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Further discussion of the public aids received by camers by water and 
of the other subjects treated in this volume, and a comparative analysis 
of the aids received by the several forms of transportation, are found in 
volume I. A foreword by the former Federal Coordinator of Trans
portation to this entire series also is found in that volume. 



PREFATORY NOTE 

This volume is in three parts. Part I, Waterway 
Improvemente a.nd Related Aids, develops the costs 
incurred in the provision a.nd ma.intena.nce of waterway 
fa.cilities, including publicly owned terminals, appra.ises 
the ,economio soundness of the expenditures mMe, a.nd 
discusses the "waterway problem" in various of its 
other phll8es. It wa.s submitted in tentative form to 
ma.ny organized groups a.nd individua.ls known to have 
a substantia.l interest in these subjects. It likewise wa.s 
sent to various Government departments for coJnJnent 
a.nd criticism. 

Part n, Government Transportation OperationS. on 
Inland Watefways.-An Ana.lysis of the Inland Water
ways Corporation, consists principa.lly of a.n appra.isa.l 
of the fina.ncia.l results of the Federa.l Barge Line opera
tibns, but also tra.ces the antecedent operations of the 
United States Ra.ilroad Administration a.nd the War 
Depa.rtxnent. It wa.s sent for coJnJnent to the officia.l 
in charge of the Corporation. 

Pert nl, The Pa.na.xna Cana.l, ana.lyzes the results 
a.chieved in the operation of our only toll-bearing 
Federa.l waterway facility. It wa.s reviewed by the 
officials in oha.rge. 

The suggestions and criticisms received from these 
Bevera.l privats and Government sources were carefully 
considered in the fina.l revision of the reports. The 
former Federa.l Coordinator of Transportation ha.s else
where (vol. I) expressed his apprecia.tion for the 
IIBBistance thus afforded a.nd in partioular for that given 
by other Government departments. 

I wish to make grateful acknowledgment of the coop
eration given by members of the staff of the Section of 
Research of the Federa.l Coordinator of Transportation 
and by others. Mr. Henry C. Wilson bore muoh of the 
burden of lISBembling and a.na.lyzing the coats of water
way improvements preaented in chapter IV of part I 
and materia.lly aided on certain of the other chapters. 
Mr. Ja.xnes O. Riley ha.s rendered inva.luable a.ssistance 
in connection with the fina.l revision of this part and 
particularly a.s to chapters ill-VI. Mr. Rona.ld A. 
Shadburne and Mr. Carl J. Baer a.lso require speoial 
mention. Mr. Shadburne aided substantia.lly on 

various parts of the report, particularly those relating 
to the history of water transportation on the Mississippi 
River system, to barge and rail rates, and to the costs of 
barge transportation. Mr. Baer, a former vice president 
of an important cOJnJnon cerrier barge line whose sctive 
and enthusiastic interest in inland waterway probleDlB is 
well known, was engaged to make a detailed study of op
erators' costs. (See p. 55.) The results of his work were 
used in preparing chapter V, but with various modifica
tions and a.xnplifications,made after he left the Coordina
tor's service, for which he is not to be held responsible. 
Others who have contributed in various ways are Messrs. 
W. L.Fulton, Andrew L. Ma.lone, and Ja.xnes W. O'Brien. 
Statistica.l a.ssistance wa.s given by a number of indi
vidua.ls, including Messrs. Rolston Lyon and John S. 
Andrews. 

Messrs. R. M. Stockman and E. J. DeMuth, exa.xnin
ers loaned by the Bureau of Accounts of the Interstate 
CoJnJnerce Coxnxnission, require specinl mention in con
nection with part n. They ana.lyzed accounting a.nd 
statistica.l records of the Inla.nd Waterways Corporation 
a.nd its predecessors to the extent that these records 
were available in Washington, a.nd Mr. Stockma.n 
brought forward an accounting report which wa.s used 
to a large extent in the preparation of this part. Mr. 
DeMuth contributed to various sections of that report 
and particularly to those relating to termina.l coats. 
Mr. R. A. Shadburne a.lso requires mention. Mr. 
Herron Adams rendered va.luable statistica.l a.ssistance. 

Acknowledgment a.1so is ma.de of the services ren
dered by Messrs. Stockman a.nd DeMuth in connection 
with the a.ccounting a.na.lysis presented in part ill, The 
Pa.n&Jna Cana.l. 

The Bureau of Va.luation, Interstate CoJnJnerce 
Comxniesion, kindly furnished data on service lives of 
waterway fa.cilities for each of the three reports. 

Eaoh of the persons na.xned gave much uncompensated 
overtime to the work, for which real appreciation is 
expressed. 

CIUBLU S. MORGAN, 

DiNdor, Oootdinalor'. &diDta oj BulMCA. 
m 
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The highway companies represented in this table 
handled in the calendar year 1935, 2,619,786 tonS of 
freight in line-haul operations and l,973,5i3 tons in 
local operations. They carried 107,727,485 passengers 
in line-haul operations. Assets of the 128 companies 
amounted to $89,508,108. 

No figures 'were presented in this study to show ,the 
use of motor vehicles by class II and Illrailro~, ,or 
by electric railroads, !lor were figures included to show 
the number of motor carriers which 'carried railroad 
freight under contract but in which the railroads had 
no financial interest. The Railway Express Agency, 
Ino., and Southeastern Express Co., subsidiaries' of 
rail carriers, also were not covered in the CollllIlis&ion's 
tabulation. On January I, 1937,. the former :owned 
10,258 vehicles and the latter 483, mostly operated on 
city streets. I 

Statement No. 35-A of Statistics of RailwayS in the 
United States for 1936 shows that 130 operating steam 
railways giving pick-up and delivery service paid out 
$10,209,206 in 1936 to operators of motor trucks or 
horse-drawn vehicles through contract arrangements.' 

To bring this review lIS near 'to date as possible, refer
enoe may be made to an unofficial source which indicates 
that in 1938 railroads made use of a total of 63,781 
truoks. Of this total, 9,111 were reported lIS being 
used in terminal transfer serviCe, 5,890 in intercity 
service, and 48,780 in store-door delivery service.' 

The only ready means of indicating the relative im
portanoe of motor-vehicle operations in which the rail
roads are interested is on the basis of the number of 
vehicles used. It appears from the 1938 figures given 
above that freight vehicles in which the railroads are 
interested constitute between 1 and 2 percent of all 
for-hire trucks operated in intercity service and 15-20 
percent of those operated locally. 

No figures h&ve been found which would fairly reflect 
operation of passenger motor vehicles in rail serv1ce 
after 1936,' but it is believed the number of such ve
hioles would now run to' about 14 percent of the total 
common oarrier busses in intercity operation. 

:'lince May I, 1936, acquisitions of and investments 
in motor-carrier lines by railroads, railroad subsidiaries 
and by motor carriers in which railroads have a sub
stantial stook interest have been relatively emall and 
would ,not materially change the investment figure 
shown above. An examination of finance cases before 
the, Interstate Commerce Commission involving ~ail 
participation in highway operations (36 oases involving 
25 railroad subsidiaries) indicates that lIS of January I, 
1939, the investment of railroad companies had not 

'Tho ... ""_ .... _Iq ___ 

• n" natDDab'- to USUIDt tbat • .., smaD PInIIIl'-" orb &otal dbbanremeul 'ft8'" aent. nrutered b,. boradra ..... wbkIM. 
• Au.tomob1)e hots and Ftrone. 1_ 'Alaaenmplool __ IIl","_oI __ _ 

__ MO-_G_~ .. nr.o.,eoo...-. 
1 M. 0. 0. n: _ No. Mo-l'·lIo. _ M ....... '''' , K. 0. 0._ 

increased' by more than $1,000,000 over what it was , 
3 years earlier. 

Space does not permit a more detailed description 
of the motor operations of the railroads; that is, of the 
relative use they make of motor vehicles in substitution 
for, in supplementation of, or in competition with rail 
service. The aforementioned reports on Coordination 
of Motor Transportation and Regulation of Transporta
tion Agencies define these terms and classify the uses, 
and current railroad literature provides much informa
tion of this kind, includillg some which emphasizes the 
beneficial effects on rail service and costs of coordinated 
rail-motor service.' 

Mention has been made at earlier points (pp. 1 
'and 15) of the importance of motor transportation, 
both urban, and rural, lIS a feeder of traffic to the 
rails.' This function has dimiD.ished, relatively, with 
the growth of intercity motor ~a.risport service. In 
the beginning, the railroads did much to brillg about 
the improvement of roads as feeders. 
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APPENDIX A 

SOURCES AND EXPLANATION OF CERTAIN ITEMS. OF mGHWAY EXPENDITURES 
AND REVENUES USED IN TEXT OF REPORT 

Oomtruclion expenditures.-The Bureau of Public 
Roads tables giving a.nnual construction expenditures 
under the supervision of the State highway departments 
va.ry in the trea.tment of o.dministmtion and engineering 
expenses. The computations shown in table A-1 are for 
the purpose of maldng the data more nearly compa.ra.ble 
for the period under investigation. 

Refunds for comtruclion work performed for otMrs.
The Burea.u of Public Roo.ds tables of State highwa.y 
receipts include an item of miscellaneous revenue or 
miscellaneous income. Alialysis of the returns filed 
with the Bureau by State authorities discloses many 
miscellaneous receipts, such as those from sale of 
material and cement sacks, railroad participation in the-

cost of highwa.y work, cash discounts OD. material pur
chases, equipment and garage rents, etc., which should 
act to reduce the cost of construction or maintenance. 
Information necessa.ry to make such an apportioIlIIljlnt 
is lacking, but as a large part of the reported items are 
of the nature of credits to construction, the entire 
amounts of such items are treated in this report as 
construction credits. Details reported by certain 
States for the years 1925 to 1932 and 1933 form the 
basis of estimates of the total amounts of such credits 
for those years and for the years 1921 to 1924 and 1933 
to 1937, for which no details were reported. (See 
table A-2.) 

TABLa A-1.-A<ijua'''''''' of ..... IrucI' ... """end'!"r .. 0 .. Slate highlJl(J1J ",.Ie".,. 10 'nclud. pro rala .har. of adm ..... !r"""" and 
engi ....... ng """ ...... , 1911-87 

I~~ 
Mt!oallaDeo1lI lI41soallBD8OUI ~Utod 

Peroon' RDeoua upenses (wh6ll mlsoaUaneoaa ~= ezpense!l. reported with ezpemaaof a~~~OD Year I~rlntstratlon OOnstruOtlOD 
ad_In-

