hogentogler and Terzaghi in 1929, wherein the bearing 
capacity of a long narrow loaded strip was equated in 
terms of the two physical properties of the soil men- 
tioned above and the secondary load adjacent to the 
bearing strip. It was necessary, of course, for Haw- 
thorn to modify this method to the extent of considering 
tire contact areas rather than narrow loaded strips. 

While this method of design might be said to be more 
complete than those previously described because ways 
and means are suggested for ascertaining the angle of 
load distribution through the surfacing material and 
the bearing capacity of the subgrade, there is consider- 
able reason to question whether it is any more rational 
in principle. 

In the first place, in view of what has been said about 
pressure distribution beneath bearing plates of different 
rigidity, it is extremely questionable whether the angle 
of load distribution can be determined within a reason- 
able degree of accuracy in the manner prescribed. 
According to Hawthorn’s formula the thickness of 
surface varies inversely as the tangent of the angle of 
load distribution. This means that a change in the 
angle of 1 degree corresponds to a difference in road 
surface thickness of almost 3 percent. Emphasis is 
thus placed upon the importance of having or develop- 
ing an accurate expression of the angle of load distri- 
bution if values of pavement thickness calculated by 
the prescribed method are to be considered more than 
merely indicative. 

In the second place, as far as the method suggested 
for evaluating subgrade bearing capacity is concerned, 
there is some question as to whether present methods of 
test will furnish values of the angle of internal friction 
and unit cohesive force of different soils suitable for use 
in a formula such as the author has developed. 

DEVELOPMENT OF THE MOST RECENT THICKNESS FORMULA 

OUTLINED 

Housel’s method * of flexible pavement design is 
premised upon the conceptions that (1) the amount of 
sustained pressure that a flexible road mat can distrib- 
ute beyond the confines of a loaded area depends upon 
its ability to transmit shear on the lateral surface of 
the column beneath the loaded area, and (2) the maxi- 
mum resistance that a subgrade material (cohesive 
soil) offers to displacement is a function of its shearing 
resistance. 

Briefly the major steps in the mathematical develop- 
ment of his thickness formula are as follows: 

1.—Equation (1) D:= Po tone 

In which p.=the unit pressure on the subgrade be- 
neath the loaded area on the mat. 

25 Design of Flexible Surfaces, by W. S. Housel. : Proceedings of the Twenty- 
third Annual Highway Conference. University of Michigan, 1937. 

po—the unit pressure applied on the surface. 
m,—the unit shearing resistance of the mat. 
tthe thickness of mat. 
b=the diameter of the load contact area 

(considered as circular). 
w,—the weight of the mat. 

4my,t 
The quantity , represents the pressure per unit 

of contact area that is transmitted outside the central 
pressure column by virtue of the resistance the surface 
mat offers to punching shear. This was obtained by 
considering that the unit pressure so transmitted is . 
equal to the unit shearing resistance of the mat times 
the surface area of the central column divided by the 

: mbtmy Th 
il. @. Shag e 

quantity wt represents the weight of the surface mat, 
which in the equation is taken as an additional source 
of subgrade pressure 

Specifically, equation (1) is intended to evaluate the 
intensity of pressure concentration which may be 
transmitted to the subgrade in terms of (1) size of 
loaded area, (2) thickness of surface mat, (3) shearing 
resistance of the mat material, and (4) weight of the 
mat. 

cross sectional area of the column; 

. 2myt 
2.—Equation (4) p,=4 mou += 

In which p,=the total unit bearing capacity of the 
subgrade. 

mj=the unit shearing resistance of the sub- 
grade soil. 

w,= weight of mat. 
t=thickness of mat. 

m,=the unit shearing resistance of mat. 
b=the diameter of the load contact area on 

the mat. 

The quantity 4m, represents that part of the resist- 
ance that the subgrade soil offers to displacement as a 
result of its shearing resistance (p. 123, Housel’s report). 
The quantity wt represents the additional resistance 
that the weight of the mat affords against latera! 