01 10 4..,... ....... expendl'ures Uonand 
~~~ ........ uoludod) ..,... ....... 

(I) (1) (1) ('l (8) 

10:11_ ...................... .. , .................. . 
llr23 ..................... ____ _ 
19'Jol ...... __ .... _ ........ _ .... . 
1928 ................... .. 
llni11 ...................... . 
1927 ........................ . 
1028 ......................... .. 
uno .......................... .. 
1930 .......................... . 
1931 ...................... .. , ................... . 
1838 ........... _ ........... .. 

'903 •••••••• _ ••••••• 
ItJ3( ............... _ ......... .. 
IV35 ............................ . 
1~_ ....................... . 
lOS'I ••••••••••••• ___ 

Total AdmIDlstra· OO11IItructiOD Peroent 
tionand ""d 

oonatruction 
anglneerlnC malDtenaaoe otlOtal 

((-6) _clllUre8 (1+7) 

(6) (7) (8) 

Adm1nlstla. 
HOD and 

eugineeriq 
pro rata 
Bh8leto 

......... tIoD 
(6X8) 

(11) 

179 

Adjustod 
construotion 
ezpenditurel 

(1-tt) 

(10) 

_'36,'78 
SOl,m,O'» 
.... 338.800 
4M.806, 106 
410.007,&97 ......,., ... 
.... .... 878 
",,0<3,'38 
&67 ........ 
ns.J17.OIII ..... .... 83. 
651, .... "'" 

01 ....... 480 

471,211.901 
174,172.121 ..... ....... ........ ..., 
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T ABLB A-2.-AnalliBiB oj IfmiBuUaneoul revenues/' State highway departmtmta, 1911-37 I 

r.ul amounts 10 tboDSaDds} 

(0) DISTRmUTION IN YEARS FOIl WHICH INFORMATION IS AVAILABLE IN REPORTS OF BUREAU OF PUBLIC ROADS 

Item 1926 IIl26 1927 1928 1m . 1930 1931 1 193~' 

(6) DETERMINATION OF ITEM (') BY YEARS ON BABIS OF AMOUNTS REPORTED PLUS A PORTION 01' AMOUNTS NOT SEPARATELY 
REPORTED, ON BASIS OJ' PROPORTIONS FOUND IN (0) 

Y .... 
Proportion assIgua

Reported n~~~~. ,~_b_I._to_I;-.. _m_· __ 1 
\ailed ,-

Percent Amount 

Total 
lum. Year 

Percent Amount 
--------------·~---r---+----r___I-----II---~----------I----~---~---~----~--192i _____________________________________ _ 
1922 ____________________________________ _ 
1923 ____________________________________ _ 
19~ _______________________ ~ _______ • ___ • 

1925____________________________ 17,514 1926 ________________ .___________ Ii, 460 
1927 _______________ ~____________ 2,660 
1928____________________________ 2, 961 
1D29___________________________ a. 728 
1930____ _______________________ f., 00f 

'7.237 
8,236 

16,498 
13,'" 
6.721 
8,779 
2.8111 
6,165 ..... 
'.611 

14.5.64 
'%.64 
• 4.6.64 
• 4.5.64. 

SO. 52 
57.80 
21).27 
39.03 
55.4.0 
3L .. 

$3.303 
a,769 
7,074 ..... '.000 2,185 

739 
2,047 
2,769 
1.43<1 

$3,303 
3,769 

~~ 
12,13) 

7,645 
3 .... 
.... 998 
6,497 
6,440 

~ ~e:!s·r:eived hy the State of New lersey In 1931 ($6.961,34.8) and 1932 ($6,868,140) 
from the Port of New York Authority and the DelBware River Joint Comutis3ioD. 
are d13regarded In the apportionment of amounts not separately reported:. 

1~~:.~J.:a.~~~e:tce~~2fte~ ~':'~U:iS':i:~us »t!=::~.lneome, 11m to 

1931____________________________ $7,193 __________ 89.80 __________ f1.1ga 

~::a~::::::::::::::::::::::::::: ____ ~:~~_ --ii9:iir :::~ '--U;in- ~i~ 193L.__________________________ __________ 9.661 46.64 4.359 4.360 
1936 ______________________________ • ___ .__ 8,370 46.M 3.820 Bolla) 
1938___________________________ __________ 9,153 40.64 4, 177 4,177 

1937----------------------------F--~--~-~--=--:-1 ,...,.,.: .. :.:.136:.:-I_= .. =· .. :.:_+--::L::...,.::.:-.I-~I.:.:...,:: 
Total..___________________ 41.121 111.m _______ .__ 62.431 u.w 

• E:a:cludes $5,883.603 received by Pennsylvania from Federal nnempJoyment relief 
lund. For 1933 and subsequent years tbe Items Included in mlsc81la.oeoUJl revenue 
are not exactly the same as (or prior yearJ. However, for present purposes the sam. 
reIatioDSbip o( refunds to tbe totalla assumed. 
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THE RATIONAL DESIGN OF PORTLAND CEMENT CONCRETE PAVEMENTS 1 
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Reference hIlS been made at various points in chap
teraV and VI to questions which enter into the rational 
design of portland cement con!ll'llte pavements. This 
appendix presents a more detailed analysis of this 
matter than could appropriatsly be given there. 

I 81 WU'D1r Tufts. 
• The word "n.Uonal" .. UIIId ben mtulI Dt* m.enlJ' "MUDUblt .. (\hi DldiDarr 
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ao& apnssu:r .... , aDd. wblob CI&DDOl bedepeadtd UpoD bQoud u. .... lbIltb. hr4 __ 0.P. __ ~M_ ..... p._ 
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EARLY snips TOWARD A RATIONAL DESIGN' 

At the close of the World War concrete roads in the 
United States lacked most of the elements of modem 
design. They were narrow and high crowned, con
structed of poorly controlled materials, and their design 
reflected little of the theoretical knowledge of the struc
tural properties of concrete slab which was available at 
the time.' 

Applicalion oj corner Jormvla to .road de&ign.-It was 
not until 1919, and after pressure measurements had 
been taken under the Camp Humphreys (Virginia) con
crete road, that A. T. Goldbeck, then engineer of tests 
of the Bureau of Public Roads, outlined the first steps 
toward a rational design of portland cement ooncrete 
road slab.' His formulas were based on conditions of 
maximum severity. They assumed a monolithic' slab 
spanning the entire width of the road surface, iIIld 
therefol"tl do not apply to interior slab design where a 
longitudinal joint has since become standard. They 
are noteworthy, however, in that they offered the first 
applications of accepted formulas in mechanics to the 
design of road-eurface slab. One of these, referred to 
as the comer formula still is used as a working basis of 
practical design.· 

The application of this· formula to the comer of a 
con!ll'llte pavement slab assumed (1) no Jlubgrade sup
port between the point of loading a.ndthe fulcrum or 
axis of rotation, (2) loading at a point, (3) loading at 
the extreme tip of the comer, and (4) an axis of rota
tion forming an angle of 45° with the two sides of the 
comer. These assumptions permitted the expression 
that the comer thic1mess in design is equal to the 
square root of three times the load divided by the safe 

working stress of the concrete; i. e., x-R 
'.6. hIoIorIeol ....... ' ..... be _ In II. M. W_ """ W. A.. 8laIer. 
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Not one of these assumptions was, however, quite 
true." In addition, the formula depended entirely on 
a determinable value for safe working strees, which 
prior to 1923 was pretty much of a speculation. Never
theless, the values of thickness resulting from this 
equation very closely approximated the edge thick
nesses found to be adequate in actual experience, and, 
therefore, despite ite known theoretical weaknesses, it 
increased in acceptance as a working rule. 

DC'Oelopmenl oj thickened edge as an ekmenl in de8ign 
theory.-As early as 1909, thickened edges in the form 
of inverted or blind curbs were used in Wayne County, 
Mich.,' and thickened edge pavement somewhat simi
lar in design followed in California, in Cuyohoga 
County, Ohio, and in Chautauqua County, N. Y.8 
This practice was directly contrary to the popular 
thickened center design of the period, however, and 
was employed only in special cases where additional 
support was required for vehicles getting on and off 
the pavement or where an especially insecure subgrade 
prevailed, and the presence of such an inverted curh 
might retard the seepage of water from the shoulders. 

It was after the war, however, that general notice 
was taken of the fact that transverse failure proceeded 
inward from the edges. It was at this time, too, that 
engineers were being called upon to look to some 
source other than width limitation for the economies 
necessitated hy extensive construction. Minimum re
quiremente in width had increased considerably. The 
saving in concrete that would result from a diminished 
interior thickness came forward as a solution. Mari
copa County, in Arizona, was utilizing a 9"-6"-9" 
design on 18-foot widths and an 8"-5"-8" on some of 
the 16-foot roadway in a S09-mile paving program on 
which construction was started in 1920.· 

The second step in the direction of a rational design 
of concrete road slab involved the question of interior 
thickness, and appears to have been first expounded 
by Clifford Older, chief highway engineer of Illinois .. " 
He observed that the greatest stresses in the interior 
would occur at the corners formed by the intersection 

• ThoUgh DO aubrrade IDPpon may be Pra8BDt at the ouler oomar UDder ut.reme 
eonaldaratloD8 BDterlng Into dealgo, the aba8Doe of lDeb support wID DOt be 1fteIJ' 
to termlnale at • deftlllte Itraigbt .u-. beyond wblch 8 complete IDPport may be 
expected. On &hi OODtrarJ'. it .. UkeJ, that the t.nmsItto.D lrom oomple&e DODSIlPpoR 
to • mulmum IUPJ)Ort wtU be gradual. thus Dece.dtaUng IODI8 mocno.,tlon In the 
beam theory. Nor dOfll the JoadiD, ever 00ClIU' at 81dDe1l poJnt f8Pft11B1lWd by &.be 
ul.reme comer, for, howenr oIOIIB to the comer It ID:Q' occur in actual cboIu:DJtaDce. 
It .tID will be dl!trlbuled over an appreclable tire oontact IlI'8L ADd thou"b tbII 
area would Itself tend to chlLDge the &IIUJIIecl relation batweaD the distance rrom &be 
lo&diDl e8DteI' to the ula of rotation and the lIDear dtmensloD aloDl til" am. &hat 
relation 11 tnrther disturbed by the praotIcaI a_nee of IUcb a weU-<leftDed uta. The 
tbeoreticsI rupt.OJe from overloadlDg would form I Itni&bt line at 1llI'161 of ~ with 
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'Frank B. Bogen. The OcmCll'llte BoadI of W8;vae CocmtJ', Jdlcb .• Jtnglneertnl 
New .. Oc&. 0, UUI. p. 780. 
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of jointe and cracks, which are frequently present even 
before the opening of the road to traflic loads. He 
assumed the application of the usual corner formula, 
but his contribution was the added assumption that 
the maximum condition would be represented by the 
support of the load over two adjacent corners. In-. 
terior thickness of slab would thus be equal to the 
square root of one and a half times the wheel load 
divided by the safe working stress of the concrete, 

i. e., T=..J1.~W, and would be equal to approxi

mately 71 percent of the edge thickness. 
This interior thickness formula has all the theo

retical shortcomings of the corner formula from which 
it is derived, hut, as in the case of the corner formula, 
it has proved ite practical utility through the many 
miles of acceptable highway surface constructed in 
accordance with it. II 

Design engineers were nevertheless aware at the 
time, not only of the possible weaknesses in the assump
tions underlying these formulas, but also of the fact 
that these formulas anticipated the worst conditions 
and did not allow for the many intermediate ones. 
Nor did the formulas give consideration to the varied 
devslopmente in the use of reinforcing metal. They 
were based on static wheel loads, and it was thought 
by some that the impact produced by fast moving 
vehicles would add materially to the force of the static 
weight. They assumed a closely ascertainable value 
for safe working stress, whereas it was known that the 
practices and conditions of the time caused wide varia
tions even with a specified mix. 

Engineers wanted practical proof of the qualities of 
any design. They wanted to know the relative merite 
of the various designs in actual performance. They 
knew that concrete road slab 6 inches thick constructed 
in 1893 in Bsllefontaine, Ohio, was still giving service. 
They were aware that slab of a uniform 4-inch thick
ness, of a mix having a very low modulus of rupture, 
constituted almost all of the California concrete con
struction during 1912 and 1913, and that two-thirds of 
it was still giving good service in 1920." It was already 
being recognized that cracking of concrete slab did 
not mean it had failed as a surface. But at what point 
in the life of the pavement, and under what conditions, 
practical failure would actually take place was entirely 
unknown. 

In response, therefore, to the practical need of the 
highway engineer, everywhere confronted with an 
unprecedentedly large construction program, two 
intensive field teste were undertaken almost simul-
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taneously. In these tests actual road pavement of 
various designs was to be subjected to actual truck 
.traflic in such degree that destruction could take place 
and eome practical evaluation made of the elements 
entering into such destruction. 

TM Pittsburg, Oalif., ':!:penmenlal roail.-The desire 
of the Columbia Steel Co. of California to determine the 
efficiency of a special reinforcing steel which it was 
manufacturing led it, in February 1921, to ~vite the 
cooperation of all who would be interested in undertak
ing an intensive highway research project involving an 
experimental road containing sections of various designs. 
The intention was to secure information on the relative 
merits of enough different types of pavement, including 
types embodying the ideas of the Columbia Steel Co., to 
enable engineers to design highways with greater cer
tainty of results. It was considered vital that the 
designs and construction methods should represent, to 
the fullest possible extent, the ideas of engineers 
actually engaged in highway construction. . 

Thirteen designs were seleoted from those submitted, 
including three by the Columbia Steel CO." Of these, 
eight were of uniform design thicknesses of 5 and 6 

. inches, and reinforced with steel; four were of the 
inverted ourb type, two of which involved additional 
inverted ourbs beneath the interior portion and one of 
which contained reinforcing, while still another was of 
the Marioopa County type, i. e., plain conorete with' 
thickened edges tapering to the interior thiokness at 2 
feet from the edge." These 13 designs were embodied 
in a oontinuous track construoted on a specially com
paoted adobe clay fill, and were subjeoted to truck 
traflio for 7" hours a day from November 9, 1921, to 
August 21, 1922, equivalent to a total of 7,365,100 
tons, or approximately 12 years of miscellaneous truck 
traflio of 1,000 trucks per day. The applied loads 
varied over a wide range. 

The records of the various tests revealed much that 
was valuable to the highway engineer, as will be indi
cated later in this r&!um6; but the outstanding con
tribution to the problem of road slab design was the 
dBl!lonstration of the eoonomio superiority of the 
Maricopa type, thickened edge pavement slab. 

TM Bales, Ill., ezperimenlal roatlle8/s.-At the end 
of March 1922, while the Pittsburg tests were but half 
oompleted, test traflio was started on the Bates experi
mental road in Illinois, under the auepioee of the high
ways division of the department of publio works and 
buildings of that State." 

"l'UlI7 _ III LID'" AldrIob Uld lobn B. LooDazd'a lie,... '" 1IIah _ 
_ at PIlIol>wa. 001II. 1m Uld •• ~ s_ PtlDIID& 01Il00,-
111.-'1-. HA __ • __ ._"' .............. _.pIus_ 
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This road, consisting originally of 63 sections of 
various high-type pavements classified in 6 major 
groups, one of which was portland cement concrete, 
did not include the thiokened edge principle until 
traflio breaks in the pavements had revealed the 
importance of· strengthened edges. Accordingly, in 
the fall of 1922, additionalseotions embodying this 
design wereconstruoted and the tests were resumed in 
the spring of 1923. 

Like the Pittsburg tests, these sections were subjected 
to continuous truck traflic until the point of destruotion 
was reached; but, unlike the Pittsburg tests, the loads 
were applied in definits increments and in a definite 
number of applications of each successive increment. 
These loadings ma.y be tabulated as follows: 

WhullotJda med and ""mber ./r."nd 1ri1"'lor ",c1Iloadi_Bat .. 
ap .... menIaI road. 19BB 

Gro .. 
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The Bates road tests were planned with two general 
forme of research in mind. The traflic tests were but 
one of these and were designed to furnish empirical 
data supplementary to the other tests, which toOk the 
form of special investigations bearing on important. 
factors involved in the rational design of pavement. 
surfaces. 

Outstanding among these special inveetigations were 
the fatigue tests of concrete. Though the resulting 
data are not readily susceptible to complete analysis, 
they pointed very strongly to the following conclusions: 
(1) Stresses which are small in relation to the stress 
sufficient to cause rupture appear to have a strengthen
ing influence on the slab;K (2) stnB!es equal to 50 .. TIIb_ .. _"' ___ Uld .. _ ....... 
.. "'_ .. ____ or.wmbo_ .. A_ 
o,TIIo_"~_ 
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percent or less of the rupture stress may be applied 
indefinitely without injury to the slab; and (3) stresses 
greater than 50 or 55 percent of the modulus of rupture 
cause fatigue with a rapidity which increases in an 
undetermined way with their relative magnitude. 

The Pittsburg tests had revealed that continued ap
plications of heavy loads would ultimately produce 
flexural fatigue, but the relative magnitude of such 
fatigue-producing loads had not beeD determined. The 
Bates road tests thus contributed a fundamentally 
important element to a rational solution by establishing 
the safe working stress of concrete at approximately 
50 percent of the modulus of rupture." 

The traffic tests were conducted in the hope that, 
among other things, they would bring out, roughly at 
least, the relation between wheel loads and thickness 
for each type of pavement used. When the 1922 
truck runs were completed, an attempt at analysis of 
the data indicated, according to the report, that the 
comer formula "* * * when used in connection 
with the design of rigid pavement slabs of fairly con
stant cross section and having no special provision for 
edge strengthening, may be used with considerable 
confidence. " 

It has been'popularly assumed that these Bates road 
tests definitely established the validity of that formula 
for use in rigid pavement design. Several qualifying 
factors, however, inadequately stressed or altogether 
neglected in the report and generally overlooked in 
consideration of it, should be pointed out. 

(1) Careful examination of the text of the various 
reports, the diagrammatic presentation of cracks de
veloped under the several wheel load increments, and 
the points used in the analysis as indicative of the rela
tion between slab failure and loading, reveals many 
ambiguities which' can be accounted for in no other 
way save that recorded load failures were determined 
by observation and were classified on the basis of judg
ment as "critical", "incipient", "decisive", "progres
sive", or merely "failures." Failures were further dis
tinguished from breaks, which were disregarded unless 
they involved broken sections so emall that subsequent 
applicatioilll of the same wheel load depressed the eec
tion and led to progressive failure due to impact caused 
hy the depression. It is known that cracks may occur 
in concrete, and particularly in a covered concrete 
baee, sometime before they can be observed or before 
their effects (in the instance of a base) can be noted on 
the surface. From the point of view of a formula of 
design it is the inception of the crack that marks the 
critical point. For this reason values of wheel load 
may be said to be overstated in the analysis. 

(2) From the 1922 loadings shown in the foregoing 
table, it may be observed that the second loading 

I' Fat1gue testa oonducted nnder the d.lreot.lon or w. E. BaH at Pardue Univenlty. 
1m, and reported by him In the I'roceed..lDp or the Pourth Annual MeetIDg of the 
Hlgb".y Reaearcb Board. 1_ materlall;y mbttftntlated the.llDdluII or cbeIIe l1llDoJa 
teoII. 

(3,500 pounds wheel load) was preceded by 1,000 
applications of a wheel load of 2,500 pounds, equiva
lent to 71.4 percent of the second wheel load; the third 
increment by 1,000 applications of a load equal to 55.6 
percent and 3,200 applications of a load equal to 77.8 
percent; and that this practice prevailed throughout 
the loadings with increasing importance, until the 
sixth and last increment was preceded by 1,000 applica.
tions of 31.2 percent, 3,300 of 43.8 percent, 3,000 of 
56.3 percent, 3,000 of 68.8 percent, and 3,000 of 81.3 
percent. Moreover, each rear wheel loading was ac
companied by front wheel loads, which in the lowest 
limit equaled 90 percent of the loading used in the 
analysis. Thus, the breaks assumed to be caused by 
even the 2,500-pound wheel load were in reality caused 
by the 2,500-pound wheel load acting together with a 
2,250-pound wheel load, if the conclusions regarding 
fatigue are to be considered even remotely reliable. 
For this reason, values of wheel load used in the 
analysis are materially understated. 

(3) The report as presented overlooked the fact 
that in all rigid types (except the plain concrete and 
monolithic brick), the bituminous surfacing that was 
present, the transference of the loads at joints, and the 
use of bar or mesh reinforcement contributed strength 
or deferred the obeervation of cracks. The effect was 
to reduce the importance of thickness and to minimiZ6' 
the importance of wheel loads, and particularly of the 
emaller wheel loads. 

(4) And though other unconsidered elements were 
present whlch have already been referred to in discus
sion of the weakness of the comer formula itself, one 
important additional qualification should be made. 
The loads that broke the pavement slabs were moving 
loads, while the loads considered in the analysis were 
static loads. 

So long as the actual stresses caused by the moving 
wheel loads were not measured, a correlation between 
the static loads of the same wheels and the destruction 
caused by them in movement could be assum~ to 
include impact or dynamic effect; but two conditIOns 
were present in the tests to offset the validity of the 
procedure in this particular instance. In the first place, 
relatively far greater impacts were present with the 
heavier loads because the same vehicles were used 
throughout the tests, and the final loadings were applied 
under springs considerably ovorloaded, and thro.ugh 
solid tires practically worn out, whereas the sPrI?gs 
were greatly underloaded in initial runs and the tires 
were new. U In the eecond place, the final loadings 
were applied on pavement already rutted ~d cracked, 
thereby accelerating the effects of th~ movmg wheels, 
whereas the initial loadings were applied on new pave
ment. 

II The lmportaDce 01 ~ facIora II abownlD APpep.dis D. DyuamIo Wheel Loads 
aDd Tire Contact Areal. 
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In making these criticisms, it is by no means intended 
to overlook the importance of this pioneering work from 

. the vantage point of a. decade and a half of accumulated 
thought about and experience in road design. His
torically, the Ba.tes road tests were of profound im
portance and influence. They conclusively established 
the advantage of the Maricopa design for plain con
crete; they illustra.ted the advantages of edge reinforce
ment and the transference of loads across joints; they 
indica.ted a ra.tio of a.pproxima.tely 2 to 3 between interior 
and edge thickness; and they provided a factor of safety 
to be used in connection with the comer formula.. 
Through the seeming substantiation they gave to this 
formula., they led to its general acceptance and thus 
standa.rdized rigid surface design within limits which 
a.re still acceptable as close a.pproxima.tions. 

The Pittsburg and Bates road tests may be definitely 
credited with the modem portland cement concretO 
highway. The period sinoe their completion has been 
one of fine modifica.tion and adjustment through wide 
and intensive research, which has been largely influenced 
by the forward impetus given by the tests made on these 
two experimental roads. 

THE WESTERGAARD ANALYSIS OF STRESSES IN 
CONCRETE ROAD SLABS 

TM propmuB of concrete Blab.-{)f the several prop
erties of concrete to be considered in the design of road 
slabs, its resistance to bending-its beam action-is of 
primary importance. The compreesive strength of 
concrete or its resistance to crushing is so very much 
higher than stresses from a.ny loads likely to be im
posed on a. road surface that it may be ignored in sur
fa.ce sla.b design.'· The tensile strength of concrete, 
on the other hand, is very low but may be disrega.rded 
in oonsidering the effect of traffic. The tensile stresses 
produced by wbeelloa.de a.re likely to be small in com
pa.rison to such stresses ca.used by the expansion and 
contraotion of the sla.b under the influence of tempera.
ture and moisture. The low tensile strength and the 
high degree of friction between the slab and the sub
~e, however, a.re responsible for the cra.cks that will 
inevitably occur in the pa.vement unless joints a.re pro
vided to relieve the tension produced by such expansion 
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or contraction. The closer the spacing of these joints, 
the less likelihood there is of the formation of such cracks. 
It was the 5-foot joint interval of the Bellefontaine.,Qhio 
pa.vement that enabled it to withstand over 40 years of 
service without the development of these natural cra.cks, 
and simila.rly it is the joint interval of the concrete side
walk that enables it to withstand weather changes 
without the development of tensile ruptures. This 
tendency towa.rd tensile rupture is also reduced to some 
extent as the thickness is increased. 

As indicated, the value of concrete slab is in its beam 
action; i. e., its capacity for spreading loads over wide 
areas of subgrade and thus increasing the load capacity 
of a. uniform but soft subgra.de, or for bridging the soft 
spots in a nonuniform one. If a. subgrade were per
fectly stable, this cha.racteristic of concrete would not 
be essential, and if at the same time concrete were used 
purely as a surface finish to provide smoothness and 
resist abrasion, it possibly could be laid with the thick
ness and slab areas of sidewalks. Subgra.des, however, 
a.re not stable, particula.rly in the presence of moisture 
and frost, and frequently they la.ck uniformity. 

In addition to compreesive and tensile strength, a 
third type of strength, therefore, is necessarily present 
in concrete in the form of resistance to rupture in bend
ing. It is, of course, closely rela.ted in character to 
tensile strength, because in a given beam the modulus 
of rupture is determined by the rupture stress of the 
outer surface fibers in tension. But since the rupture 
point is beyond the elastic limit of the material, the 
modulus of rupture in flexure is higher than the modulus 
of rupture in tension, and must be determined by test. 
In the type of concrete used in road construction this 
modulus will vary between 500 and 750 pounde per 
squa.re inch, at 28 days after pouring. 

The bending of a. beam produces compreesive stresses 
in the fibers of its conca.ve surfa.ce and tensile stresses in 
those of its convex surface. For this reason, still 
another element to be considered in analyzing the 
resistance of concrete to bending is the relative magni
tude or modulus of its elasticity. This modulus is the 
ra.tio of the longitudinal stress, in tension or compres
sion, to the accompanying strain or deformation. 

Deformation, however, is not in one direction only, 
for as one dimension changes under load another dimen
sion cha.nges in an opposite manner. Stretched wire be
comes thinner, or a compressed cylinder expands later
ally. When, therefore, Hooke's law· is applied to de
forma.tion for the determinataon of stresses, one unit 
deforma.tion must be modified by the other. The two 
being considered proportional to each other, the ra.tio 
of the unit lateral deformation to the unit deforma.tion 
in the direction of the applica.tion of the force is a con
stant and is known a.s Poisson's ra.tio. the value of which 

.TbIa .... _ ..... _tbo __ oI. __ Io~ 
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in the case of concrete used in road construction may 
be taken as 0.15." 

When a load is applied to au. elastic beam, the result
ing stresses are calculable, within the limits of the as
sumed conditions, o.ccording to ordinary postulates of 
theoretical mechanics. But when beam o.ction takes 
place in all directions, as with an elastic slab, and when 
that slab is in turn supportsd throughout its length and 
width by a subgrade also elastic in its reaction, condi
tions are present which call for special theoretical con
sideration. The variability of such conditions must also 
be considered, as, for example, in the matter of sub-grade 
support, position of load, and area of load application. 

Westergaard wad BtresB equation8.-In 1926 Harald M. 
Westergaard presented the results of such a theoretical 
consideration, upon the basis of which a series of tests 
was conducted by the United States Bureau of Public 
Roads. These tests provided data which pointed to 
supplementary amplifications of the formula, published 
in December 1933." 

The assumptions underlying the original analysis 
were that the slab would o.ct as a homogeneous, elasti
cally isotropic solid in equilibrium and that the reac
tions of the subgrade would be vertical only and would 
be proportional to the deflections of the slab. Thrce 
conditions of loading were examined as being repre
sentative of limits: (1) A wheel load applied close to a 
rectangular comer, tending to produce a comer break, 
with the critical stress,at the top of the slab; (2) a wheel 
load applied at the interior of the slab surfo.ce, with the 
critical stress occurring at the bottom of the slab; and 
(3) a wheel load applied at the edge, but away from a 
comer, and again, with the critical stress occurring at 
the bottom of the slab. The first of these, being an in
termediate condition, does not need to be considered in 
practical design, since the equation would result in 
smaller values for comer thickness than for edge 
thickness. 

The assumption that the subgrade reaction would be 
proportional to slab deflection was found, through the 
tests, not to be wholly valid in the case of interior load
ing. Actually there was a closer concentration of sub
grade reactions around the load than of deflections. 
Accordingly, a correction was introduced in the formula 
for critical stresses developed by a load applied to the 
interior of the slab. 

The followihg two equations, for critical stresses pro
duced, are the result of this further analysis by Wester-

II ~. B. RJehart aDd N. a. :BoY. Dtgeet of Ted Data OD PoIBIoo'. neUa for Coq. 
crete. ProceediD. ... A'Dl8I'Iean Society for TMtlDI Mater1all. vol. 80, pan I, 1930. 
PP.861-80'7. TMtI made In 1001 by A. N. Talbot ClOver. range which apprmlmatel 
the reported llmJta tor the 8llt1re digest,). e., from 0.10 to 0.80, tbe larpr nlWII OCCIII'
riDr 01011 &0 the ulUmate load.. 

a The original theol'J' II Pr68BDte4 In Btreues (rI ConOl'8te Pavement Computed 
by TheoretlCBl A,.nalyaIJ, b,. H. M. WeaLerpard. PubUo RoadJ, AprO 19'J11. Tbe 
IUPplamonWy aoalrm IPpearalD Analytical Tool, lor ludgtDl Result. of Btm. 
tural Teetl o( Concrete Pay.menta. Publlo Roadi. Deoamber 1031. Tile teatl re
ferred to are d1scuJaod in the Btruotural D8Ilp of Conare&e Pavementl, by L. W. 
Teller and E. o. Sutherlaod. Public RoadI, October lUM. 

gaard, pertinent to the practical design of concrete road 
slab: 

S.=2.117(1 +O.54cr)~ [log(%)+i log(ID-0.2666J" 

S.=l.l(l+cr)~[log(%)+i log(ID-0.089 

At l)' ] .. -13.6.'\1, Z 

wherein S, and S. represent edge'and interior stresses, 
respectively, and 

P=load on slab. 
h=slab thickness. 
cr=Poisson's ratio. 
a=radius of area of load distribution. 
b=.J1.6a'+h'-0.675h when a is less than 1.72411., 

and b=a when a is greater than 1.724h. 
E=modulus of elasticity of concrete in slab. 
k=modulus of subgrade reo.ction=load per square 

inch of area per inch of deflection, expressed in 
pounds per cubic inch. 

'/ Eft} . 
l=V12(1-.r)k measure of stiffness of slab 

relative to stiffness of subgrade. 
'/Ef!TT" K=kl=V ~=coefficient of subgrade stiff-

ness. 
L=maximum value of horizontal radial distance of 

the resultant of the load P from the point of 
application. 

Z=reduction ratio of the maximum deflection. 
Values of L and Z are to be estimated for the particu

lar circumstances according to a procedure outlined, 
and are to be based on particular test results. A plausi
ble value of L may be 5l. Z is positive, but less than 
0.39. Test experience has suggested 0.2 as a possible 
norm. 

Logarithms are to the base 10. 
The multiplicity of terms involved, confusing though 

it is to the general reader, may be taken as indicative of 
the inclusiveness of the equations. They are not 
susceptible to direct conversion into equations for 
thickness h. In the generalized type formula, S= 
m(c-g:), say, to which they both conform, the coeffi-

cient m contains f. and if II. did not recur in the term 

(c-g:) it could be said that the thickness was directly 
proportional to the square root of the load, as in the 

case of the beam formula, i. e., that h=~~(c-g); but II. 

does appear in the term (c-g:), not only as log II. but also 
as an element in log b and log K, and it cannot therefore 
be exo.ctly isolated by mere algebraic manipulation. 
Moreover, the fact that it does so reappear establishes 

-It ....... (OIl) Public ~ »-OO .... loaa. p.180. 
II BquatloD (31) .ame. p. 188. 
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that under the theory the thickness will not vary exactly 
Ill! the square root of the load. 

The element of the load, however, is a. constant in 
the coefficient and does not appear elsewhere in the 
formula. Therefore, under fixed conditions other than 
load, stress is always proportional to load, and the 
ratio of load to stress, under the given conditions, will 
be a. constant. If, then, various values of this ratio are 
derived for any given set of conditions, but for a range 
of different thicknesses a.nd radii of contact arelll!, a. 
graph may be made which shows the thickness required 
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specification calls merely for the minimum. Similarly, 
the thickness resulting from the application of the design 
theory will serve but Ill! a working minimum. And the 
equations themselves, comprehensive though they 
appear, leave out of consideration, as Westergaard 
points out, causes of change in the volume of the slab, 
as temperatUre and moisture, the effects of the grada
tion in thickness between the edge and the interior, 
and the results of local soft or hard spots in the sub
grade. They also ignore the horizontal components 
of the reaction of the subgrade and the dynamic 

0 2 4 6 8 m ~ ~ 16 18 
WHEEL LOAD, THOUSANDS OF POUNDS _ 11-1.-_ "'_ wbeol-lold and 1*"."l1t __ "' In_,.. _t_or ... __ ndIaI, with B-lOOpounda .... oq .... lnall,t-IOO 

PO_ PI' _bIG -. ..... oao.aoo poIlIlda .... oq .... lnob, .. O'lI,(/E-G .... 0Ild z-o.a. 

for a partioular wheel load and with a particular contact. 
area. This procedure in its many possible modifications 
is accepted practice for the determination of slab thick
ness according to the Westergaard equations. It is 
resorted to here in figures B-1 and B-2 and tables B-1 
and B-2. 

The inclusion in an equation for road alab design of 
such small variables as Poisson's ratio, for example, 
does not. mean that. the last. word in a rational design 
hill! been attained or that it is expected that construction 
practice will exactly conform to design specifications. 
When a modulus of rupture is specified for a particular 
design. it is known that it will vary widely, and the 

effects due to the inertia of the pavement and tha sub
grade. Moreover, the design theory, however sound ita 
basis, depends for effective practical application on the 
accuracy with which its elements can be measured. 
Progress in the immediate future would seem to lie in 
the improvement of this technique of melll!urement.
an improvement which is gradually taking place in the 
laboratory. 

Gradatioo in lhidrnu8from edge to inWior oj ala6.
Were the relation between slab thickness for edge and 
interior loadings independent. of the manner in which the 
transition between the thickened edge and the interior 
is achieved in practical construction, the Westergaard 
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FlOUR. B-2.-Relatloo between wbceJ.Joad and pavemont slab thickness at edge for dUl'erent values of eoutact area radius. with 8-300 pounds per IQIIIn lDobJ:-lOO 
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equations indicate that it would vary somewhat with 
the thickness/contact-radius ratio, h/a, and with the 
modulus of subgrade reaction, k. The relation, how
ever, appears to be modified by the transition design. 

In tests by the Bureau of Public Roads, on a subgrade 
having a modulus of subgrade reaction, k, of approxi
mately 225 pounds per cubic inch, and with loads 
applied through a bearing block having a radius of 
4 inches, the most satisfactory transition design of 
several tested appeared to be that in which the transi
tion between the edge and interior thickness was made 
at a constant rate in the outer 2 or 3 feet of the pave-

ment slab, the thickness there alter remaining uniform. 
With such a design, and under the conditions of the 
tests, the Bureau concluded that "the thickness of the 
extreme edge must be about one and two-thirds times 
that of the interior of the slab if the section is to be 
completely balanced for stresses caused by load." II 

TM tffects oj multipu-wMel loadings.-The discus-

.. L. W. TeO .. and Earl C. Botherland, The S&nJcturaI Deaip 01 00Dcnte Fa ... 
menta, pL a. Public Roads. Deeembar lD35. p. 211. Thto modulua of eIutIcI&y of U. 
IDODcrete, B • ... 5"aoo.OOO poundl per aqlW'8 loeb and Pol8:m', nUo. " wu lakeD 
.. 0.16. WICh tb_ 'VaInu tbe wett.erRBard equadonl point to lID edn ~ 
dicbUy IP"8te1' thaD one IIDd cme-lhlrd Um8I that or &be Iolerfor I&lr • baIaDoI tD -. 
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sion thus far has related solely to the effecte produced 
by a single wheel load. In the case of two vehicles 
passing, and that of the six-wheel truck, loads are 
applied to the pavement at points in close proximity 
to each other, and the question arises as to the possible 
superposition of the resulting stresses. 

Tests conducted by the Burea.u of Public Roads in 
1925 led to the conclusion that "In the case of the six
wheel vehicles the maximum tension produced in the 
pavement seems to be a function of the wheel load and 
not of the axle spacing."'" Westergaard's conclusion as 
to this problem, on the basis of theoretical analysis in 
1926 was"* • * that the main part of the state of 
stresses at a given point is due to a wheel load right 
over the point," IT Again in 1935 the Bureau of 
Public Roads reported the results of further teats and 
again concluded,"* * * the data indicate that if 
several loads are applied simultaneously, as would occur 
in the case of a vehicle on the pavement, the critical 
stress under each load will not be increased by the 
presence of the other loads, providing the distance be
tween the loads is approximately 3 to 4 feet or more. 
Thus it is to be expected that four- and six-wheel 
vehicles of the usuo.l types will not have wheel loads so 
closely spaoed that tha effect of adjacent wheelloada 
on stresses need be considered." .. 

SCrusea d'IU '0 IIOlume cha1lge8.-The Westergaard 
load stress equations include no allowance for the in
fluence of contraction or expansion stresses, resulting 
from temperature or moisture changes, on the total 
stresses to be considered in pavement design. The 
knowledge that such changes have an appreciable in
fluenoe has raised a question as to the minimum prac
tioa.l thickness for concrete pavement slab.'" An 
analysis of these stresses as supplementary elements 
in design is presented by Westergaard in Public Roads, 
May 1927. He introduces the discussion with the 
following statement: 

The fact that oracka 8Omotimea dovoiop In a now pavement 
before any load is put on it shoW8 tho importan .. of tho au
which ordinarily are eonsidored to he aocondar;r-su- cauood 

• L. W. TolIor. Tho 8h.·WhooI Truok .. d U. Po_" PubUo R_ 0aI0 ... 
las. P.11M. 

PH. M. w_._ .. eon ..... Po ........... 00mpa1Od byT-'1IeaI 
A_ PubU.Roada, April ' .... p .... 

• L. W. NlerUld S. C. Bu.dawlu.d:. Tbe 8audun1 J>eslaDoteoa.nc. Paftlllllld, 
p&." Publlo R __ ... , .... p.1l .. 

-lD. \be Report. or IItt:blrQ B..rob ., PiUsburI. c.ur., 1821 .... ~ WD.~ 
)entuncldeoUoDllDlbatd.-olU. ...... tslab.ooaontDalD .... 'ftU.DIIIaIIIlW, 
are DOted IS ...... or ~ cnon. nil ... .,,: "Tbllil atlribu1able &8 two 
.u.s ",blob. DlQ blmme deer- Ullnde:puldeuUy but ud.er IDCIIl condItloua ad 
JoInIl7 _" 0 ... 01_ .... dl\Iooo .. U. _uol _ of U. ..-
a_oIu. ........ -..oIOho1r_ ... __ Tho ....... U. _oI .. ___ b7U. __ oIU. ...... _ 
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by changes of temperature, by setting of tho eoncreto, and by 
ohanges of the moisture eontent. In a pieco of concrete free to 
oxpand and oontract tho setting will produce a shrinkago equal 
to that caused by a certain dlop In temperature, and the ahoorp
tioD of moisture will produce a owe\liJlg equal to that produced 
hy a oortain rise In temperature. In each ..... the _tial 
feature is a tendency to chango of volume. Thus, the otudy of 
stnoBses due to variationo of temperature will supply Information 
also ahout the other secondary stresses. With thio condition 
In viow, tho disoussion is limited to tho ..... of variation. of 
temperature. 

Tho streasea caused by variationo of temperature should he 
considered from two point. of view. Ono has referen .. to tho 
early life of tho pavement, before the pavemont has obtained it. 
full strength and before it has heen opened to traffio. The other 
has referen .. to the later life, after tho pavement has gainod 
Btrength and after it has been opened to trame. AooordiDg to 
the first point of view, tho stresses cau~ by variationo of tem
perature are oonsidered as an Independont cause of oracka and 
are treated by themselvea. Aooording to tho other point of view 
tho temperature stnoBses are to he eomhined with the stresses 
caused by tho loads. This combination in moat caoea is a Dimplo 
matter of additiOn. 

Whatever partieular olfeot is otudied, three placea on tho panel 
of pavement should he examined-tho comer, tho Interior area, 
and tho edgea. 

Two type cases of tempera.ture variation are studied. 
One involves the slower changes, such as are caused by 
seasonal differences in temperature, etc., assuming uni
formity in temperature throughout the slab at any 
given moment. The analysis is simple. The uniform 
change is found to be unimportant as a contributory 
cause of comer breaks, and, though it results in stresses 
of considerable magnitude in the interior and at the 
edge, which in a continuous slab would have to be 
added to those oaused by a load, it need not affect 
design in terms of thickness. These stresses, which 
may be relieved naturally by tbe plastic flow of the 
concrete, are in practice relieved by appropriate spacing 
of longitudinal and transverse joints. 

In 1916, Charles Upham was introducing joints in his 
pavement construction in Delaware, spaced in conform- -
ity with the observed average spacing of cracks occur
ring naturally in similar surfaces of the period. In 
1925, Goldbeck presented & rational method of joint 
spacing, based on theoretioa.l analysis of the several 
factors of slab dimensions and weight, the coefficient 
of subgrade friction, the allowable tensions in the con
crete and the rsinforcing steel, and the moduli of 
elasticity of the concrete and steel.· 

The other type case in Westergaard's temperature 
stress analysis involves unequal temperature changes 
within the slab, caused by quick changes, BUch as & 

change from & cool night to & hot day, and vice versa. 
This results in ourling stresses which may combine with 
wheel load stresses and require consideration in design. 

The magnitude of the temperature stresses occurring 
in a road slab, i. 8., a slab long in relation to its width, .... 'I'. ___ 01~ ___ _ 
... o-... ___ A ___ & __ '1'110 _ 

_ oI_~ ... o-..._""'-b7B.M.W_ .-.1"' ___ .-
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may be computed by the aid of the following equations: 
For lateral stre8ses: 

[ 
2 cos XcosliX( 

S,,=S. 1 sin 2>.+sinh 2>' (tan X+tanh X) 

cosl~coshl~+(tan X-tanh X) sinl~sinhl~)Jn 
in which 

S. Ee,' 
0=2(1-,,) 

b 
X=l..[8 

E=modulus of elasticity of concrete in slab. 
e,=coefficient of temperature expansion. 
'=differencein degrees Fahrenheit in temperature 

at top and bottom of slab. 
,,=Poisson's ratio for the concrete. 
b=width of slab. 
lI=distance from longitudinal axis to point of 

stress." 

'/ Eh' 
l=V 12(1-rr')k radius of relative stiffness. 

h=thickness of slab. 
k=modulus of subgrade reaction in pounds per 

cubic inch. 
For longitudinal stres8es; 

Computations follow for the stresses due to a 20° F. 
difference in temperature" varying uniformly between 
the top and bottom of a lO-foot road slab. It is assumed 
that E=3,000,000 pounds per square inch, e,=0.000006 
inches per inch of length per degree Fahrenheit, k= 100 
pounds per cubic inch, and ,,=0.15. 

II EquatlOD (2), Analysis of Skeaaea In Concrete Roads OaUled hJ' VarlaUoDlm 
Temperature, by B. M. Westergaard, Pabllc Road.8. Ma,,1927. 

n Mulmum B.II d8'feJoped at '-0. &era 8 •• 18 developed at ,-}. 

• EQUItion (21), Anal,. of B&ftIIe! to Concrete Roads Caused by Vlffatloas III 
Temperature, by B. M. Westergaard, PubJic RoadJ, Ma, 1927. ThIJ potation II 
Identical wiSh that for the equation for R,.. 

II See tbe (oUow1na: 

DaR, limper • .", data, 1ft d.~u~f;:' UnUtJII Slid,. WNlAIr .,." 

PIaee 
Period of A versgG A veJ'flge 
record daUy dally 
Joars Dla:Iimum mluJmum 

A ...... 
daJly 
ra .... 

------1---1·-------_ 
68 82.4 tAl 2 
69 76.8 a.O liB _________ ••. ___________ . 
tl2 as 41.8 
48 ,g.s 44.0 

,u 
'U 
17.0 
'U 
'''" 

Val,... of temperature .Ir", 10 b. added 10 interior IoCld .Ir ... 

Slob thIok· Lateral Interior LonKitudlnoJ 
inwlorstre91 

ness (Inches) stress (poundlll (ponndsper per square IDcb) lClU8l'8lneb) 

,~ ... 2lC , 1BO "" • 117 '08 
8 .. '00 

'0 88 , .. 
U '" 183 

I In practical d8llgn of preseJlt-da, concrete road alIb •• 2-lnch thlckQ_ Dever 
occun. 

At the edge of the slab the values of temperature 
stress to be added to load stresses do not vary with 
thickness. Here, lateral stresses are of course zero. 
Longitudinal stresses vary with conditions other than 
thickness, and for those assumed in the table above 
they are a constant 180 pounds per square inch. 

In the case of the interior of the slab, computations 
should be made for both lateral and longitudinal tem
perature stresses and those having the higher value, in 
either instance, should be added to load stresses. 

The temperature stresses may in instances be con
siderably greater than load stresses." Thus, Bates road 
records indicate differences of temperature of a much 
wider range than the 20° F. used above. When volume 
changes due to sudden moisture changes accompany 
these temperature differences, the resulting stresses, 
insofar as they are additive, may importantly reduce 
the load capacity of pavements. Moreover, the con
stant correotion at the edge, occurring with a variable 
correction at the interior, results in a distortion at 
certain points in the normal design relation between 
edge and center thickness. 

These complications are due primarily to two factors, 
which in no way impair the validity of the theory 
under the assumptions used. (1) The Westergaard 
analysis assumes a uniform gradation in temperature 
between the top and the bottom of the slab. The 
Bates road thermograph readings show that this is an 
exceptional condition. (2) Load stress design requires 
a gradation of thickness increasing from interior to 
edge. The temperature stress equations, however, 
assume a uniform thickness. 

A series of tests were conducted by the United States 
Bureau of Publio Roads between 1930 and 1935, to 
serve as the basis of a general investigation of the 
problem of concrete pavement design. A part of this 
study dealt with the effects of temperature and mois
ture conditions on the size, shape, and load-carrying 
ability of pavement slabs. According to the report," 

II Compan Ts.ble I, 8UeIIeIlu COD(!l1lte Pa~tI ComPUted bJ Tbeardtcal 
A ........ b, B. M. w __ • Pub'lco _ A ... " .... 

• The I'luaral report, The Struc'uraI Deelan of CoDCnCI PaftDtlDu. ." L. W. 