2myt 
movement of the soil; and the quantity h represents 

the shearing resistance that the mat offers against such 
movement. The latter quantity was developed con- 
sidering 6 as the diameter of the load contact area, 
3b the diameter of the subgrade pressure area and 
(trh+37b)t as the total shearing surface of the mat 
tending to resist upward movement of the soil. Thus 
(rb-+-32rb)tm, represents the total resisting force offered 
by the mat, which, when divided by the cross sec- 
tional area adjacent to the load contact area and 
within the outer circle of the subgrade pressure area, 

becomes amt or the downward-acting force of the mat 

per unit of area. 
Equation (4) then is intended to evaluate the total 

unit bearing capacity p, of the subgrade in terms of (1) 
the shearing resistance of the material m2, (2) the weight 
of the mat wf and (8) the shearing resistance of the 
mat m. 

3.—Equation (5) (po=4m, +! ’ 

combining equations (1) and (4), expresses the unit 
bearing capacity of the pavement structure in terms of 

obtained by 
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all the resisting stresses; i. e., the shearing resistance of 
the surface mat and the shearing resistance of the sub- 
grade soil, and in terms of the mat thickness and the 
diameter of the load contact area. 

QUESTIONS RAISED RELATING TO THE ABOVE FORMULA 

Among the questions that might be raised concerning 
the above mathematical treatment of the problem are: 

1. Has proper consideration been accorded the 
condition at the plane of contact between the flexible 
surface and the supporting medium? Can, for example, 
the pressure on a cohesive subgrade beneath a loaded 
area on a flexible pavement be considered as uniform? 
According to the test data of Dr. Press (see p. 205), 
the pressure transmitted to a moist loam soil through 
a flexible bearing plate, uniformly loaded, varied to an 
appreciable degree. 

2. Does the quantity 4m, in equation (4), which is 
considered the sole source of resistance that the sub- 
grade soil offers to displacement by virtue of its ability 
to resist shearing stresses, take into account the size 
of the pressure area? It appears that this quantity 
is a valid expression of resistance only in case the load 
is considered as being applied to the soil through a 
narrow strip, infinite in length. 

: : 2 t 
3. In evaluating the resistance, ( : ) that a sur- 

face mat may offer against lateral or upward displace- 
ment of the subgrade adjacent to the loaded area, is it 
proper to consider this resistance at the outer zone of 
pressure influence as shearing resistance? It appears 
that it is a question here primarily of bending re- 
sistance. 

4. Housel takes cognizance of the fact that for certain 
types of cohesive soil, settlement resulting from vertical 
compression may predominate and that as a result the 
surface mat may not function effectively as an added 
source of subgrade resistance. For this reason he 

ott in equation (5) to aot reduces the quantity 

The question arises in this connection as to whether the 
same arbitrary allowance should be made for all types 
of cohesive soils. 

Earlier in this report the statement was made that 
adequate information at present is lacking concerning 
the effect and intensity of the dynamic forces that 
vehicles impose upon pavements of the flexible type. 
It is largely because of this fact that the methods of 
design which have been developed to date are pre- 
dicated upon static load considerations. In calculating 
the thickness of surface with them, some sort of an 
arbitrary safety factor is sometimes introduced to 
compensate for the possible dynamic or impact effects 
that moving vehicles may have upon the pavement. 

For example, Harger and Bonney advocate an allow- 
ance of 50 percent over and above the permissible 
static wheel load in computing pavement thickness with 
their formula ” 7°. Hawthorn, in addition to advocat- 
ing the same allowance for impact, would base thickness 
upon values of subgrade resistance not greater than 
50 percent of the ultimate strength. Both Gray and 
Housel contend that no allowance need be made for 
impact because the dynamic resistance of flexible pave- 
ments, i. e., the resistance that materials composing 

2° Rational Road Design. by F. T. Sheets. 
no. 3, 1936. 