Teller aDd B. O. Sutherland. " In four paru. .. 1oUowa: PI. L A J)ea1ptJoD 01 
tbe InT_lgaCloD; PC. I. Ob:ler'ved Btlectl or VlII1adoDllD Tempera&un and Moll
tare 011 lbe She, Sbape, ad Sve. R8IIstaDal 01 00Dcrete Pavement Slabs; PL L 
A Btud,. of Oononte Pavement en. aeetloDr, Pt. 4. A Stud,. of tbe 81.ruetural 
AattoA of 8eftnl TJ'PI'I 01 1'nDr'twsI aDd LoDcltudlnal JolD& DeelpI. T~ 
partaappeared ID Publlo Boacb. lor Octobar. Nonmber. and December J815. IIDd 
Soplember , .... _,.e1,. 
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it was planned ... • • to provide information, 
not heretofore available, on the complex relations cre
ated by temperature and moisture variations, and the 
practical significance of these relations with repect to 
the design of the pavement slab as a load-ca.rrying 
struoture." IT 

The report ooncluded: 
It ia definitely Indicated by all of the data * • • that, 

except In the Immediate vicinity of the slab edge, the pavement 
should be of uniform thickness * • • that the edge thick
ness need not extend more than approximately 2 feet from, the 

. edge 0 • • that the desired balance of str ..... ia accom
plished to a latiafactory degree by a cro ... ection in which the 
increaoe In a1ab thickness ia developed at a uniform rate BI the 
edge I. approached." 

And finally: 
Since a balanced croeo section should in all O&SOI be deoigned 

on the baoia of combined load and warping stresses, it ia ob\10us 
that economy demando that the etre .. e. resulting from warping 
be UmIted to low values.· The moet practical way of doing thllt.l. 
by oonstruoting .hort pavement slabo. In short slab. the cro .. 
IOction may be designed on the bBlia of load alone." 

Historioally, however, just as slab thickness ho.s been 
added to compensate for the unknowns in subgrade per
formance, and just as a safety factor allowance is made 
for unknowns in materials, so metoJ reinforcement ho.s 
been used as a safeguard against the undetermined 
elements in volume change. 

Sled Nitiforcement.-Early tests of· reinforcing in 
pavements, which include the Pittsburg and Bates road 
tests and those conduoted at about the IlILme time by 
the Bureau of Publio Roads," indioated some retarding 
effects of the reinforoing metal on the formation of 
visible cracks, and a very marked oapacity to hold the 
cracked portions together and thus prevent the pro
gressive destruction that follows the development of 
such cracks in plain concrete. This action depends, 
not so much on the supporting powers of the metal it
self, which would involve its shearing strength, o.s on the 
binding effect due to its elasticity and tensile strength, 
which tends to hold broken sections sufficiently close 
together to secure by the friction between the rough 
fooes of the fraoture a high degree of mutual support 
under moving loads. The use of reinforoing metal in 
some form is almost universal in oontemporary con
crete surface design where fraotures are liksly to occur 
from uneven subgrade performance or unequal volume 
change. 

.In a summary of the status of the problem of rein
forcement, presented before the IDghway Research 
Board it is stated: 

When tire, deposited on tha oubgrade in a plas\io .tate, tha 
eonorete comprising both pavements and pavement baaoa may 
.hrink due to loss of moiB\ure, and may 1_ wlume due te aoIu

• Tho _ DooIpel 0a0IcnIe Po_ ep. 11&. .... 1, p. ..... 
·_ .... Lp. .... 
._J>L .. p. .... 

. • L. W. 'hIIor. _ '!'eI .... 0a0IcnIe Po_1IIabo, '''I>l10 IIoodo. £i>rII -

\ion of cement oonstituents. After hardening, It may swell due 
to moisture absorption, may ahrink due to moisture lOIS, may ex
pand due to rise in temperature, may contract due to drop in tem
perature, may warp due to the temperature or moisture oontent 
in the top of the slahs di1fering from that in the bottom of the 
slabs, may dietort due to nonuniform subgrede aupport, and may 
detiect due to traffic loads." 

In the report it is further explained how steel reiIiforee
ment reduces these changes and the stresses ca.Used by 
them: 

During the shrinkage of plastic ~oncrete It IOrves to reduce 
the extent of transverse and longitudinal movement of plastic 
ooncrete; to dietribute uniformly throughout the length and 
breadth of slab. that movement which does occur; and to reduce, 
according to indications, the vertical permeability of slahs. In 
this manner it eerves to reduce the amount of cracking of plaetio 
concrete and tend. to inorease the uniformity of the conorete 
existing at dilferent locations in the slab. 

During the shrinkage and owell of rigid concrete it reduces the 
extent of swell due to wetting and of shrinkage due to drying the 
concrete and thus aerves to reduce the' amount of cracking due to 
the alternate wetting and drying of eoncrete .lahs. . 

During the contraction and expansion of oonerete it servOl to 
hold fractured slahs together and thus decreases the widths of 
the cracks due to the contrection of concrete. Thie benefit ma" 
hs utilized with a knowledge of the subgrade friotion to prede
termine the length of slab wbich can be meintained free of eon
traction cracks. 

During the warp it reduces the magnitude of movement due 
to swell, ehrinkage, and flow of concrete, and therefore, when 
properly placed in the slab would serve to reduce the warping 
produced by these phenomena. 

During the bending of slabS due to nonuniform 8ubgrade 
support it allows greater stretch of the eonorete before the 
appearance of visible cracks, and, within UmIta, prevents the 
IOparation of cracked Blab fragment.. These benefite utilised 
with intelligent crack control permit tha determination of the 
length of slahs which can be meintained free of cracks due to 
nonuniform subgrade oupport. 

During the bending of slahs due to load it tendo to reduce the 
magnitude of impact. due to wheel loads because reduction in 
faulting produces omoother pavements and tendo to increaoe 
very appreciably the modulus of rupture of eIab. laid on wet 
lubgradOl. 

The report deals with the functions of steel reinforce
ment. However, it is supplementary to a previous 
investigation of the Highway Research Board, which 
deals with the economio value of reinforcement." The 
first um,e conclusions of the latter report are as follows: 

1. The amount of oreoking and eubsequent disintegrating fa 
a funol;ion of \ime; thus the rate of oreoking fa a measure of the 
life of tha pavement. 

2. The date ahow that steel reinforcement reduced tha rate 
of oracking and thus inoreaaed the life of tha pavement. Th!. 
appU .. tc both eonorete pavements and other pavements laid 
upon a eonorete base. 

S. Crack reduction fa more eoonomioaJly acoompliehed by the 
..... of ateel reinforoemont than b" addi\iona\ thiotnoesof eonorea 

-o.A.B __ .lI.A.WIIlII,_P.A. __ .. __ 
_llD~ra __ Po_-' __ 
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Nonuniformity of subgrade.-Nonuniformity of sub
-grade may result from irregular settlement or compac
tion under lanes of travel and to readjustment of the 
subsoil to the new environmental conditions created 
by the addition of an impervious surface, which alters 
the normal capillarity and evaporation. In the case 
of certain types of subsoil, nonuniformity may also be 
due to the frost of severe winters and the thaw of 
ensuing springs. 

To regard these conditions as elements to be con
sidered in slab design would imply that they were 
general. The resulting design theory, contemplating 
maximum conditions, would consequently regard a 
road surface as a series of spans and cantilevers and 
would therefore revert to beam or comer formulas. 
But these conditions are not universal, and present 
opinion is inclined to consider them as a problem of 
subgrade improvement and distinct from the problem 
of slab design. 

When uneven spots occur in soft subgrades, their 
effect on concrete slab is relatively slight, because soft 
subgrsdes are capable of adjusting themselves in the 
direction of uniformity under a rigid slab; a most 
valuable quality of concrete is its ability to carry traffio 
on such subgrades where other surfaces would fail. 
Where subgrades are relatively rigid, however, soft 
spots or deformations are more severe on concrete 
pavement," and, if difficult to correct, may require 
either added thickness or steel reinforcement, or a 
form of construction by stages wherein the subgrades 
are compacted by traffic before being surfaced with 
concrete. 

MOTOR-VEffiCLE IMPACTS AS A FACTOR IN DESIGN 

It is shown in the preceding discussion that the wheel 
load and its area of application are elementary con
siderations in the balanced design of concrete pave
ment slab. But these considerations have always been 
regarded in their static aspects alone. This is so be
csuse the complex phenomenon of the load exerted by 
a moving wheel, and the more difficult problem of the 
inertia of the slab and subgrade, have not been suffi
ciently understood to warr~t generalization. 

Sufficient evidence exists, however, to permit useful 
eetimates of the forces that are normally developed by 
moving wheel loads and the tire contact areas produced 
by these forces at the instant of impact." And on the 
basis of the plausiblity of two strongly indicated hypoth
eses, these may be employed in lieu of statio wheel loads 
and static contact areas in design formulas. 

One of theee hypotheses is that impact blows reeult 
in increased stressee. The other is that the increased 
stressee are of the same general magnitude as stressee 
caused under equivalent static forcee and areas of 
application. 

-1Ddlc&ted b. H. M. weoterpord In Mecbaaloo oIl'roon1oo1 .. OnokInrln 00J>. 
crete Pavement.. PabUo Roedl. lllDtl 1_. pp. 7O-n . 

.. Appendb: D, Dynamic Wheel LoadIlIWd Tin Contact Areu. 

A phenomenon of momentary loading of elastic 
materials permits a body to be loaded considerably 
beyond its static yield-point if only the loading is ofsuffi
ciently brief duration. This has frequently led to the 
notion that impact blows may be ignored because they 
automatically raise the yield point. A. E. H. Love, 
however, limits the time factor to the order of one
thousandth of a second, or less," which is considerably 
less than the measured duration of motor vehicle im
pacts." But the tests on which Love bases his limita
tion relate to dense materials suoh as metals and the 
duration factor, quite likely an inverse funotion of 
density, might well be much greater in the case of 
conorete. 

In the summer of 1923 the Bureau of Publio Roads 
completed a series of impact tests on a large number of 
concrete slabs." Among the striking results of the 
investigation were the exceptionally high unit fiber ten
sile deformations recorded. The average deformation 
of road slab of a partioular mix indicated a unit fiber 
stress in tension at elastio failure of 1,210 pounds per 
square inch. Such a modulus of rupture was recognized 
as being at least twice as great as the statio modulus for 
the same concrete. The concrete was actually strained 
to a greater degree under impact without rupture than 
was possible under statio loads. 

In the Bates road tests a practical coincidenoe was 
found between observed slab deflections due to statio 
and impact applioations of wheel load. And the report 
concluded, "that the impact faotor is not of suffioient 
importance to justify any great precautions in design."" 

In the Pittsburg tests, pavement deflections were 
measured under moving as well as static loads. It is 
stated in the report: 

While the difference in dellections between moving and static 
conditions are small and varying in amount they very consis
tently point to the conclusion that the moving produces lese 
dellecUon in the pavement than doeo the statio or quieacent load. 

From caloulation of the stresses produced, however, 
the following conclusion was reached: 

The results of this analysis indicate that for two conditions of 
loading the one which produces the greater deflections doeo not 
necessarily cause maximum moments in the pavements. ThiI 
question arises in a comparison of the distortions caused by the 
static and moving loads. Under the latter loads the deftemoDi 
are uniformly leas than under static loads, yet tha s_ 
caused by the moving loads are, from tha calculations, generally 
greater. This result is due to the greater angular movements in 
the slab caused by the moving load and which was found in 48 
cases out of 67 examined. Theae relative angular movemento 
are probably due to the action of the subgrade, for with the two 
cJassea of oonditions of loading on a s1ah supported only at ito 

U A. E. U. Love. A TreMlae OD &he M'a&bem&tleal Theory of Bludclt7 (nb ltd.). 

P.~~ the Prooeed.Inp 01 the Seveutb Annual MeeUn,. BlIhwaf Researob Bo.rd. 
182'1. Jamel A. BaehanaD and B. B. 8ml&h reported thII duration for In1Ck lID" 
to be between 0.02 and 0.08 seooncL 

tJ L. W. Teller. Impacl: Ten. OD Concrete Pavement Slabl. Public Roedl. AprD 
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ends, the higher stresses would not be expected to accompany 
the smaller defleotions. The element of time may well be lua

peotad of ln1Iuencing these results ... 

According to Stephen Timoshenko, "The action of a 
suddenly applied force is not transmitted at once to all 
po.rts of the body. At the beginning the remote por
tions of the body remain undisturbed, and deformations 
produced by the force are propagated through the body 
in the form of elastio Wo.ves." 10 The velocity of trans
mission baing a function of density, po.vement and sub
grade reactions would involve an added time lag, 
further concentrating the stresses in the immedio.te zone 
of force application, and contributing to the angularity 
of slo.b movement observed. 

Ho.ving noted the discrepancy between the modulus 
of rupture under impact and the static modulus, the 
Bureau of Public Roads, in 1925, in cooperation with 
Johns Hopkins University, undertook a special investi
gation of this phenomenon." The series of tests indi-
cated, in the words of the report: ' ' 
• • • that plain oonot'ete beams subje.ted to statio load 
have a oonsiderably lower modUlus of rupture than exactly 
similar bsams subje.ted to Bu._lve impacts of inCreasing mag
nitude, caused by dropping a weight upon the beam from p~ 
gressively Increasing heights, when ths weight is dropped but 
oncs from ea.h height. 

Under th .. e conditions, which are similar to those prevailing 
In the Blab Impact tests of the Bureau, In which the weight was 
dropped only live tim .. from each height, tbe beams resisted 
without failure impact for ... considerably in "" .... of the statio 
load whi.h oaused failure. In other words, they were capable 
of greater elastlo deformation under impacts applied as de
.cribed than under ordinary statio load applications. 

When, on the other hand, the beams were subjected to repeated 
applications of impact of the same magnitude, the greatest 
Impact they would .u ..... fully withstand was that whi.h pro-

"Measurement of dolleoUona ..... tatoo In observatiOD. t1lDllD1s beneath the road 
wUh Lb, aid. of 1os&romentl ocmneoted to .,eel rods em.bad.dtcllD the aurtaoe slab. 
The .Il0l11.111 altha wtrumellt ..... lI1ob thel d_IODI ""'"'" by. m .. walklnl 
on the sI .. btw1aae abo .. the &unnel wen noorded OD tbI dial&. Report of Biahwar 
_II P11 .. b .... CallI .• 192I .. d 1022, bl LIon AIcIrIch U1d 101m B. Loouard, 

ducied a tensile st ..... equal to about 55 percent of the statio 
modulus of rupture, indicating that the.behavior of tbe concrete 
under impact is very similar to its bebavior under statio loads, 
as evidenced by statio fatigue tests. 

Since road slab design is concerned with ~epeated 
impact loads, it is clear, from the finding of this series 
of tests, that the possibility of an increased yield point 
under impact must be ignored in design. 

The question thus reverting to the relative produc
tion of stresses, one may conclude from theoretical con
siderations and from the findings of the Pittsburg 
studies, that the greater force of the moving wheel load 
produces greater stresses than the sto.tic wheel loo.d. 
Moreover, the fu.ctors entering into the production of 
impa.et, i. e., whllel load, unsprung load, and speed, 
would also tend to concentrate deflections and increase 
the stresses under moving loads; while the factor of 
tire deflection, which reduces ~pact,would tend to 
decrease the force concentro.tions, and the dynamic 
stresses would thus probably be proportional to dyno.mic 
lo&d. 

But in the dynamic situation there is: still another 
factor to be considered. The principal stresses iii. a 
road slo.b produced by static whesl loads are bending 
stresses o.t the bottom of the elab ,beneath the. center 
of the load. Certain subordino.te and reciprocal 
stresses occur at the top of the slab at some distance 
from the loo.d, due to upward pressUre from the sub
gro.de and to the compression of the surfu.ce fibers imme
dio.tely beneath the load. When a wheel load .is set in 
motion over the slab, these stresses are reversed and 
altemo.ting stresses result, which may be quite 88 pro
ductive of failure and hence as important in design 88 

the simple bending stresses thuS far considered." " 
For these reasons, values of force under' iuipu.ct 

appear to be more plo.usible criteria of design than mere 
static forces. 
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TABU B-2.-Ralio. 01 load in p ... ,,111 to .Ire .. in poundl per .qtUlro inch,' c;""pukd Irom W .. !ergoord 'qualion lor .fIg. pcw."",'" 
.lab loading lor diff.,,,,, oal .... 01 h, k, and a.1 

(E-3,OOO,OOO pounds per square Inch; .. -0.16] 

Modwuaof Va1uesor~ 8ubgrader&-
Thiem .. of slab (Inches) A action 

=:.c)~ o-2lncbes a-3inches a-{mches 4-51ncbes a=-Uncbes a-7inches a-Slnches a-9lnches a-lOlncbOll a-lllncb08 

---------------------------
2.._ •••••••••••••••••••••••••• I!O 1.S023 2.2&71 .. 7281 3.2141 3.762'J 4.31161 5.14.54 0.0588 1.199t 8.8781 
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200 41.0526 ... - 4&.1651 "7.9916 &1.2«10 ... """ 68.S270 83.13/i3 67.801i 72.S173 
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A=a.rea. 
a=ro.dius of circular area. 
c=coeflicient of cohesion. 

c" c.=constant coefficients or parameters. 

NOTATIONS 

E,,<, Yo~g's modulus of elasticity (see p. 228). 
E' =complete elliptic integral of the second 

kind with the modulus k'=·./l-r,'/rl 
shown by figure 0-22, page 222. 

E(k,I/J)=E(k,e), elliptic integrals of the second kind 
with k=r./r, shown by figure 0-22, page 
222. 

F(k,I/J)=F(k,e), elliptic integrals of the first kind 
with k=rJr, shown by figure 0-22, page 
222. 

j=coeflicient of friction. 
A=height of earth column between given 

horizontal planes. 
K' =complete elliptic integral of the first kind 

with the modulus k'=·./l-r,'/r," shown 
by figure 0-22, page 222. . 

k=the ratio r,/r. shown by figure 0-22, page 
222, used as a modulus in elliptic integrals 

k'-the Complimentary modulus ·./l-r,'/r.' 
shown by figure 0-22, page 222, in the. 
complete elliptio integrals. 

M.,M,=arbitrary grouping of recurring terms in 
stress equations, defined on page 222. 

m,fI=constant coefficients or parameters. 
P=total applied load, concentrated at a 

theoretical point or distributed over a 
finite &rea. 

P,=the perimeter of a circular area. 
p=pressure intensity. 
Q=totaI shearing stress required.to cause 

displacement along a shear plane. 
q=unit shearing stress required to cause dia-. 

placement along a shear plane. 

!b.=a point within a semi-infinite mass deter
mined by the distance!! II and p as shown 
by figure 0-22, page 222. 

R=radial distance in any direction below a 
horizontal boundary plane from a point 
on the plane. 

lfR=a stress in the direction of R with R normal 
to the plane across which the stress acts. 

r"r.=dimensions described in figure 0-22, page 
222. . 

S=ma.ximum streas-difference, i. e., T,-T. 
(see p. 225). 

T"T.=the greatest and least principal stresses 
respectively (see p. 225). 

u.=vertico.l displacement of ·the horizontal 
plane boundary at the edge of a uniformly 
loaded circular !U'6a. 

1.£.=vertical displacement of the horizontal plane 
boundary at the . center of a uniformly 
loaded circular &rea. 

V =Newtonianpotential of surface distribution. 
a=depth below a loaded horizontal boundary 

. plane. 
":=,vertical stress components. 
e=(Theta) an angle shown by figure 0-22, 

page 222. 
«= (Kappa) compression modulus (see p. 228). 
}.= (Lambda) elastic modulus defined by E 

and IT (see p. 228). 
1'= (Mu) modulus of rigidity (see p. 228). 
p= (Rho) radial direction in cylindrical co

ordinates. 

IT= (Sigma) Poiseon's ratio of lateral to longi
tudinal strain (see p. 228). 

~= (Phi) angle of inte~al friction, angle of 
repose, or slope of slip planes in granular 
mema. 
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NOTATIONS-Contlnued 

i/>=(Phi) an angle shown by figure 0-22, page 
222. 

x= (Chi) Boussinesq'slogarithmic three-dimen
sional potential. 

.. = (Omega) tangential direction in cylindrical 
coordinates, i. e., in the same plane 
with p but at right angles to p. 

pp=radial stress components in cylindrical 
coordinates. 

pZ,,;;,,.;z=components of shear in cylindrical co
ordinates. 

';'=tangential stress components in cylindrical 
coordinates. 

WHEEL LOADS AND THE DESIGN OF EARTH ROADS, 
SUB GRADES, AND FLEXIBLE PAVEMENTS 

Throughout the literature on road design, published 
since the motor vehicle became a dominant considera
tion, the design of surfacing, or wearing course, appears 
to be based almost wholly on the expected volume of 
traffic and the ava.ilability of materials. It is not until 
a choice has to be made in the matter of thickness of 
concrete slab that the anticipated wheel load is given 
explicit consideration in design. It is true that in the 
days of the steel tire and narrow wheel rim, and even 
in the early days of the solid-tired truck, sporadic efforts 
were made to classify roads and subgrade soils accord
ing to their unit load-bearing power, but no results of 
consequence were obtained. . 

This failure to utilize the wheel load as a factor m 
rationalized flexible pavement design may, in a sense, 
be attributed to the great variety in local earths and 
paving materials and to the necessity for wheel loads of 
all existing magnitudes to travel on all road types. On 
the light traffic route the problem was distinctly one 
to be met by the practical experience and ingenuity of 
the local engineer. It was not until traffic reached & 

considerable volume, with its accompanying weight of 
public demand and its accompanying economic jw:tifi-
cation of road improvement, that a more standardized 
surface could be adopted. Differences in design, at 
least so far as flexible surfaces were concerned, resulted 
not from any important differences in the size of ve
hicles constituting a cross section of traffic, but rather 
from the differences in the materials economically 
justifiable for road construction purposes in the light 
of existing or anticipated volume of traffic. 

Fa.ilure to arrive at a basis of design which would 
consider wheel loads may be attributed much more 
positively, however, to a lack of definite knowledge 
concerning the relation of wheel loads of varying mag
nitude to the stability of flexible pavements on earth 
subgrades. 

In all of the above stress components the first 
letter under the crescent signifies the direction 
of the normal to the plane across which or 
along which the stress acts, while the second 
denotes the direct;on of the stress iteslf . 

-> The sign of approaching equality or coin-
cidence as a limit. 

>=is greater than. 
<=is less than. 
~ =is less than or equal to, i. e., is not greater 

than. 
NOTB.-Minor nonrecurring notations such as r, b, I, and d 

are sufficiently defined where used. 

The need in the present investigation for allocating 
the pavement and subgrade improvement costs of this 
type of road construction, as wellll!' the .costs o.f earth 
roads, to motor vehicle groups havmg Wldely different 
wheel-load characteristics, has given rise to the research 
which is reported in the follow~g pages. . 

The theory that is developed IS offered, not as & baSIS 
of design, because far too mu~h experimell~ r?mains to 
be made in the specific phySlcal characterIStICS of the 
materiale commonly employed; but it is offered as an 
indication of the relative requirements of different 
motor vehicle groups in the stability that is provided. 