Engineering News-Record, vol. 114, 

such pavements offer to deformation under quickly 
appled loads, may entirely outweigh any actual impact 
forces. 

SUMMARY 

This report has been devoted to a digest and dis- 
cussion of published material pertinent to the design of 
flexible pavements. It was pointed out that while our 
knowledge of subgrades has progressed to the point 
where they can be prepared more or less according to 
scientific principles or in such manner that they will 
provide reasonably uniform and constant support to 
road surfaces, adequate information is lacking concern- 
ing their quantitative bearing capacity, at least that 
type of information suitable for use in design formulas. 

The question of pressure distribution was dealt with 
at some length. It was brought out that the intensity 
of pressure transmitted to flexible pavement subgrades 
may depend to a large extent upon the degree of rigidity 
of the surface mat as well as upon the character of the 
subgrade soil. In view of this it does not appear that 
we should attempt to apply our knowledge or concep- 
tions of rigid footing stress distribution in soils directly 
to the problem of flexible pavement design. 

Considerable space was devoted to a review of the 
methods of design of flexible pavements that have been 
formulated to date. While these methods have con- 
tributed to our understanding of the factors involved 
in the problem and have served to stimulate an interest 
in the problem generally, they are, as was pointed out, 
premised more upon existing conceptions of soil resist- 
ance and pressure distribution than upon any great 
amount of new or pertinent data. The discussion 

| serves to emphasize the need for the development of 
more comprehensive test data relating directly to the 
problems of load-supporting capacity and pressure dis- 
tribution of flexible pavements resting upon different 
types of subgrade soil. 

Finally, the question of vehicle loads in their rela- 
tion to pavement surfaces of the nonrigid type was dis- 
cussed and the need for more adequate information, 
particularly on dynamic effects, pointed out. It is 
apparent that before the required thickness of a pave- 
ment can be determined by any formula the question 
as to what is the critical wheel load must be answered. 

Specifically, the major parts of the general problem 
that demand first attention seem to be: 

1. A study of the load-supporting and pressure-dis- 
tributing ability of typical surfaces of the non-rigid 
type as influenced by — 

The magnitude of the load. 
. The area of load application and the distribu- 

tion of pressure intensity over the area. 
. The time duration of the load. 
. The physical characteristics of the surface 

course and of the subgrade. 

Sis? 

20 

It is probable that with suitable testing equipment 
much information of value could be developed from 
specially constructed test sections. However, the de- 
velopment of satisfactory pressure-measuring equip- 
ment for tests such as these is not a simple matter and 
an important preliminary task is the development of 
the necessary testing equipment. 

2. The development of data that indicate more 
directly the safe load-supporting value of soils when 
subject to forces and displacements such as obtain 
under road surfaces of the nonrigid type. Factors 
that probably exert an important influence are— 
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a. The size of the area of applied pressure. 
b. The rigidity of the surface through which the 

pressure 1s applied. 
c. The effect of restraint to vertical movement 

around the area of applied pressure. 
d. The physical characteristics of the subgrade 

material. 

3. The determination of the relative effects of slowly 
applied and suddenly applied forces in order that the 
critical load for design purposes may be known. 

It is apparent that the general problem is one of 
wide scope and great complexity. It is one of obvious 
importance. An early solution is not to be anticipated 
but great progress will undoubtedly be made toward 
one by the combined and coordinated efforts of the 
many research agencies now exploring this field. 

THE ANGEL OF SHAVANO 

The Angel of Shavano, illustrated on the cover of 
this issue, is an image created by converging snow-filled 
ravines and can be seen in early summer from U. S. 
Highway 650 near Salida, Colo. It rests on the dished 
east face of Shavano Peak, which is a 14,179-foot peak 
in the College Peaks Range high in the Colorado 
Rockies. As the snows melt away during early sum- 
mer thaws, only the deeper drifts remain, creating the 
image of an angel with outspread wings. 