It is put forward as the logical consequence of & vast 
body of data and supporting hypothesis carefully 
evaluated with reference to the particular problem. 

Earth Toads.-Lowest in the scale of roads having a 
nonrigid wearing course is the plain earth road. I~ 
surface is in fact nothing more than the natural soil. 
Improvement does not extend beyond the simplest 
requirements of grading and drainage. The group 
comprises approximately three-fourths of all rural road 
mileage in the United States. E. W. James suggests 
roads of this type as suitable initial construction for 
average da.ily traffic up to 100 ~ehicles.· !t is, how
ever unlikely that much of this large mileage ever 
attains a daily traffic of 100 vehicles.' Economy justi
fies no more than e. minimum of improvement. 

A study of the reactions of the nonsurfaced road to 
traffic in terms of individual wheel loads rather than 
volume will appropriately introduce the more coml?l~ 
reactions of the other and higher types of nOnngId 
surfaced construction. 

It is obvious that the wheel load is not & direct con
sideration in the design of the plain earth road, if the 
term "design" may be used at all in this connection. 

I E. W. lamea. Rich .... ,. OoDItnJ;oUoJI. AdminlltntloD and J'lDmce. reprtDte4 
tram InnnJ.erja InteruacloDal. bJ'&he Dlchwa.,. Edocatloll Board. WuhlnaIoD. D. C • 

• AD average da1l',. tra1IlD 01 100 vebldel per cia, for the 2.300,000 mUel 01 cbJI C,-pe 
01 roa4 would lmpll' .!mod &IIi bUlloD annual vehJcJe.m11et. or ~~D '0-:':: 
01 operadoD on ibill"08d lJpe per 7eM"or 1"IVJ!DOIOr vehJcle • ..---
of Cbll Gpn mllbC be. bJ&b averace. 
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It is known, too, that under certain circumstances such 
roads are suitable for any ordinary magnitude of wheel 
load, while under other conditions they may eerve 
adequately for light traffic, but with the concentrated 
passage of an unusual volume of traffio or of heavy wheel 
loads they may be seriouely damaged. In the cass of 
the earth road, then, consideration may be directed 
from wheel loads 8S elements in design to wheel loads 
8S elements in destruction. 

The problem of earth stability h8S received the 
attentioD of engineers and physicists for 200 years. 
Until recently the efforts toward a solution followed 
almost without exception the known laws of mechanics. 
These laws assumed homogeneity, i .. e., the smallest 
elsment taken from the material h8S the same physical 
properties 8S the entire body of material; they assumod 
isotropy, i. e., the elastic properties are the same in all 
directions 'through the material; and they assumed 
perfect elasticity under the action of external force, 
i. e., (1) when the load increBSes the deformation 
increases in the same ratio, (2) when the load diminishes, 
the deformation diminishes in the same ratio, and (3) 
when the load is removed, all deformation va.nishes. 

The Pittsburg experimental road investigation had 
found that "aD. elastic aotion of the subgrade was very 
clear and distinct in all soil observations."· ·This 
finding W8S substa.ntiated in the Bates road tests,· 
and by other experimental undertakings.' Neverthe
less, the wide departures from theory that were very 
commonly encountered, and the empirical modifica-· 
tions of mechanical laws that were usually necessary 
in order to make them fit the case of earth and granular 
materials, have brought forward quite another type of 
approach in recent years. 

This newer attack takes the material into the labor
atory, measures its characteristics and examines its 
constituents, endeavoring thereby to develop a "soil 
science" , through which the action of an earth material 
may be predicted on the basis of its constituents, or 
its stability increased through their modification. 
Much progress has been made,' but the results thus 

'LIoJII Aldrlch.,,4 ,_ B, Looaud, Report 01 Blah...,. _.t PlI&I~ 
CollI .. 1 ..... 4 1_p.01. Ileo"'P!>o18l._ 

• 0_ Olclv. BulIeIID No. ... do_ ... , 01 pabUo....a ... 4 buDd ..... din. 
01 .. 01 hlrh...,., lho,*oIllIIIloll,l ... ~I_ pp. -. Ileo ... P. l8I, _ 
'-" _ -.. 01 Pnoaon TbrouIb BoIIcIa Uld 1loiii, TnD-. u ... AmorI __ oIOI.n_ ...... 1_ 
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far are almost wholly of a qualitative sort, and may not 
be employed in a quantitative generalization of beltavior. 
Many of the facts, however, lead to an understanding 
of the C8.uses of that behavior, a.i:td are therefore of 
importance to the approach employed later in this 
study. 

In 1927, Charles Terzaghi outlined oertainprinciples 
of soil classification • based on oompressibilityand per~ 
meability, to, which are related such characteristics as 
lateral flow, volum0' change, elaking, etc. He :stated: 
"We want to describe our;soils not by more or less 
abstract figul'eslike· the Atterburg limits,the dye 
absorption number,the moist.ure equivalent, etc.~but 
rather by data with a direct, simple, and well-known 
bearing on the behavior of the subgrade." 

In 1929, together with O. A. Hogentogler, he llr~ 
sented 0. clil.ssification of all subgrade types in eight 
uniform subgrade groups and three nonuniform sub
grade,groups.lO The groups are numbered in the order 
of their relative stability under wheel loads and in the 
presence of moisture. For· each group is listed the 
typical earth of a particular region which is most 
characteristic of the group. The report, moreover, 
discusses the earth constituents and qualities which 
determine its stability. Certain indicated treatments 
by which the supporting power may be increased are 
also disoussed. 

These and further researches by the Bureau of Public 
Roads were brought together in 1931." A summary is 
given of the physical properties of earths and their 
effect on subgrade performance, and a discussion given 
of the soil consta.nts which serve to identify ·the con
stituents of the various earths. 

The conclusions in the introductory summary are: 
(II) That the aubgrade iDstead of the pavement really aupporte 

the wheel load. 
(1)) That the manner in which the Bubgracie supports the 

wheel load depends upon its reaction to both load and climati4 
changes. 

(e) That these reactions depend upon five baaic physical char
acteristica of IOn, to wit, cohesion, internal friction, compressl
bntty, elasticity, and capillarity. 

(d) That these physical characteristi .. controlauch important 
. performances of aubgrade as ahrinkage, ezp&DSion, frod heave, 
the settlement of fills, aliding in cuts, and lateral flow of 10ft 
undersoila. 

C.) That th .... physical characteristica are fumished by 1Oi! 
coDStituents easily Identified in the iaboraWl'y. . 

(f) And that Bubgradea may be arranged in definite gnlllpll 

according to the characteristi .. of the ooiI eoDStituenta.. 

The last two statements (. and!) are definite indica
tion that subgrade control is emerging from the level 

'O __ P>IboIplIBoIftJoI8oII~PubIlo ___ • 
itO. A.1I __ Uld c __ ra __ alLoad,_ ..... 

Iltlhlndo,PubUo __ -
DO. A. 11 __ • A. N. WID_ ...... B. A. WIlIIo, Iltlllpodo 8011 0..-..... 1o.'l'boIt __ 'l'boIt_Ia~ __ _ 

UIl. Uld lldJ UIl. ~ 
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of trial and error. In an understanding, however, of Evaporation, acting together with capillary force, 
the destructive' characteristics of various wheel loads causes shrinkage to a degree which depends on the 
on a nonsurfaced road, the second and third of these volume of moisture content before evaporation and on 
statements are of primary importance. In the light of the shrinkage limit. At sufficiently low temperature, 
the discussion on which they are based it follows that the moisture in the large capillary pores freezes, forming 
the manner in which the subgrade supports the wheel ice particles. The moisture in the smaller capillaries, 
load depends upon (1) the cohesion, internal friction, however, does not freeze aIid these continue to supply 
compressibility, and elasticity of the earth material, moisture to the large capillaries, thus contributing to 
and (2) the manner in which these characteristics are the further increase of the amount of frozen moisture 
affected by weather, which depends in turn on the in the soil mass. Theresultingicelayerscause"heaves" 
porosity and capillarity of the subgrade earth. in the surface, the magnitude of which equals the com-

Cohesion is provided, among other things, by mois- bined thickness of the layers. The size of the latter 
ture and by the natural stickiness of colloids between the depends on the force of capillarity, the area of pore 
particles; and friction by the sharpness, angularity, and space, and the frictional resistance." These weather 
hardness of the particles themselves. Moist clay has factors affect the earth layers of a given subgrade or 
cohesion, but is deficient in friction. Dry sand has fric- nonsurfaced road in much the same way as changes in 
tion, but is deficient in cohesion. If friction is dominant, soil constituents, and they will therefore disturb the 
enormous bearing power may be atta.ined by loading or relative supportability offered to wheel loads in a 
confining the surface surrounding the area of load appli- similar manner. 
cation, as with a pavement. If cohesion is dominant, There remains one additional factor to be noted in the 
this practice contributes little. behavior of earths under the influence of weatber. 

Compression by a load represents a decrease in Sufficient cohesion between the particles can prevent 
porosity, i. e., in the ratio between the volume of the loss of stability due to moisture absorption, if the earth 
voids in the earth mass and the volume of the total is not manipulated. This suggests one ,answer to the 
mass. The rate of compressibility depends, of course, important question as to why roads which are adequate 
on whether the voids contain air or water, but in either for light traffic may quickly fail under the concentrated 
case it is dependent on permeability. Permeability effect ola few heavy loads. This condition would occur 
may be reduced by consolidation, under traffic or by mainly with earths whose resistance to shear under 
rolling, and thus the rate of compressibility may be critical moisture conditions is dependent almost wholly 
reduced. on cohesion. The manipulation that results in break-

Elasticity represents the tendency of a compressed down will be related to frequency of load application 
earth to return to its former shape. It tends to prevent and therefore to traffic volume." 
both permanent consolidation and permanent reduction It will be observed in figure C-1 that the solid curves 
of permeability. indicate a compressibility in the earth constituents 

The earth of any nonsurfaced road will have these which is a function of .unit pressure. This compres
four characteristics in varying degrees, depending on sibility is also a function of time in very much the same 
the consolidation that has taken place under traffic way." It will also be observed that the broken lines 
and on such constituents as gravel, coarse sand, fine represent expansion or elastic recovery' upon removal 
sand, silt, cohesive clay, gluey colloids, mica flakes, of the load. This likewise is a function of time. 
diatoms, peat, etc., and certain chemicals. Therefore, The presence of the element of time, or lag, in earth 
itis these constituents which determine the load support- reaction. is another factor which .introduces traffic 
ability of an earth mass. ,,:olume mto the problem .. Compresslon and ~e ~orma-

The remaining factor capillarity controls the reac-' tion of ruts an~ the marupulation of ~lay soils m the 
. " presence of mOISture have a cumulative effect when 

f
tion of ~he. subgrelade ?thr etharth. road

f 
thto weathber. Its wheel load quickly follows wheel load. But earths are 

orce vat;es mvers y W1 e SIze 0 e pores etween more plastic and viscous than elastic, and the perma
th~ partlc!es and must .the:efo~ be dependent on the nent deformations that occur are equally cumulative 
soil constituents. Capillanty m a Bubgrade may be d tr ffi 
defined as "The ability of soils to transmit moisture in a un er a c. 
finely divided state in all directions in spite of the '::"'!P:-:o:' b~!: :r:::~:: ~~=-~~; . .i .. ;:::.: 
direction in which gravity acts, and the force of grav- Propertl .. ot Boll. pp. 136-1"'. 

ity." 11 Capillarity draws moisture into the subgrade ~a:::~=he.:u:::.,~~.=Io::.d~='!:.~ 
and retains it. Expansion results with the increased ODother .. u ... TbeUpper.".,..otODeorth ...... UdoJyoom~bJ.ot ... lood. 

hi h h IeJlI'8!I8DtI 1m IDtecraI put 01 the whole m .. onl,. for tba& OJ' amaUer Ioede. For 
moisture content to an extent w c depends on t e peoterl .. dJltlma .......... m •• u ... ,omeralloDot....ulDdlvtdualbodtla-htclI. 
initial degree of consolidation and moisture content. .. ................... UdJltedb.oradual_ID'be_U .............. -. 

I. Cbarlel Tenacbl. Prtnclplel 01 J'ID&I 8oJ1 ClaIIlfteatlou. PubUe Bo.dI. Mar 
U See footnote 11 OD p. 190. 1927'. p. G. 
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J'tOOBli O-l.-Compress1oD and upansion curves tor represontative soD constitUDDta. (From PubUc Roads, lunG 1931J 

All flexiblo surfaced roads are subject to the basic 
weaknesses of the nonsurfaced road, mitigated only by 
the degree to which definite measures have been taken 
to improve subgrade stability by soil correction, drain
age, and protection from moisture by water-shedding 
surfaoes, and modified, of course, by the resistance 
offered by the surface itself. The preeent status of 
soil soience permits the diagnosis of these weaknesses, 
and provides relative means for their correction"" 
But the science is still qualitative, and the absolute 
supportability to be derived from. a given corrective 
is not known; neither is the specifio resistance that may 
be anticipated from different earths to different wheel 
loads applied over different tire contact areas. 

.The problem of the relative destruction of earth 
roads by different wheel loads, and the associated 
problem of the design of nonrigid pavements for earth 
subgrades, resolves into a question of the relative re
sistance of different materials, whether elastic or plastic 
or viscous, to different intensities of stress under statio 
and dynamio loadings over different areas of pressure 
application. 

Investigations of 1M trammissioft of pre881U'4 through. 
earIh.a.-According to Jacob Feld," Couplet gave "a 
complete theoretical analysis of soil physics" in 1727 • 

.. o. A.. B .... IoR .... SolI Road s.._ Public Roads. hbruar7111t1; BIohwu - B-. N_ B_ CoomdI."""'" R_ 01 ~ Com
mt_ ... StablIboclSollBoad_ .... _._O'A..B .... _ ... dE.A.. 
WIlIfo. _ SoIl Boads. Public _ 1.1.,. .... 
... I'oId em u.. -.. .. __ Ttau.sootIoas, AmorIoul_oI Civil 
hal-.. ........ _ p. .... 

And whatever the influence of the Newtoman con
ception of material bodies, as made up of small parts 
possessed of finite sizes and definite shapes acting on 
each other by means of central forces,'· the next century 
and a quarter was to witness a joint theoretical develop
ment of the mechanics of elastic solids and of pulveru
lent or grannlar materials. The practical need for 
experimental verification in the case of earths was 
apparently not felt until much later'" 

In 1908 an exhaustive series of tests was started, at 
the Engineering Experiment Station of the University 
of Iowa under the direotion of Anson Marston, to 
determine the loads transmitted to culverts and under
ground conduits.'" Tests for the same purpose had 
been made earlier,lI and have been conducted eince,H 
but do not compare in magnituds or scope with Mars
ton's undertakings, which are still in progress and on 
which a score of reports have already been issued. 

Marston's investigations revealed a elose relation 
between the actual vertical pressure transmitted to any 

UA.. B.B. Lcm,A _ ... Iho M_ Tboar701_ (I0Il). p.e. 
"D. P.1rmdDe.1n 1tI7DIno000Soll M ......... _.-...~ 
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pointatanydepth considered and the theoretico.I vertico.I 
stress at the point indicated by the elastic theory for a 
concentrated loading at the surface." They o.Iso verified, 
within approximate limits, the theory of horizontal 
pressures in a granular materio.I advanced by W. J. M. 
Rankine a half century earlier."' Attention in these 
reports, however, was concentrated on the problem 
of the underground structure, and another type of 
investigation going forward at the time was looked to 
as more pertinent to the road builder. 

Among the earliest experiments made to determine 
the distribution of vertico.I stresses on horizonto.I planes 
at various depths, were those of Steiner-Kick at Prague, 
in 1879." In 1910 the Joint Committee on Stresses 
in Railroad Track of the American Society of Civil 
Engineers and the American Railway Engineering 
Association commenced a series of tests with granular 
materio.Is, with similar objectives, under the direction 
of Marvin L. Enger at the University of illinoiS." 
Similar tests with a variety of earth types were made 
by Roy B. Fehr and C. R. Thomas under the direction 
of J. A. Moyer at Pennsylvania State College in 1914 
and 1915.17 And in 1916, A. T. Goldbeck, of the 
United States Bureau of Public Roads, utilizing a 
pneumatic pressure gage of his own design which gave 
very accurate results, measured pressure distribution 
in sand (figs. 0-2 and 0-3)." 

The significant disclosure common to these ~ests was 
that pressure is transmitted through these granular and 
plastic materio.Is in a conelike manner, concentrated 
somewhat at a distance heneath the center of the bear
ing block and diminishing in intensity in some way both 
vertically and laterally as the distance from the bearing 

• M. Q. Bpugler, OIyde Muon, and Robley W1Dfrey, Ezper:lmeutal Det..ermiM
&Ion 01 Static and Impact Loads Transmitted to Oulverts.lowa Eogtoeerlng E.lperI
ment Station, BuUetln No. 79, 1925, p. eo The IpecfaI CUI of tbe equatJoD. Cot thlll 
dlalrlbaUODII: 

ii-vertical preuure at tbe polnt--:; .~., 
where Pis tbe concentrated load at the 1Ul'face •• the depth below &be 111I'Iace, and .R 
the dJllo..., from lbe Cklncentmed load to the point c:onsldered. The pull"""" 
ease of thta equation was given by loseph BOD88lnesq in Compete Rcndoa • • • 
de l'Academie del8c!enoea. PariI, Tome 83, July-December 188l, p. '1M" Eq. (8). 
D",""lon 0/ It mar be found In lohn P....,.. Applied MecbenI.., (100'/) p. 880: A. 
E. B. Love, A. Treatise on the Mathematlcal Theory of EI_letty (IID7), p. 192; 
Stephen Timoshenko, Theory 01 Elaat1oJ.ty, p. 831; and lohn B. Grtmtb, D}'IlIlDlcs 
of Earth and Other Maoroaooplo Matter, Iowa Englneerinc EJ])erlment Station, 
BuUetID No. 11', pp. i\OaDdrIT, and G6and rn. Grlm.th',ezposItIonofamorepneraJ 
.... lad_rater. 

II That the raUoofact1ve horllontaJ pre&ml'8at an, point In thellU to the vertiCIl 
preuure which eaDltll the active horkontal pressure-taUI( u o_:), III which. II 

the 8Dlle of Internal trI0t.lOD fD the flU materlall. Bee Amon Marston and A. O. 
Andenion. Theol')' of Load! OD Plpea and Ditches. Iowa Englneortng Ezperlment 
Station, Bulletin No. 81, 1918, p. 82; also W.I. M. RanklDe, On U1e Stabll1tyol Looae 
Earth, PhDOIOpbJcal Traoaaot1onl, The Ro7Bl Soctety 01 Loodoltj vol. lU, 1867, 
pp.H7. 

I. A. E. Oummlng .. Dlatrlbutlon of 8&.reesea Under a Foundation, ProceedInIl. 
A.tnorlcaD SocIety of CIvil Engineers, AlJIlU& 1936, p. 828. Oummlup pVllla variet,. 
01 e:w:oplu, with the raeultIDg elpertmental data. 

• Marvin L. EIlPI', Tho DIIU1butlon of Pnaure b, Granular Ma&eriall. EDgIneer
lDg Record, vol. 78. No. 4,IanUll')' 1m, pp. Ic.10Bj Oeorp Pauweu. Tranamialon 
01 Pr8lllUl8 Through SaUdi and 80111, TnDS8Ctloua. A.merIcan 8ocJet, 01 CITil Ba. 
c:lneen. vol. BG. 1922. p. 1M3; alao Eoger on the ScIence 01 FoODdaUOIllt Trauaotloillt 
Amerloan Soale", 01 OITil Engtaeen, vol. 13. 1929, p. 871. 

n I. A. MOJer. DIlUibutioD of Vertical SOU PraureI, Enalneertnc Record, vol. 
OU, No. 22, Ma,. ao. 191e. p. SOB, and vol. n, No. 11. Maroh 1.1. 1011, p.lBO. 

It A. T. Ooldbeck, DlatrlbutJou 01 PresmreI Tbro1l8b Eart.b :rm., ProoeedJDp, 
A.merIcaIl8oclety lor TeItln& Materlall, 1111'. pt. a. pp. 060-G61. 
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J'IOt1BB Q-2.-Pressure distribution In an earth masB at • constant depth from a 
4,000 pound per SQuare toot load.lDg OIl varJoua beuinI areas. (From Publlo 
lloadI, lanuary 1926.) . 

block increased. In 1922, George Paaswsll pointed out 
that the distribution of pressure as experimentally 
determined "seems to follow o.Imost the identico.I law of 
transmission, as determined from the mathematico.I 
theory of elasticity." And, reviewing the tests men
tioned herein, added: "The agreement in stress distri
bution between materio.I of so varied a character as that 
covered in the various reports mentioned, as well as the 
elastic solids discussed in this paper, seem to indicate 
that stress distribution under a surface loading follows a 
sinIple genero.I law of distribution, regardless of the 
character of the materio.I."" 

. Paaswsll o.Iso cited the ordinary "rule of thumb" of 
the time which assumed "a uniform distribution of 
pressure o.Iong any horizonto.I plane below the loaded 
surface, increasing in spread as the distance below the 
surface increases and confined, roughly, within planes 
making an angle of 450 with the vertico.IY Actually, he 
found a 1:2 slope was required to enclose the limiting 
zone of influence, but after averaging the pressure 
intensity on various planes he concluded that if the 
effects of unequo.I pressure distribution are ignored, 
"it is seen that a 1:1 slope gives a reasonable distri
bution of pressure." 

I'M "laID" of lhe i7l!lel'86 8quare.-According to the 
distribution of pressure from a point loading, as derived 
from the mathematico.I theory of elasticity," the mm-

• Oeorp P...-weD, Tnnom_ '" Pnoomo TbJoaab SolIds on4 80"" T.
"-AmerI .... _IJ 01 Cr.tI z_ 001.81, 10'0d, pp. ua-_. 

• Saa IQUBtkm. In footnote 21. aboVL 
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mum vertical stress occurs on the axis of loading and is 
inversely proportional in intensity to the square of the 
depth.·' When loads are applied through finite bear
ing areas, as in the case of Marston's experiments, the 
validity of the law: extends only where depths are large 
in relation to the radius of the bearing area. D_ P. 
Krynine eays: "At a certain depth, about twice the 
diameter of the loaded ares, any structure acts practi
colly as a concentrated load.".. A. E. Cummings, who 
considers various distributions of load over the bearing 
ares, also states that, "The character of the pressure 
distribution at the surface is especiolly important near 
the surface but loses its importance as the depth in
creases." .. 

Nevertheless, highway engineers looked at wheel 
loads as point loadings, and disregarding the failure of 
the concept in the critical region close to the surface, 
i. e., within 14 to 34 inches for motor-velUcle-tire con
tact areas, accepted as a practical law that the maxi
mum vertical pressure on different horizontal planes 
Would be inversely proportional to the square of their 
distance from the point of loading at the surface. 
From this proportionality it would follow that the 
depth, at which given maximum vertical stresses would 
occur would vary in direct proportion to the square root 
of, the applied load, and the pavement thickness re-

• n .. or In_ that thaN .......... Ia .. oItha 1n ...... __ 111 tbII_ 
I-.U<al .... ora _1oadIq. 10IIII B. Odfllth.1II d-, tha ..... _ 
__ Ill uatore. qUOliMl. R. PoIDcmt as IbUows:·'" • • tbe II,w......-dllle _wblob 
__ .. _oItha_ ........... DOIthalawolN_butR .. an 
anaJaaoos law: III plato altha ........ 1 -I, wallll .. Jl(Qbobb'. _1_ andlt .. fIomth .. -..aI ........ I __ aDtha_t7a1 __ 

ItOUlQa • • • • (lobo B. Ortmtb. The P1e!1sun1l1ndw BablsS:nletuns. .... 
_UldOom_ ..... II8,M_ .... p.lI7.) 
-l<I7DIIIaaaD_bo_or_UUdw._-.-... Amerba 

SoaIot7a1Mr11 ___ IlL!, _ ..... p.lIOII. 
...... ClIJmmInco. D __ al_ Uador. __ -... 

, AmId_IlaaIot7a1Oh1l_ .. _ ..... p.at. 

quired to reduce stresses to a desired limit would vary 
similarly. 

The "law", however, is not valid for distributed 
loadings applied over motor-velUcle-tire contact areas 
at depths comparable to pavement and base course 
thickness. The mathematical theory for such loadings 
uniformly applied (p. 222 and fig. C-23), shows the 