PUBLICATION ON DESIGN OF CAMP STOVES AND 
FIREPLACES MADE AVAILABLE 

A publication on camp stoves and fireplaces for rec- 
reational areas has been prepared by the Forest Service 
of the United States Department of Agriculture in an 
effort to bring together the best information available 
at the present time. The discussion applies primarily 
to the problems presented in the camps and picnic 
areas in the national forests; but it may apply equally 
well to many other types of recreational areas. It 
should be valuable to highway engineers who occasion- 
ally supervise the construction of recreational facilities 
in connection with roadside development. 

The discussion ranges from the most informal] picnic 
fireplaces and portable stoves to the most intricate 
masonry ovens for long-time camping. It covers auto- 
mobile stoves, cooking standards, campfire circles, 
fireplaces with top grates or plates and with or without 
chimneys, combined fireplaces and stoves, multiple 
stoves, warming fires and shelters such as for mountain- 
tops, and barbecue pits and ovens, as well as the lay-outs 
for camp units. There are right and wrong ways 
shown for building foundations, fireboxes, stonework, 
and chimneys. ‘The materials discussed are iron, brick, 
concrete, stone, and sand. Special attention is given to 
fire hazards, fuel problems, and artistic design in fitting 
the fireplaces into the natural background. The book 
is profusely illustrated with 30 plates, each containing 
several sketches. 
“Camp Stoves and Fireplaces’? may be purchased 

from the Superintendent of Documents, Government 
Printing Office, Washington, D. C., for $1.50 per copy 
(in buckram). 
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PUBLICATIONS of the BUREAU OF PUBLIC ROADS 

Any of the following publications may be purchased from 

the Superintendent of Documents, Government Printing Office, 

Washington, D. C. As his office is not connected with the 

Department and as the Department does not sell publications, 

please send no remittance to the United States Department of 

Agriculture. 

ANNUAL REPORTS 

Report of the Chief of the Bureau of Public Roads, 1931. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1933. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1934. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1935. 
5 cents. 

Report of the Chief of the Bureau of Public Roads, 1936. 
10 cents. 

Report of the Chief of the Bureau of Public Roads, 1937. 
10 cents. 

DEPARTMENT BULLETINS 

No. 1279D..Rural Highway Mileage, Income, and Expendi- 
tures, 1921 and 1922. 15 cents. 

No. 1486D. . Highway Bridge Location. 

TECHNICAL BULLETINS 

No. 55T...Highway Bridge Surveys. 

No. 265T. . . Electrical 
5 cents. 

MISCELLANEOUS PUBLICATIONS 

No. 76MP..The Results of Physical Tests of Road-Building 
Rock. 25 cents. 

No. 191MP. Roadside Improvement. 

No. 272MP. Construction of Private Driveways. 

No. 279MP.. Bibliography on Highway Lighting. 

The Taxation of Motor Vehicles in 1932. 35 cents. 

Guides to Traffic Safety. 

Federal Legislation and Rules and Regulations Relating to 
Highway Construction. 15 cents. 

15 cents. 

20 cents. 

Movable Bridges. Equipment on 

10 cents. 

10 cents. 

5 cents. 

10 cents. 

An Economic and Statistical Analysis of Highway-Construction 
Expenditures. 15 cents. 

Highway Bond Calculations. 10 cents. 

Single copies of the following publications may be obtained 

from the Bureau of Public Roads upon request. They cannot 

be purchased from the Superintendent of Documents. 

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 J.—Uniform Motor Vehicle Administration, Registra- 
tion, Certificate of Title, and Antitheft Act. 

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

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

Act I1V.—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 Bureau of Public 

Roads, classified according to subject and including the more 

important articles in Pustic Roaps, may be obtained upon 

request addressed to the U. S. Bureau of Public Roads, Willard 

Building, Washington, D. C. 
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