vertical stresses immediately benesth the loaded 
surface to be equal to the applied pressure intensity 
instead of infinite as with the point loading, and it 
MOWS the vertical stresses on the axis of loading to be 
in the ratio 100:44:13 at depths of I, 2, and 4 times the 
radius of a given area, while the inverse squares of these 
depths are in the ratio of 100:25:6, and finolly, it shows 
these stresses to be proportional to pressure intensity 
rather than to total load. 

But quite aside from such disagreement between 
mathematical theory and the law of the inverse square, 
and as a matter of practical design, the maximum 
vertical stresses, whatever relation they may bear to 
depth and applied load and dimensions of bearing area, 
are of no significance unlees the capacity of the loaded 
material to resist failure is understood. And such 
resistance is based not only on the vertical stresses 
produced but also on the intensity of the horizontal and 
shearing stresses resulting from the surface loading. 
Marston's tests were unique in that they included the 
problem of lateral thrust as well as the pressure trans
mitted vcrticolly. 

The inverse square theory has persisted in the 
minds of engineers because circumstances have not 
required its use." Maximum wheel loads have been 

• UodUlcaUoas althlil &Mol7. u wen. o&ber Ixmulu denJd. tram ume 10 time 
"1Ia1tab1e"'flaIb1epavelJl8ll'deIIp...e~bJ'.&..o.BablmImIn~ 
J[Dow_altbo_"_Pa_PobUo_1~1"" 
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the criteria in flexible pavement design and these have 
been accommodated in matters of pavement thickness 
by the judgment of the engineer and the accumulated 
experience of trial and error. . 

The problem of earth foundations under buildings, 
towers, and similar engineering structures contains 
many of the elements of the road problem and, though 
failure of the earth foundation under such structures 
cannot be tolerated, the question of supportability is 
here reduced to one of allowable relative settlement 
rather than failure. Studies of the settlement pro
duced under different conditions of loading have there
fore superseded stress distribution studies in founda.
tion research. 

The case of the building foundation is sometimes 
complicated importantly by long time compression 
resulting from the slow escape of water, but if this one 
factor is eliminated," as it may be through laboratory 
tests, the settlement 'llID itsslf serve to indicate the 
nature of the various stress distributions,'· and the 
problem becomes the familiar though little understood 
one of the semi-infinite body loaded over a small area 
of its bounding plane. 

The relation oj presl/'Ure i'lltensity and area oj load 
application to the I/'Urjace dejormation oj loaded mate
rials.-In 1828, following the development of the gen
eral equations of slastic equilibrium by Navier in 1821, 
and their publication in 1827,·7 G. Lam6 and B. P. E. 
Clapeyron reported the first solution to the problem of 
a purely normal" load applied to an elastic body 
bounded by an unlimited plane." Their solutions, 
arrived at by means of Fourier's series and expressed 
as quadruple integrals, were of little use for practical 
calculations. In 1902, Horace Lamb, utilizing the 
method of series, expressed the components of displace
ment and of stress in terms of single integrals involving 
Bessel's functions.'" Again, in 1916, Bessel's functions 
were employed by Kwan-ichi Terazawa in an extended 
paper on the problem." The general method, however, 
is applicable to areas having a circular boundary only, 
and has so far been developed only in cases where 
pressure is distributed symmetrically about the center. 

In 1885, Joseph Boussinesq published a formal gen
eral solution applicable to any form of boundary of the 

II Tbe mechanl08 of the compression of water from earths are given b1 Oharla 
Terzagblln PrlDciplel of Final BoU Olua11lcatloD, Public Roedl. May 1m, and alao 
by C. A. Hopntoglor. ot aI., In Engineerlng Properties of SoU, pp. 177-2)3. In thl 
tollowlDlleCtlolll of the present te:lt It will be assumed that though the utruslOD of 
a fluld matrix may be a factor In road foundation design It Dead Dot be coWltdered In 
dotermtDlng the relation between pressure InteDilty and stre8I dJJJenmOBl nsultInJ 
from tbo applleaUon of motor vehicle wbeelloadl to road surla0e8. 

• Slmultaneoua equatlona tor dJtrorent deOectlona are solved lor the elaaf;lo moduli. 
Tbese may t.ben be employed In tbe equationa tor strellat polntlln tho loaded bod,. 

"Momolrtll del'Aoadllmio d81 Solencea, Paris, tome?, um. 
p [0 eDgineeriD& usqn tho work "normal" me&llJ "perpendicular to. plaue."' 
" O. Lam6 aDd B. P. B. Olapeyron, M6molre IItll' l'AqDlllbre Iut6rleur dOl oorpa 

lolldell bomo&6n8ll, OreDo" Journal, vol. 7, 1831, p. 400. 
,. Roraoe Lamb, On BoU!Sinesq'. Problem, ProoeedlngJ, London Matbematlce1 

SooJety, vol. M, 1902. p. 278. 
tI l{waD-1cbI Teruawa, On the Elutlo EquOlbrlum of a 8emI·1n.ftn.lte Solid Under 

Given Bowu1&1'l' Condltlona, Journal of the Oollege of Solenoe, lmper1a1 Un1ven1ty. 
Tokyo, vol. 31. article 7, Deoembor una. 

loaded area and any distribution of the pressure over 
the area... This solution, known as the potential 
method, derives its name through its use of the deriv
atives of a certain function called by Boussmesq, "Ie 
potentiellogarithmique a trois variables", and defined 
as a certain double integral taken over the loaded area. 
The difficulty of evaluating the integral has been the 
major obstacle in the development of the formal solu
tion in special cases. The solution also utilizes deriva
tives of another function which is the Newtonian poten
tial of a surface distribution and which is likewise 
defined as a double integral. 

Recent applications of the potential method to the 
cases of the rectangular and the circular bearing area 
were made in 1924 by S. D. Carothers," and much more 
comprehensively, in 1929, by A. E. H. Love." Love's 
equations are employed in calculations made later in 
this report. 

From the application of Boussmesq's solution to the 
case of a uniformly loaded circular area, the deflection 
$, at the edge is seen to be 2/". or 0.6366 times the 1D8.X

imum deflection, at the center, 'It., and may be expressed 

'It.=4(lEa')pa 

in which rr is Poisson's ratio, p is pressure per unit of 
loaded area, a is radius of loaded area, and E is the 
modulus of elasticity.'" 

According to this solution the surface deflection, in 
the case of an slastic solid, is in direct proportion to the 
applied pressure and also varies directly with the radius 
of the loaded area, which of course implies a similar 
rslation to the diameter, the perimeter, and the square 
root of the area. 

In 1923, A. T. Goldbeck and M. J. Bussard conducted 
tests to determine the influence of area on the penetra.
tion of loaded circular bearing blocks into various sand
clay mixtures. Areas tested ranged from 1 square inch 
to 9 square feet. Penetrations up to 0.1 inch were 
recorded. The report concluded: "When a given unit 
of load is supplied to a soil over various areas, the depth 
of penetration is directly proportional to the square 
root of the area over which the load is applied."" 

The load-deflection diagrams published in the report 
(fig. 0-4) indicate, moreover, that the penetration of a 

a Josepb BoussIDGIQ, Application d. potentJela • 1'6tude de l'equWbre e& dU 
mOO1'eD1ent des 1IOl1de1 6laadqQel • • • ,Paris, 1885. An IICJOOQIlI: 01 &be &beorJ' 
Is giV8D 1.0 Todhunter and petrJC)n, Rlttor:r of the TbeorJ of Elaattclt" vol. 2, pt. I, 
1883. pp. 237..w1. 

a B. D. Carothers. TeJ& LoadI on J'oundatloDl U A1!ected by BU of Teded 
A_ Pr_ 1D_0Dal Malbematlcol 00_ T .... to. ' .... vol 2, pp. 

U:~~E. H. Love, The Streel Produced In a SemI-lo8nl ... SoUd by PrIson on Part: 
of the Boundary, PhlIoaophieal Transaedona of tbe Royal 80eIety of London" nL 
228 (aeries A). November 1028. Tbil 11'11 tbe :rear of BOlIIIIoatl" deetb. 

II Stephen TlmOlbento. Tbeor'y of Elasticity. liven .. BquatIon (202). 
.. A. T. Goldbeck and M. 1. BtlIS&ld. The SupporUoe Valaa of SoD uWuence4 

by BearIng Area. Public Roa4I, ,January In&. The ame ftndllli WaJ reported b, 
M. WoJt.erbeak Co &be Mlnlatln del 1'ravaUJ: Publlel del Pa,.. B .... In 1m. .bIeb 
report 11'''' ebatraoted by A. B. BIJls. Chief of HI&bwaya and Brldcelln Belpam,lIl 
I.e G6nIe OlvO, May 28. 1821, p. 4110. 
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P'lQVU ()..4,-Bearlng value otU'V8II for eartha.. (From Publlo RoadB.lantw'J 1926,) 

given area. is, within the limits of the tests, essentia.lly 
proportional to the unit pressure and tha.t this is 
partioularly true with respect to the lighter loads and 
smaller penetrations.· Harald M. Westergaard's as
sumption of a c()nstant modulus of subgra.de reacti()n 
under concrets pa.vement in pounds per square inch 
per inch ()f defleoti()n for a given uniform subgrade is in 
a.cc()rd, though Westergaard stated tha.t it might vary 
considerably, depending up()n the area ()ver which the 
pressure is applied." 

In 1931, John H. Griffith rep()rted the results of a 
c()()perative investigation into the properties of earths 
by the United States Bureau of Publio Roads and the 
Iowa Engineering Experiment Station. The relations 
between load and deflection" were calculated, after 
certain elastio properties had been measured, in a.ccord
ance with the mo.thematical theory of elasticity. The 
resulting values of deflection compared favorably with 
o'bserved values. The maximum penetrations were 
0.1 inch, as in the case of the Goldbeck-Bussard tests. 
Again the deflections were proportional to applied 
pressure as well as to the radius of the bearing area. 

Evidence from tests as well as competent theoretical 
analysis could be reviewed at length in support of the 
foregoing proportionality between penetration in soils 
and the square root of the bearing area and the unit 
load. On the other hand, a similar quantity of evidence 
contradicts these relations, and equally competent 
authority refuses to apply assumptions that relate to 

"B. N. W-..u<I, _ID a.-a. Pa ......... Oom ....... 117_ 
._ Public "- AprIl ..... 11-" 
.JobaB.QrUIIIb,P"-_oI __ --..~ 

SlaIkm,IIuIIodD'Ol,_ ..... lobaB.OrilIlIb,D,,-oI __ OSbR 
~~N_.Io_--"~_lIuIIodDnt .... _ 
1'" 

homogeneous and elastically isotropic solids to thQ 
analysis of occurrence iii. ma.terials which in their 
natural state are never strictly homogeneous or strictly 
isotropic, which are more nearly plastic than elastic, 
and which frequently reo.ct as fluids rather than solids. 

In 1927, Terza.ghi cited two series of soil tests the 
results of which conform to the square root of the area 
rela.tion of the elastic theory. He cited another, made 
on hard pan, which reveals a much greater disparity 
between the settlement of two areas than would be 
measured by the difference in their square roots; and 
also one, made on clean sand with ocoasionallayers of 
so.nd clay and yellow clay, which shows a much closer 
similarity of settlement than the theory could allow." 
He sa.id: "Suppose a foundation company sincerely 
tries to obtain some reliable basis for drawing con
clusions from its loading tests. The ~eers of the 
firm make their observations year by year, accumulste 
the data in their files, and finally, when they try to 
correlate the data, they fa.ce grotesque contradictions 
of the type quoted." 

He then a.ccounted for the contradictions cited by 
restating a conclusion which he had published in 1925," 
i. e., "The relation between the diameter of the loaded 
area and the settlement produced by a given unit load 
depends essentially on the cohesion (a.ctual shearing 
strength) of the soil. For soils with great cohesion, 
the settlement produced by a given unit load increases 
in direct proportion with the diameter of the loaded 
area. On the other hand, for perfectly cohesionless 
soils the size of the area has very little effect." 
·OIIodoa_TIIo_oI __ .... _~ 

_.-_oIa.a_ ................. ..-
·Cbutes~..,. , ... ~ ... 
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In the discussion of Terzaghi's paper, Clement C. 
Williams and William S. Housel independently ad
vanced a concept 01 which satisfied Terzaghi's conclusion 
as to the influence of cohesion, but which goes some
what farther, and which lately has gained considerable 
a.cceptance among foundation and highway engineers." 
This concept attributes settlement to shear along the 
perimeter of the bearing block and to compression 
beneath its area and may be expressed for a given 
deflection: P=P.m+An, wherein P represents the 
total load imposed, p. and A are the perimeter and 
area, respectively, and m and n are coefficients repre
senting resistance to shear along the perimeter and 
resistance to compression beneath the area. 

Referring to the elements m and n, Williams said: 
"These supporting factors * * * vary with the 
character of the soil (mineral and granulometric 
composition, compactness, water content, ete.) and 
with the depth to which the load penetrates the soil. 
The two terms are indeterminate, their relative values 
depending on which represents the more rigid Qlement 
in the total support"." 

Authorities were speculating at this time as to the 
effect of the shape of the loaded area... In 1924, Dr. 
F. Kogler, at Freiberg, Germany, had conducted tests 
with bearing blocks of various sizes and shapes and 
related his results to the area/perimeter ratio." 
Housel, utilizing an equivalent though slightly different 
expression of the Williams formula, illustrated from 
test results and theoretical considerations that the 
different effects of square and round plates are com
prehended by the equation, 

p,m+ 
P=T n, 

in which P is the unit pressure required to produce a 
given settlement not too near the ultimate, and there
fore the supporting capacity at that settlement. 

Stephen Timoshenko gives the solutions for various 
rectangular shapes and circles in a generalized equation 

II WlIllamI OD the 8cImoe or 1'000datlOlUl, and Houael on the Sc1enoe of J'OUJIdaoo 
tloDII, TranaaotIoDl, AmerlCBD Soc1etJ' of ClvU EnelDeen. 90L ., 1~ P. IOU aDA P-
828. reepectl",},. 

1.1 For example, RolaDd Votu, St.ud1ellD the ProportloDlDl ot Low Cod BltumID· 
OUI :MlnureI ot Den. Graded Aggregate Type, Prooaed.IDp, Tenth A..ounal Alphal&: 
Paving ConforenOG. 1932, p. 337. Edwin 1. Beuller, 80U Testa to DetennIDI BearlDl 
Capacity, The MWtarY Bnlfn88l'. July-AulUS& lV33. pp. 32&-827. Bernard B. Ora7. 
The Dealgn IDd CODllt.ruotloD or Bltum1DoQl Pavemenu, Pan L mlmeo.. The Asphalt; 
la.tltuw. 1934. p. g, D.l. Bummers, DetermlD1D, Beartns Power 1a Eartb l"ouuda· 
tlonl, EnglneerlnlJ News Reoord. AprU I;' 111M. 

h In IV84, WJlJlaml said: "Willi regard to the ftnt queatJoD (What unit Joad IIlA1 be 
pJaoed 00 sKiVeD IOU?).l8ft1'8J r&ctol'l afteot Cheruult.lDvolvlnl both tile footing IIJl. 
face IlDd the.,U olwactertBtics. The writer bu polDted out tbat tbtllNaaod lblpe of 
the fooUDa: OODltitute one of th_ r.ccora!' Be indicates that tbe earUer rorm of equ. 
tlou was iDtendod to provide 'or JnA that. all elaboration, however. d08l no& alter 
the form, other &baD to make n 8 function of fJI. (WilllamI on Eartha and POQDd .... 
tiODI, Proc:eedJnp, Americau Boolet, of 01v1l Enc1neera, vol. eo, No. e, AUiO" 1934. 
p. 8M, Equation (7«1) p. 8M.) 

It In tbe d1acuJs.lonof Tenalhl'. paper (foot.note 49, above), B. P. Goodrlch, p.1O(; 
'lICOb Fal4, p. 8:n; W. B. Bou.l. p. 32'l; La&anll Whtte. p. 84ai B. D. N. Blmbam, p. 
847; and the lIuthor. p. agl. all make refenmoe to t.be1nftueuoe of th8lbepe oHbe beariDl 
aree on B8t.tlemu&. 

II KGgier OIl BoU Mecbanlca Reeearch. TransaoUonJ. Amerloao. SooJet.J' of 01'91l 
Englneen, vol. DB. Uasl. p. m. TbIJ II &be nc1procal of the perimeter/area raUo. 
It. it applicable to IBDdr and K61Jer't 1111 of 1& mQ' be .. reault at hII apeden .. with 
lhatmatertal. 

for average deflection, 'It" produced by a uniformly 
distributed load, P, in the case of an elastic solid," 

with the coefficient c, depending on the shape of the 
area. Since P is the unit pressure multiplied by the 
area, this equation, when appropriately transformed, 
shows unit pressure (supporting capacity) to be in
versely related to the square root of the area. The perim
eter/area ratio may also be generalized as a coefficient 
times the reciprocal of the square root of the area, and 
the relatives determined from the case of the elastic 
solid and from the Williams-Housel concept do not 
differ matorially where cohesion and friction are high in 
relation to compressive resistance, i. e., where 11 is 
relatively small. 

In discussing Williams' formula, Terzaghi points out 
that it is not a direct derivation from the theoretical 
considerations which were offered as a background and 
that it could be accepted "merely as an empirical 
equation".1T Housel carried the concept much farther 
than Williams, with very interesting results," but he 
repeatedly recognized limitations, and said, "It is 
apparent that the method of using the straight-line 
bearing _capacity equation is limited in its ability to 
account for various observations which have been made 
* * * In addition, this method is limited by the 
necessity for assuming some constant settlement and 
analyzing the data for only that particular case. It is 
obvious that a more general study of soil action is 
necessary for a better understanding of the relation 
between the several factors entering into bearing capac
ity. That the more general relation must include 
settlement as ODe of the variables is quite evident 
• * *u6t 

Housel utilizes Williams' diagram" for the deriv&
tion of a relation between settlement, size of bearing 
area (square) and load, and also adopts Williams' 
mathematics to the point where II 

Ph 
'It. I(b'+brh)' 

in which flo is the settlement of the bearing block, 
P is the total load applied, h is the total depth of soil 
compressed, 1 is the modulus of incompressibility," II 
is the side of the bearing block, and r is the tangent of 
the angle of load distribution. 

.. Stepben TfmoIbeato. TheorY of BIuttc1&J'. p.. as. BquaUoD (107) a4 &able. 
n Tenaahl on tbe BolenOl of :roundatioDl. Transac&JoDit AmerIcaD Bode', 01 ol.n 

EDIlneen. voL va, 1m. p. 188. 
• W. 8. _ ... 1'_ Melhod,... ,be SeIecCIoa or r_daII_ .. II. 
H Same, p. U. 
MSame, p. 01. 
II Bame. equaUon (4) p ... 
n 10 p1&Ol 011. W1lUaD1I1IIeI C, whlob be &erma tbI modWaI 01. oomsn-lbDl"'. 

BOOIIlII&a* lhal bJI quandtJ' III "ana1opoIlo &be modulut of eJadJoIIJ' lD mCftl 
rigid IDbI&anoeI", and It II deflnltelJ' 110"" b1I de4n1t1oD.l .... '''load per IIDU 01'_ 
divided bJ' &be .&Uement pel' DDlc of deptb." 
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This expression leads to the following equation for 1', 
the pressure per unit of area required to produce a given. 
settlement u., 

p=u.I[~+~} 
Bearing in mind that the area, b', considered in the 

basic analysis was square, with a perimeter of 4b, the 
equation may be further reduced to terms of area A 
and perimeter Pr, with the following result: 

p=uJ[i+~n 
which of course may be generalized into 

P p=i m+n. 
Housel's basic equation for u. may also be reduced 

to terms of area. A and perimeter P" for a circular area., 
with the result tha.t 

p=uJ[i+~~} 
and a. more general form, applicable to squares and 
circles alike is a.chieved, because in the case of the 
square the term r/4 may .be multiplied by any bib 
without altering its value and the result will equal 
r,fA/P,. This t~rm, multiplied by uJ is Housel's m 
thecoe1licientofPr/A. ' 

The general equa.tion for p, the pressure required to 
produce a given deflection 110, may be further reduced to 

v.lr+v.I P=-:;x T 

in which u. [r/..[A is equal to P ,m/A and uJ/A is equal 
to fl. 

From test results Housel finds that in the lower ra.nge 
of applied pressures in the case of a clay soil, the mate
rial exhibits properties of an elastic Solid and the value 
of tha second term, i. a., fI, in the equation is negligible. 
With fI equal to or approximating zero, the resulting 
eqI,Jation is closely allied to that for the elastio solid 
which may be reduced to. ' 

p u.E 
c,(I-r){.d· 

In. terms of the perimeter/area ratio, this may be 
rewnttBn 

P, E 
P=AC,U. (1-.,»' 

wherein Ct=..fA/c,P,. Here tha curve of p as a func
tion of PJA may be COllSidered a logarithmio curve in 
which the exponent of PJA is unity.- The curve of 

• R. D. N. Blm ...... 0I1ohc11u.1DdIo. ... d_ 01_"_ (p.1<7 .. __ l8l_.o&lIDaIIolllo ____ _ 

.h_OIId __ • __ lll_wIlblllo =:=:'':'''' 10 1lllh7.lo&hbo ___ B_'' __ 

p as a function of A is also a logaritlunic cUrve in which 
the exponent of A is minus ~. 

These relations hold for Housel's equation in the 
limiting case when fI=O, but Housel's equation differs 
from that of the elastic solid by the absence of any 
adjusting coeflicient c, or c. ~ provide for the variation 
in the shape of the bearing area, from which it appears 
tha.t either in the limiting case of the elastic solid, the 
equation is not applicable or that the perimeter/area 
ratio is an inadequa.te provision for the factor of bearing 
area. shape. Terzaghi's experience with earths is that 
"the influence of the shape of the area may be vary 
different, depending on whether the bearing capa.cit, 
of the materi.al is essentially due to· cohesion or to 
internal Mction ..... If, as is thus indicated, the P,tA 
r\\tio is not wholly adequate as between solids and 
earths and as between different earths, one must con
clude tha.t in its present stage pf development the 
equation is insufficiently generalized to permit broa.d 
interpreta.tion, however convenient a tool it ma.y be 
in the handling of specific test results. 

Housel finds that under increasing pressure his pa.
rameters m and n increase in a. particular manner with 
each type of cla.y earth investigated and he interprets 
this change in parameters as a. change in sta.te of the 
body under test and, considered in their full range, from 
initial applications ot pressure to pressures beyond the 
bearing capacity limit, they represent a transition from 
the solid to the liquid sta.te." 

In reviewing theoretical developments one repeatedly 
returns to the notion that, wha.tever the na.ture of the 
ultima.te solution of the problem of deflection in loaded 
earths, the underlying theory will relate closely to that 
of the elastio solid. The historical development of 
physical laws has ever been from the particular to the 
general. The algebraio results of Boussinesq's general 
potBntial theory are dependent for their wide practical 
usefulness on the constants resulting from the geometri
cal nature of stress distributions and upon the con
stancy of the elastio moduli. When a more general 
solution is ma.de a.vaila.ble it willlogioalJy comprehend 
the field of constant moduli merely as a limiting ca.se in 
the con.tinuity. 

The modulus of ela.sticity, E, so familiar in the m&
chanios of elastio solids, is perceptibly a constant only 
in some solid materials and its constant characteristics 
are definitely limited in all materials. Permanent d&
formations set in early or late in the deflection-Ioad 
curve, depending on the properties of the material and 
ra.te of loading, and in the case of plastio or ductile 
"solids" the state of linear elasticity may be so brief in 
relation to the curvilinear, under normal loads, tha.t 
Hooke's law must be discarded in an analysis of total 
reactions. This appears to be the casa with earths . 
._ODIIIo_"---'~ __ " 

Ch1l~"""''''',,"1IL .W ... B ...... "'_Y_ ... IIIo_ .. __ ... _l1I. 
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MECHANICAL PROPERTIES OF MATERIALS 

Elasticity,plasticity, andJl:uidity.-When an external 
force producing deformation in a body is removed and 
the body resumes its former shape, it is said to be elas
tic. When the force exceeds a certain value and the 
deformation does not disappear upon its removal, the 
body is said to be plastic, and its state under a force 
just equal to this critical value is termed the limit of 
perfect elasticity. If a constant force causes a defor
mation ;which increases continuously with time, the 
body is said to be viscous. If such a continuous defor
mation occurs only when the constant force exceeds a 
certain value the body is a solid, however soft it may 
be. If no critical value exists for the force ca,!lsing con
tinuous deformation the body is a fluid, however hard 
it may be." 

These defin,itions classify materials as solids or fluid3. 
The former have properties of elasticity, plasticity, and 
viscosity," in the order given, while the latter have 
viscosity but lack elasticity and plasticity. The classi
fications, however, are clear only if the forces of grav
ity and the stresses intrinsic to the material are alone 
involved, and if normal atmospheric temperatures are 
considered. Similarly, the laws of solids or of fluids 
will apply only as the material remains within the classi
fication and in a state anticipated in the assumptions 
on which the law is based. 

Under sufficiently high velocities, or if confined, water 
reacts as a solid, and over a sufficient duration of time 
a glacier flows under the action of gravity. Appropri
ate temperature changes glass from an elastic solid to a 
viscous liquid. High pressure causes fluids to assume 
properties of solids and solids to behave as liquids. 
Molecular water reacts as a solid. Meanwhile, the 
ideal "continuous" solid assumed as the basis of all laws 
of mechanics is non-existent, and theories concerning it 
would fail were it not for the smallness of the particles 
in relation to the volume of the mass to which the laws 

"Theae deft.oltlons are fa accord With thole upounded. by lames Olerk Muwe.D 
In bll Theory of Heat (9th ed.), pp. 296-29tI. 

"In the light of these defl.nltl0D8 "plalttolty" may be OOllsldered .. 8 tranJltlon state 
between the elastic regime, where time b oot a raot.or of pr1mBl'J' conslderaUon, and 
the v.lscous state, where time Ie controlling. The studenC otrheololl". however, wUI 
take exception to tbll termlnoloD', preferring to consider the Oow that OOCUI"I COn
tinuously wltb time. beYond the elastio and plastic .tageI, &I IIplaatiC ftow", and 
reservlna: the term flvI800ua Oow" lor that delorma~loD. CODtlnUOUS with time, "bleb 
requ1rel DO tbed minimum load tor Its OOCIII1'ence. (See EQI8.18 O. BJngham, Plu
tlcltJ' and ElaaUalt,. Journal of the Fnmkllll Imtltute, vol. Jr7. No. I, Jaauary 1924. 
pp .... 116; Flrn Beport OD VlrClOlllty and Plasticity, Committee for tbe Study of 
VJJooaJtJ'. Academy of Scleneea, Amlterdam. 1(K16, pp. 6-10; and l'roposed Revlaed 
Tentative De8nttfou of tbe TermJ Cooa1JteD07 and PlastiCity. AmerlcanSoc1ety tor 
Testing Materials, DealgnatiOIl B 24-T. IIIued 1934, revtJed. 1937.) TbII would preo 
elude the uao of the term ''vlscolltJ'" In OODDeot1oD with lOUd .. 

Within UIOIDlllmlte tbeae detln:ltlODlappear quite satllfactorJ', but, strIctJJlJ*k· 
lDI.m long u IIW'Caos te.:l1110D uists 10 the fluid (u It doe. in Uqulda) tbe ayacem ma, 
be IllbJect,ed to lOme amall Itt_ wltbout oonttnUOUI deformat1on. The Dcedle 
40ating on water II an e:mm.ple. Similar.,.. the aslUIDptlon that elastJo detormat104 
.. Independent of trmeil In the atrtoee.t IeDae Inaoeurat:e, U very m:na1l valuea of time 
Bre oonaldered. becauae whenev .. a.,..tem in Dature chllDPl from one oonfteuratlon 
to aDotbor It aan do 10 on.,. with tho paaage of time. 

are applied, and for the random nature of their orienta
tion.·· 

Time, temperature, pressure, and particle dimensions 
are thus the criteria of classification. They are the 
relatives which indicate differences between materials 
of degree only. When their full range is considered, 
differences in kind vanish to the point of insignificance. 

Thus it is that the deflection-pressure (strain-stress) 
curves for various materials regarded as solids closely 
resemble each other as to form." They originate in a 
regime of elastio deformation, some part of which is a 
line of proportionality!· They pass through a transi
tion phase in which elastic deformation combines with 
viscous flow to form a plastic state. They terminate 
in a regime where viscous flow is controlling." 

The magnitude of pressure or of deflection at which 
these stages appear is entirely dependent on the charac
teristics of the particular material and does not appear 
to be readily subject to generalization. The limits, 
however, are plain. 

During the initio.! period of linear elastic deformation, 
even though in a given material it may be impercepti
bly brief, the laws of linear elasticity are applicable and 
the surface deflection produced by a uniformly applied 
pressure over a given area varies directly with the pres
sure intensity, i. e., according to a coefficient times the 
pressure to the first power. For different areas the 
deflection varies directly as their square roots. 

During the final period of viscous flow, and beyond a 
critical load intensity, the deflection is continuous with 
time, and varies therefore according to a coefficient 
times the pressure to a power which approaches infin
ity, i. e., the curve during this regime is essentially a 
straight line vertical to the base and parallel to the 
deflection axis!" The particular position occupied by 
this section of the curve with reference to the base, i. e., 

n Lord Kelvin (Sir William. Tbomsou) In hie: Mathematical aDd PbJSk'al Papen, 
vol. 1, p. 291, refera to the relative quaUty of bomogenelty. A v1l1aRt of hODlel mu 
be .. bomogeneoUII mass from the polot of view of dJ'DamlcaI behavior. VOl tartber 
dlscussloD _ Stepbeu TImOlbenko. Theory of Elast.IcltJ'. p. 1: Eupne O. Bingham, 
.Fluidity and Plasticity, pp. 21~211. 228-231; A. NAdal, Plastlclt,., CbI. I-IV, Inc.; 
lohn H. GrltDtb. DJ'1l8IDlea of Earth aDd Othar Maeroscopic Matter. Bulletin No. 
117. too. cit •• pp. 29 and 117: Richard V. Southwell. StJenatb of J.fatea1aJI. Encyclo
paedIa Britannica (14tb 00.). vol. 16, pp. 61-67; ud Gultav Tam.maun, The Statei' 
of Aggrq:atloD. pp. 1-6. 

• IDdeftnltel, extended lOUd! bounded. by ODe plane JutfacI are beJne CODIIdere4 
10 that sudden reversals. 88ln tbe beDdfog of a bar or Rre&cblDI of. wire, are ImJnaDL 

" Evan tbough It be ID1lDiteIImaJ.. 
h R. N. TnWer mggests the UII8 of "permanent deformation" III place of "viIoooI 

flow" aDd D. P. Kryntne offen &be term. ''reven:Ible'' tor deIormatIoDl which are 
elastlo a.o.d "Irreversible" tor those whicb are plutJc. (CoDlJll1lDJcatIoDl to tile 
Federal C'oordJoator or TransportaUOlI.) Tbeae SUlgeatiou dord Qluable clarlft· 
.. t1on but their UII8 would leave the dlatlDctIon IDeomploce. ''VbcoaIty'' .. renetal 
term," D,.. Love. "for all th088 propertjel of mattu ID virtue of whleb &be NIlstance, 
whlcb .. body offen to I!lJ' chaDce. depeDcIa opcm the rate at whJcb the chaD .. II 
affeeted." (A. B. H. Love. A Treatlee OD tbe Mathematical Tbeol'J' of Elutlclty. 
(192"1) p.U7.) 

71 This kbld of a plot OODJIden de6ect1oD to be .. dependent l'lmclioD of ~ 
a.o.d therein dltl'en from the amaIlIlreIHtr8ID d1agnu:n. In &be vtICOUI nalme the 
nte of deflertioD vartu dlrectl, wltb the criUcal~. but IDereUDt lit detleetJoD 
DO longer depend on ~ In preIIUft. 
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the pressure at which the viscous state occurs, for differ
ent areas, depends altogether on the range of pressure 
through which the particular material has sustai::ned the 
loaded area dining the elastic and plastic periods. 
Otherwise, according to the conditions which charac
terize viscosity of solids, o.s soon o.s the critical unit 
loading is reached by each deflection curve it would 
become perpendicular to the base and curves for differ
ent areas would coincide thereafter. 

Shear.-The degree of deflection to which a given 
material will sustain a loaded area during the elastic 
and plastio stages depends on ite resistance to internal 
structural deformation, the mechanism of which is 
oomplex and surrounded with controversy. 

Much of the diversity of view may be attributed to a 
failure to barmonize into a common working theory the 
reactions of microscopic structural elements with those 
of a macroscopic or visible nature. Such a harmoniza
tion need not be minutely precise. The essential 
correctness of a mechanical theory lies in its effective
ness, even thougb ite fundamental assumptions in an 
exact sense may be known to be false, its. empirical 
determinations merely approximations, and its mathe
matics only relatively precise. 

Griffith, more persistently and clearly than any other 
recent writer, has led the way to this kind of synthesis 
through established principles of mathematical phys
ics." He states: "It is assumed as 0. fundamental 
hypothesis in formulating physicullaws that like fields, 
aoting on like mechaniculsystems, occasion like dynam
ical behaviors. In the language of the philosopher 
Spencer, 'The entire proCl6B8 of things displayed in the 
aggregate of the visible universe is analogous to the 
entire proCl6B8 of things as displayed in the emallest 
aggregates.' .. 

There is much reason to agree with Griffith, and, as 
has already been pointed out, to consider the element 
of partiole dimension as affecting "degree" rather than 
"kind." But Griffith's equations contain coefficients 
which must be experimentally determined. This, of 
course, is truo of the most firmly established laws of 
mochanics when applied to 0. given struotural material. 
The real diffioulty, however, in the case of materials 
passing quickly over the elastio and into the viscous 
stage lies in the fact thet these coefficients are variables. 
not only as between different materials, but also as 
between different states of stress in the same material, 
and the determination of moduli for all values of stress is 
essentially synonymous with the determination of 
strain for all values of stress." 

-JobA B. Orllltb, Tbo __ Bol_ ~ _ Oem

_ M_ ..... P. 111; JobA B. Orllltb, Pb,-I ~"' __ __ .sa. __ N ...... 'IIIl;JobAU.OrIII .... _ 

01 Bu1b aDd. ouw JillGl'GlDOpio Mat_. )00. dt... BuDaIbI No. n'l. 1 ... 
"Tbli mq '- .aid JIDIhll7 of st. men tmpcdaD.\ ODDtrIbudom ...... Ita. -117 __ T .. _"'_"' ____ and 
-_ ... I_~ .. rllldI~ ... ...u ___ .IUlI_., .-.._11-

Internal structural deformation under stress consists 
of (1) deformation of the particles with respect to their 
original shape, (2) compression, readjustment, or 
extrusion of the boundary matrix or dispersion medium 
that may surround the particles, and (3) relative di&
placement of the particles with respect to each other. 
These occur separately or together, and the degree to 
which and the order in which each occurs varies with 
different materials and importantly influences their 
elastic and plastic properties. 

A particle in the sense above is wholly a relative thing. 
In 0. strictly amorphous' material, the molecular arrange
ment is entirely orderless," and the term "particle" in 
relation to it can have no significance except as it refers 
to the individual molecule. A crystalline material, on 
the other hand, has a definitely ordered molecular 
structure in which the particle becomes perceptible 
under the microscope and consists of 0. minute element 
of the crystal grain bounded by planes of weakness in 
the molecular lattice. According to Hogentogler and 
Terzaghi, clay, silt, and sand may be distinguie1led by 
the size of their particles, which in the case of clay are 
less tha.il. one two-hundredth of 0. millimeter, and in the 
case of sand are greater than one-twentieth of 0. milli
meter in diameter"· In reference to 0. coarse gravel, 
the term may apply to 0. sizeable stone. Particles may 
thus be defined as those component elements of 0. body 
having the greatest relative independence and having 
certain mechanical properties in common which influ
ence the reactions of the body as 0. whole. 

The boundary matrix must be similarly regarded as 
0. relative element in the mass structure of the ma
terial. In absolute characteristics it may differ sig
nificantly between different materials. In 0. dense and 
highly crystalline substance such as steel the intimate 
affinity between the boundaries of the particles in the 
crystal grains and between these grains themselves 
may minimize the presence of 0. perceptible matrix, 
and the unordered arrangement of molecules in an 
amorphous material such as glass may quite preclude 
it. Yet it appears thet the study of chTwging states 
under 0. sufficient range of stress is akin to the study of 
0. changing material, and that in both the amorphous 
and the crystalline arrangements of molecules critical 
conditions of strain introduce 0. varied structure in 

"TbIJ II by dellnl_ODl7. B. M. Dtnnou_to.~_ 
tunol .............. _tl7"·amoopbaas .. -.and ......... to_ ........ .. ~_IIq_ (P_C~."""""""'_ (l4tb 
.... 1 • ..t ... p. 300.) ... NOdal (PIasllclly. p.18Il_ to __ '" 8. B. __ ...... a.O.U .. ck,M. _ .... dO. w.s __ • __ _ 
., __ iIl __ C. __ (l1aidItJ' ... 4 PlastId.,.. pp.1H'1) 

_ •• ...,...nIaollqulcll," and O_~ ............. (Tbo _"'........
do_ • .....,W to "lIquld...-.-

.. AIo_bytbeUDi .... __ "'PublIc_ I!eoO .... U __ 
and CiIoIIoI_ID __ "'Laad.-._ ~ PublIc_ 
Mu _p. ... ____ by _ ... ~iIlTbo PbJ&bI_"'tbe 
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,which elements having certain characteristics are dis
persed among an' element having quite different 
characteristics.' 

Henry S. Prichard conceived of the flow by which 
lIeformation in steel and wrought iron is accomplished 
"as consisting of the sliding relatively to each other of 
perfectly elastic solid particles separated by thin highly 
viscous mobile or liquid films." 11 Photomicrographic 
studies by J. A. Ewing and Walter Rosenhain had sub
stantiated that the particles comprising the crystal 
grain were deformed with respect to their original 
shape during the period of elastic deformation and 
actually slipped along well defined cleavage planes dur
ing plastio deformation.'· Various authorities have 
since witnessed the same phenomenon with the aid of 
the microscope." The theory of the liquid films sepa
rating the crystal particles was first conceived and 
slowly developed through photomicrographic studies 
made over an extended period of years (1900-1915) by 
George T. Beilby. The investigations revealed that 
polish on the surface of crystalline solids produced by 
rubbing is the result of surface flow of dislodged mole
cules which solidify into an amorphous film upon re
moval of the force. From them he developed the 
reasonable hypothesis that a similar liquefaction and 
flow occur during slipping between the surfaces of the 
crystal particles." And he referred to the resulting 
amorphous solid material as "a rigid matrix to the 
deformed grains which are enclosed within it." 

Zay Jeffries, who accepts the amorphous theory 
merely as a partial explanation of strain- or work
hardening because of the quantity of amorphous cement 
that would have to be developed by the extremely small 
movement between the individual particles of the crys
tal grain, says, nevertheless, "At the grain boun~a?es 
the conditions are different. The shapes of the ongmal 
grains must change in a manner depending on the 
change in shape of the piece of metal taken as a whol.e. 
No matter what the direction of 8.'Ctension, the gram 
boundary surface is increased by cold work. Each slip 
intersecting.a grain boundary produces one ''lapped
over" fragment, the surface atoms of which may ~e 
utilized to increase amorphous metal at the gram 
boundary. As deformation becomes severe, the grain 
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boundary layer of amorphous metal should become 
thicker by the same process." 11 

B. P. Haigh states: "In any body of ordinary metal, 
some parts are crystalline and other parts are amor
phous; in particular, the crystal boundaries ate amor
phous, and amorphous layers surround particles of slag 
and other constituents." .. 

The concept of a ~atrix in a crystalline solid is intro
duced in a slightly different way by Wilder D. Bancroft, 
who, incidentally, makes the rather too sweeping state
ment that, "The weight of evidence seems to indicate 
that the alleged presence of an undercooled liquid in 
metals and alloys is a myth." He points out, "Had 
the proponents of the hypothesis been willing to be 
satisfied with arguing that at a point of contact of two 
crystals the fields of force that determine the arrange
ment of the molecules in the space lattice and in the 
crystals extend beyond the individual crystal, so that 
the outer layer or layers of molecules are directioned, 
not by a single field of force, but by the resul tsnt of two 
(or more) such fields-resulting in surface conditions, 
surface energy, and surface forces different from the con
ditions of energy and forces in the body of the crystal
little objection could be raised to the theory." II 
Boundary forces in the crystalline aggregation as well 
as the boundary forces in the molecular aggregation may 
thus, {or practical purposes, also be considered as a 
matrix. 

In a purely amorphous material .. on the other hand, 
the behavior will be quite difl'erent. The absence of 
crystalline slip planes as well lIS absence of an ordered 
molecular structure affords no definite limit of deforma
tion before liquefaction occurs. External stress will 
tend to change the positions' of the random spaced 
molecules and will vary in its intensity of effect on each, 
and in the words of Frederick A. Lindemann, "What; 
might be called local liquefaction occurs in innumer
able minute regions dispersed at random through the 
body. It becomes .soft and vis~us an~ c~a~: grad
ually by imperceptible degrees mto a liqUId. 

In a plastic clay the matrix already exists and 
through its mixture of air, water, ~rganic. substanc~, 
absorbed salts, colloids, etc., the solid particles are dis
persed. In a dry sand or gravel the dispersing medium 
may consist entirely of air. . 

Defonnation of the particles with respect to thetr 
original shape occurs more readily !n an elas~c solid 
than either defonnation of the matriX or the displace-
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ment of the particles with respect to each other.... In 
the case of earths, the reverse of this is genero.lly tr\UI .• ' 
In either case, if the action is insufficient to break down . 
the molecular attra.ction or other intrinsic pressure, the 
work that has been done is transformed into potential 
energy of strain and the body resumes its former shape 
upon removal of the load." 

Deformation of the matrix in earths will depend on 
the permeability of the material, which is a funotion of 
the relative distribution of the particles by size, the 
smo.llness of their average size, their angulo.rityand 
shape, and of their state of consolidation." It follows 
the laws of fluid friotion, but need not be permanent in 
the presence of capillarity or an abundance of scale
like particles in the material, and need not be accom
panied by a reorientation of the particles with respect 
to each other. Deformation of the matrix in a dense 
material such as steel also follows the lo.ws of fluid 
friction, but is an a.ccompa.niment to Bome permanent 
displacement of the po.rticles relative to eo.ch other. 

In all solid materials this permanent displo.cement 
must take place before the mo.terial can be said to be 
plastio. It is known as shear, and the degree to which 
it ocours depends on two sources of resistance termed 
cohesion and friction. 

TM rwlance 10 shear offered by cohe8ion.-The molec
ular theory of Bolids holds that, "The characteristio 
of having shape reduces to the fact tho.t the molecules 
are held in position by the forces they exert upon one 
another", tho.t a maximum force of attraction between 
molecules occurs at distances compo.rable to their diam
eters, and tho.t this force diminishes with rapidity as 
the distances between the molecules increase. This 
attraction, which is probably electro-magnetic in origin 
even in fine-grained eai-ths, is referred to as cohesion. 
It is effective in the solid state in both the crysto.lline 
and the amorphous aggregations. The liquid and 
gaseous states are a. result of an increase in the kinetic 
energy of the molecules which enables them to po.rtially 
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(in the liquid).or completely (in the ideal gas) overcome 
the -forces of mutual attraction.DO 

in the case of a crystalline metal a special condition is 
present. Rosenhain states: "The forces which !U"8 at 
work in prMucing cohesio~ between adjacent crystals 

. must, hO'IY!lvet, be of a somewhat different character, 
for it is. !l bvioUB that the regular arrangement of mole
cules in oriented layers cannot be carried on through & 

crystal bound~, .while it appears that the actual co
hesion between: adja.cent crystals is stronger than that 
between different layers of the same crystals."" It 
during the formation of the crystal grains the boundary 
molecules form incomplete space lattices and are more 
or less randomly distributed as a result, an explanation 
mo.y be present in the finding of Beilby that in most if 
n!lt all ductile metals the amorphous state is the hard 
state, and the crystalline the soft," yet, from the fact 
that the crystal grain has a de1ipite boundary which 
need not, in an unstressed state, take the form of an 
amorphous matrix, still another explanation may b& 
deducted. 

According to Lindemann, "The mutual attraction or 
the molecules gives rise, of course, on the surface of a 
solid to an uncompensated inward attraction which is 
known in liquids as surface tension." Alfred W. Porter 
says, . regarding the surfaces of materials: "There is, 
therefore, a thin, indefinitely bounded, layer near the 
surface which is in a different condition from the main 
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body of the substances. Many of the properties will 
be different in this surface layer from elsewhere 
* * *. The most prominent peculiarity is that it 
possesses more potential energy than the rest of the 
body per unit of volume."" 

The action of the "uncompensated inward attrac
tion" or resultant surface force is twofold. Its first 
effect is toward a reduction of surface area. The 
second law of thermodynamics requires that free energy 
tend toward a minimum, and since the free surface 
energy of a liquid is the product of its surface tension 
and the area of its surface, and since the surface tension 
at a given temperature is constant, the tendency can 
ouly be toward a reduction of area.·' If the mass in 
its liquid state is large and if gravity is opposed, the 
forces of gravity will predominate, but if the mass is 
small or if gravity is not opposed the normal form as
sumed will be spherical. Familiar instances are the 
raindrop, the drop of lead, and the mercury globule. 
Beilby was able to obtain films of gold, silver, and 
platinum so thin that the forces of surface tension were 
enabled to draw them into new forms of aggregation 
even though the materiale were still in the solid state, 
and he concluded, "At the surfaces of solids and liquids 
alike these potential forces are always present, and 
ready, as it were, to take advantage of any increase of 
the mobility of the molecules to impress their charac
teristic forms of aggregation upon them." •• 

The second effect of the "inward attraction" is re
ferred to by Maxwell as "cohesion" if it acts between 
"neighboring parts of the same substance" and as 
"adhesion" if it acts "between portions of matter of 
different kinds." Porter refers to both manifestations 
of the attraction as "surface action", and quotes N ew
ton to the effect that, "The parts of all homogeneal 
hard bodies, which fully touch one another, stick 
together very strongly."" This is now known to be 
true of substances of the same kind or of different 
kinds as well as of different states. Terzaghi says: 
"That any two bodies if brought into contact stick to 
each other and that the total force is a function of the 
total pointe "of contact."" And Eugene C. Bingham 
gives as an example the familiar case of glass, two 
surfaces of which "ordinarily touch each other at very 
few points and they do not adhere strongly, but when 
the two surfaces are ground to an op tical surface and 
cleaned, it is difficult to separate the two surfaces with
out tearing them after they have been brought to
gether."·· In this illustration the term "cleaned" 
may be only relative and the strong cohesion may be the 
result of adsorption of a thin layer of air or moisture 
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on the glass surfaces; but, even so, it would imply an 
adhesion between the adsorbed air or moisture and the 
glass. Beilby conducted experiments in which he was 
careful to remove most of such influences between the 
contact surfaces of glass and minute globules of metals 
(including polarization of the globules) and found that 
the forces were sufficient between the resulting small 
points of contact to permit the suspension of globules 
up to a certain size from the glass surface." 

This second effect of the uncompensated surface 
forces is, like molecular cohesion, dependent on distance. 
According to Maxwell, "These forces are quite insensible 
between two portions of matter separated by any dis
tance which we can measure. It is only when the 
distances become exceedingly small that these forces 
become perceptible." 1 It appears therefore that this 
effect varies with compression or compaction of a 
material as these affect closeness of contact and total 
area of contact. The intimate three-dimensional 
mosaic formed by the irregular crystal grains in a 
metal is thus a direct source of strength, and the actual 
total surface area of the grains, which is a function of 
their smallness, is also such a source. Similarly, com
paction, or reduction of grain size, or grading so as to 
reduce void space,' in a granular medium, materially 
adds to its resistance to deformation. 

In the c8.!le of earths, molecular cohesion offers re
sistance to deformation and displacement as does the 
surface cohesion and adhesion between particle and 
particle. But when moisture is present in minute 
films between the particles, a joint effect from the 
adhesion between the particles and the moisture and 
from the surface tension in the moisture becomes an 
added and very important source of strength. 

This joint effect is commoxily known as capillary 
action, and may be effectively illustrated by the famil
iar rise of a column of water in a hair-size tube, because 
it is readily understood that the force acting to raise 
the water is aleo acting on the walls of the tube to draw 
them together. The illustration, however, leads to the 
misconception that this action depends solely on the 
presence of tubes or pores, and it does not clarify the 
fact that a minute particle of water adhering to two 
particles of soil aleo results in capillary action and that 
the term "capillary" refers only to the distance between 
the two surfaces with which the moisture is in contact. 

Hogentogler states that, "Very fine vapor films have 
an adhesive power so great that they cannot be removed 
from glass by heating at a temperature up to 5000 C.'" 
Maxwell presents an equation for the surface forees in 
a liquid film drawing two plates together, and says: 
"The force thus produced by the introduction of a 
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drop of water between two plates is enormous, and is 
often sufficient to press certain parte of the plates 
together so powerfully as to bruise them or break 
them." • 

Capillary force is inversely proportional to the radius 
in the case of a tube, inversely proportional to the dis
tance of separation in the case of plates, and inversely 
proportional to the radii of the spheres in the case of 
globular particles in contact.· 

Terzaghi distinguishes between the intrinsic pressure 
in BOils resulting from capillary forces, which he calls 
"apparent cohesion" and that resulting from molec
ular Ilttraction between the particles which he calls 
"true cohesion," but the distinction itself is more ap
parent than .true.' Bernard Keen points out that, 
"With very fine soil particles high stress values are 
found experimentally, but these are not due entirely 
to the moisture film. The organic material acts as a 
binding or cementing agent, and physical forces asso
ciatsd with colloidal material also operate." He cites 
tests in which the crushing strength of briquettes made 
with clay colloids and sand was found to be 19 times 
the strength of portland cement briquettes having the 
same percentage of sand.' And Terzaghi, refers to 
water retained in very fine Boil fissures (smaller than 
0.0001 millimeter) which reacts as a solid and does 
not evaporate even if heated to the boiling point of 
normal water.' 

It has been pointed out that a maximum force of 
attraotion between molecules occurs at distances com
parable to their diameters and that this diminishes 
with rapidity as the distances increase. It may now 
be' stated that the attraction also diminishes with 
increasing rapidity as the distances decrease below the 
zone of maximum attraction, very quickly reaching a 
boundary below which actual repulsion increases at 
this increasing rate. This boundary of zero attrac
tion and lIero repulsion marks the 1I0ne across which 
the molecules oscillate in a sort of dynamic equilibrium 
between the two forces.' 

The mechanics of these opposing forces between 
molecules may perhaps best be conceived if it is assumed 
that two molecules are brought into such an equilibrium 
(the solid state) with respect to each other. The net 
force between their points of nearest approach is zero, 
because their mutual repulsions balance their mutual 
attractions. If they are moved apart, the attractions 
will inorease up to a critical point in the manner stated 
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and then decrease very rapidly. If they are forced 
together the repulsions will increase at an increasing 
rate indefinitely. At other points on their surfaces the 
same forces wjlI be present but will have a net attractive 
influence. If a mass of such molecules is considered, 
it is clear that a molecule in the interior is acted upon 
equally from all sides, while adjacent molecules at the 
surface ~e definitely held only to the mass and to each 
other. 

The force intensity that holds the surface molecules 
to each other is clearly a constant, for like molecules, 
and will be the same however large the mass of the 
aggregation may be. In a sense, it is a measure of the 
work that would be required to separate these surface 
molecules from each other. If the system were com
plete and independent, i. e., if it did not involve the 
presence of other molecules within the attractive range 
of the surface, it might be assumed that the surface 
molecules would have no net attraction for each other, 
because any closer approach would be met by repulsion, 
and that the resulting equilibrium might offer a resist
ance to change called surface tension, but that in this 
surface tension there could be no contractile properties. 
Strictly, and in effect, that is not the case. 

The oscillations of the interior molecules are sym
metrical, because their inward and outward swings are 
opposed by forces which exactly balance. This is not 
true of the surface molecules which on their "inward 
incursions are repelled by their neighbours, but on 
their outward BWings are limited by the attraction of 
these same neighbouring molecules." 10 Lindemann 
adds, .. • • • it is this very attraction which gives 
rise to the internal pressure in solids." It does so be
cause the repulsive force is greater than the attractive 
force for a given molecular movement normal to the 
surface, which would result in the surface molecules 
escaping from the aggregation were they not held to 
each other. And whether one looks on it as an outward 
pressure from the inside or an inward pressure from 
the outside does not matter. The holding together of 
the surface molecules involves their movement away 
from each other up to the point of equilibrium of these 
surface force peculiarities and they are constantly 
ready to return toward· each other upon removal of 
these peculiarities. 

The system, however, is not complete, and the free 
molecula" surfaces will attrac\ all of the molecules 
from the material adjoining or surrounding the aggre
gation that they can. These attracted molecules will, 
if they are in a fluid state, crowd each other around the 
surface, exerting another compressive or contractile 
influence. But it is obvious that this external influ
ence will detract from the internal one by its own value 
and will not alter the surface tension constant. In 
very thin filaments of materials ordinarily classifi&ble 
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aa viscous liquids, this external influence may be pre
sumed to be dominating, and thus account for the 
unusual tensile strengths observed in the laboratory. 

The attractions and affinities usually referred to as 
cohesion, adhesion, surface tension, interfacial tension, 
capillary action, and adsorption are all manifestations 
of these residual attractive forces in the surface of a 
solid or fluid after its molecules have attained positions 
of relative equilibrium with respect to their own inter
molecular forces of attraction and repulsion under the 
energy conditions induced by temperature, hydrostatic 
pressure," and electrical or chemical action. They are 
not readily classifiable separately, because within the 
range of these controlling influences they are closely 
related. Their common behavior is a resistance to shear 
through resistance to any increase in intermolecular 
distances. They are the forces of cohesion. 

In a perfectly homogeneous solid the intrinsic pressure 
of cohesion is present before the application of external 
load and upon its application will resist eliding between 
adj acent molecules along the planes of shear insofar as 
this sliding represents separation of the molecules 
beyond the distances of their natural equilibrium. As 
shearing stresses, which may be considered proportional 
to the applied load, are increased the resulting molecular 
separations are met by an increasing resist8J:lce up to the 
point of their maximum mutual attraction, beyond 
which the resistance very rapidly declines, and, were 
there no other form of resistance, permanent separation 
would occur. 

The total cohesive resistance at which this permanent 
separation of molecules occurs, obviously depends on 
the number of molecules affected, and therefore on area 
of the rupture surface. Its intensity, however, is a 
constant for any solid material in a given state. As 
applied loads increase the shearing stress along the 
planes of shear, they also increase the opposi~g stresses 
perpendicular to those planes, thereby c~usmg clo~er 
compaction of the molecules along thelr respective 
surfaces. In the perfectly homogeneous solid consid
ered, this movement would result in added intermo
lecular repulsion exactly equivalent to the added force, 
and the net effect on the forces of attraction would be 
zero. If however the material is an agglomeration of 
hard par'ticles dis~ersed in a softer matrix,. or ~ it is a 
composite of solids, liquids, and gases havmg different 
surface tensions, as in the case of a soil; or if there are 
minute voids too gl'eat for these surface forces to span, 
the compaction resulting from the increased force may 
increase the cohesive resistance to shear. 

In a perfectly homogeneous material this cohesive 
resistance to shear is, except for lateral efi"ecte, identical 
with the tensile strength. This has repeatedly been 
pointed out," largely under the influence of A. A. 
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and oeedJ DO dIIeoIIlon here. 
II A. NAdal, PlaltIc1t7. p. 111; Stephen Tlmoahanto, Tbeor1 or ElaIUclty. p. 1"; 

Frederick A. LlDdamaDD, TboorJ' or (the) Solid State. op. uit., p.1H7. 

Griffith, who presented a theory and experimental 
results leading to the conclusion that "rupture stress is 
comparable to the intrinsic pressure of the solid." II 

The equilibrium of the oscillating molecules (or 
atoms) in the solid state, as hypothecated by the 
kinetic theory," is 0. relative equilibrium which attoins 
actuality only at the uncommonly low temperature of 
2730 below zero on the Centigrade scale. Temperature 
above this provides the molecules (or atoms) with the 
heat energy which sets them in vibration with respect 
to each other, thongh the amplitude of individual 
oscillations is controlled by chance. In the solid state 
the average excursions occur within the zone of maxi
mum attraction, but do not permit the molecules to 
escape from their average positions with respect to each 
other. If separation is induced in this state by outside 
forces, the energy will be given off as heat, will be 
retained as potential energy of strain to be used up in 
the elastic return, or will go into the formation of new 
surface and exist as surface energy. II 

As heat is added the average magnitude of the excur
sions from the point of equilibrium increases until some 
of the molecules encounter each other so closely (colli
sion) that the excessive repelling force causes them to 
rebound beyond the point where their own attraction 
prevoils, and they assume new positions with respect 
to the aggregation, around which they oscillste as 
before. The plastic state is thus introduced. When 
the energy of motion of the molecules is eo great that 
there is constant rearrangement of position among them 
the substance is a perfect liquid, even though none of 
the molecules have escaped the attraction of the aggre
gation. Finally, when the temperature is sufficiently 
high, and their heat energy enables ~em all to esca~e 
the attraction of the group and descnbe !ree ~at~s m 
space, until checked by encounters WIth similarly 
wandering molecules or other obstacles, the substance 
becomes a gas. 

The ability of molecules to change position thus 
distinguishes the fluid from the solid," and is a measure 
of the "fluidity" of a material. Its converse, "vis
cosity", is a measure of the r~~ce t:o c~ 
place. A true solid th~efore h~ infini~ VJl!CO!!'ty 8J:ld 
zero fluidity (so long as It remams a solid}. Pitch "?ll 
flow from a small crack in a barrel, but if struck WIth 
a hammer will fracture like glass. Under the latter 

D A. A. Orl1lltb. TbeTb<dYoI Rup ..... Pn>oeodIDP, FlntI'D_ ~ 

,,!.!:~ed H~~T~:OP.T~!;,., 01 Matter, Enaydopeedla BrltaDDlal 
04th eti.), v. 18, pp. 885-3U0. or o&ber nfemlCeIm footnote vo. p.l1L 

11 A. A. OrUl\tb repolU (Tbe0J7 01 Rupture. Proceed1Dp. FInI InterDadoDll 
Co~ for Applied MecbaDllB, DelIt. ID2i, p. e2) rupture main eueru of .,0. 
rods 10 IP1IGt Ulat U It were OODverted Into beat &be rod would become ncl Ito'- B. 
statel: .. It 18 of Intenllt therefore to inquire wbat beoomeI of &bfI eoera wbeD he
hUe 000l1I'I. It. II DOt converted. loto beat; Indeed. meunrementl bavelbown .:' 
the defectl of e1altlcltJ' of the stroDI material 1110 lDappnclabl, anal1 &.bat :! 
operation would cake aevemI mlnu_ at leu&. What aotoaD, bappeDIIlI &bat: 
8DUIl' .. UI8d op almOlt entirely lD rol'lDlDl Dew IUl'f;atW. &bat II. mrfIceI of fncCW't 

10 Itlb;:'~:·;fwh.t. or eoaJ, orlllld tbrooIb pJpelud ~ It made,-tbll 
tbroulb aD aaaJQIOOI cblDllDl of poIleloD b,. partlcJeL 
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condition, the molecules have no time to change posi
tion. Time is a contJ'olling fa.ctor, therefore, in viscous 
flow. So also must be the number of molecules in
volved in the tJ'a.nsla.tion in a given unit of time, and 
consequently compa.ct ooncentJ'ations of molecules will 
have a high viscosity. In this respect hydrostatic 
pressure and temperature also are important influences." 

The oscillation of the molecules brings on this fluid or 
viscous state through the resulting encounters with 
each other's repellant forces, which increase at a much 
faster rate for a given excursion from equilibrium than 
do their forces of attJ'action. They do not destJ'oy 
cohesion merely because they render it ineffective, but 
from a meohanica.l point of view it results in the some 
thing. So that it appears reasonable to say that if 
effective cohesion is gradually broken down, a solid will 
pa.sa progressively through the plastic into the liquid 
state, and that the reverse of this will occur in the case 
of increases in cohesion. It appears equally reasonable 
to assume that if localized repellent encounters are 
mechanically induced through applied force, in a sub
stance already homogeneous, the effective cohesion will 
also be broken down,'" 

It has been pointed out that the element of cohesion 
in shear is the increasing resistance of molecules to 
separation up to a point beyond which the resistance 
very rapidly declines. A1l shearing stJ'esses are in
oreased by an increasing applied load, the imperceptibly 
small movements that introduce effective cohesion must 
also be met by the opposing forces of molecular re
pulsion, because each unit of molecular separation is 
substituted by a unit of molecular approa.ch. Mean
while, though the resistance due to attJ'a.ction is in
creasing, the resistance due to repulsion is increasing at 
a much faster rate.'t The growing excess in repulsion 
may very quickly result in a separation of the two 
planes of shear by an amount just sufficient to com
pensate for this excess and thus release this energy in 
the form of surface energy in the new surfaces. On the 
other hand, it may result in heat. Or both occurrences 
may take place togsther. In any ease effective 
cohesion is reduoed. 

If shear took place at once throughout a single 
plane, the process of rupture just described, i. e., that 
of surface formation, would result abruptly, while the 
heat effects would be a function of time. A load ap
plied to &n indefinitely large mass of a material could 
scarcely result in the former case, unless it were applied 
suddenly. A bullet against a heavy elab of glass or 

PT ... __ or ... \OrlaII ... Ihoploo..,,,,,, auld __ • __ 
IaUoa .. _te_~_. 8ee~NldoI.P""'''I7. __ 
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"Trut~""""_Ia ... __ bu'II._""""'" .... .,-..... _ ....... ,.......and. ___ latlla_ 

...u. ........... wIII_ •• _1IuIoL ... .I.a ... ___ .. ___ I10 .. _ .... _ .. 

... ~ aune&IoDnpWdDa. CIIIW OIl U. ~ 01'-'" IWtftI'J' ad 

~-porIIapo,"'-'''---. 

marble will cause such a fracture. But ordinarily, 
shear will take pla.ce gradually, forming countless 
minute fissures'· known as Ltiders' lines, at different 
planes of weakness. From the progressive nature of 
these it is obvious that the failure at one point of weak
ness will result in the tJ'ansference of the stJ'ess to the 
remaining stronger points, and as these in turn fail the 
resistance will be supplied by more and more remote 
sources of stJ'ength. This process will go on till the 
a.ccompanying accumulation of minute fractures at the 
plane of maximum shear finally permits eliding to 
occur. In the ease of metals, the generated heat might 
definitely influence this behavior, but in the case of 
earths the effects of heat need not be considered, be
cause the distJ'ibuted separation of the particles is 
anologous to ,liquefa.ction in its effects and hence 
analogous to a break-down in cohesion. 

In view of the above charac~tics of cohesion, it is 
clear that the maximum volue of cohesion, i. e., the 
value beyond which permanent deformations arise, is 
a constant, except in the initiol stages of stJ'ess in an 
unconsolidated material. 

Anotber force is present, however, to supplsment the 
resistance of cohesion in shear. It is friction. But 
instead of being related to the forces of attraction; it is 
related to the forces of repulsion. 

I'M I'68i8lance 10 ,hear offered by Jriclion.-The resist
&nee of friction, as a force opposing rupture, is assumed 
to differ from cohesion in that its a.ction is a mechanical 
one and dependent on minute surface irregularities 
which tend to obswct eliding between two 60lid sur
fa.ces in contact with each other under pressure. 

In the case of a crystalline 6Olid, if the grain bound
aries consist of irregularly spaced projections of 
geometrical crystal particles imperfectly interlocking 
with eimila.r projections from adjoining grains, as 
Jeffries suggests,"' then any tendency for grain rotation 
necessary to bring the randomly oriented elip planes 
into alinsment under stJ'ess, would be oppoeed by the 
mechanically interlocking particles. Again, according 
to Bancroft, "A steel containing 0.90 percent carbon in 
the form of small, round particles of cementite having 
an average diameter on the order of 0.001 inch has a 
Brinell hardness of about 160, as compared with a 
hardness of about 80 for the ferrite matrix when free 
from carbon. • • • The ferrite matrix in the 
steel • • • is 60ft because of the presence of 
many planes of weakness. The cementite partieles 
ecattered through this matrix harden it by interfering 
with elip along these planes." • 

In both eases the interference is a mechanical one and 
constitutes friction.- In both eases, too, it is quite 

• ~ NAdal. PIutlelt7. pp. 17. 1D. UI, .... .1IQ1 ___ a._ ..... _ .. Ji_ ....... 7L 
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plain that this resistance will be in addition to the 
resistance from cohesion, and in view of the nature of 
cohesion it is difficult to conceive of two solid particles 
which touch without some cohesion, however imper
ceptible it may be. It is equally difficult to conceive 
of two .solid particles which tOuch without some fric
tional resistance to movement as long as there is a 
cohemve pressure drawing them together. 

In a strict sense, however, as has been shown, two 
particles not only do not touch but manifest a violent 
resistance to touching. This resistance could not be 
effective in the complete absence of pressure perpendicu
lar to the sliding planes. If the only pressure were co
hesion, the resistance could not come into existence 
witil effective cohesion had been overcome. Perfect 
materials, in sufficiently thin rods, in tension would not 
have this resistance, because pressure would be absent. 
But whatever may be the relation between normal 
pressure and the reduction of molecular distances that 
result, equilibrium demands that at any given reduction 
the force causing it can be neither more nor less than 
the opposing resistance. Theoretically, pure friction is 
therefore. directly proportional to the unit pressure 
nonDaI to the plane of sliding. 

The resistance offered by friction to shear is called 
'static friction. When separation of the particles has 
taken place and sliding continues, the resistance is re
ferred to as kinetic friction. And if localized liquefac
tion occurs, or if the particles are sufficiently disturbed 
so that they change position readily, the resistance is 
termed fluid friction. Without going into the maze of 
indefinite and conuadictory distinctions appearing in 
the textbooks, which nevertheless have historic and 
practical usefulness, and serve to classify behaviors, the 
following defiuition appears suitable and sufficient for 
both cohesion and friction: 

Cohesion and friction are the resistances offered by a 
1!ubstance to mechanical disturbance of its molecular or 
atomic equilibrium or degree of freedom, when unac
companied by appropriate changes in energy. (1) 
Cohesion is the resistance to molecular or atomic separa
tions and has a constant maximum value with each 
1!ubstance and state. (2) Friction is the resistance to 
molecular or atomic contacts lind therefore has no 
apparent maximum, but in the state of equilibrium 
(the solid) varies directly with the intensity of normal 
force and in the state of freedom (the fluid) varies 
directly with the velocity of force application." 

H Up to the POint ot turbnieu\ Dow, which probably relDtroduta oobealon. L. 
PnmdtJ (Ill Applied Hydro- and Am.mecha.nlcs, by O. O. TletJem. p. 4. ad 
to FuDdameDt.all of Hyd.ro- and Aero-mechaolct. b, the same author, pp. 107-1og) 
referl to vWooalty of Dwell apd pro088dJ on the 811QmptloD that "The mottOD of • 
4a1d .. pvamed UIOllt1slb' bJ' lIlertta aDd IrIctIDD." The two termlappaar 10 t. 
unJJeoeaaarY'. ID tbe lDtemot. 6111d the molecular Inertia to .. obanK91D tboderree of freedom may be reforred to u trlct1on. wbUe OD Ita boundary or surface tbe molecu· 
lar mertla &0 • obanp In equWbrtum due 10 ftuld-eolld or p,t-Uquld aoDtae&a may be 
_ned ooboslOD. U "Ioddea are JD1ftctllDS to brea,t dOWD cobealon.S the boundary, 
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Charles Augustin de Coulomb, in 1780, formulated 
a law for the ultimate resistance to shear in the case 
of soil particles which may be presented as: 

Q=Pf+cA 

in which Q is the total stress required to cause displace
ment along any given plane, P, the total applied load 
normal to that plane, f the coefficient of friction, c the 
coefficient of cohesion, and A the area over which P is 
applied." 

Since static friction is directly proportional to area 
and to unit pressure the equation may be rewritten: 

q=pf+c 

in which q is the resistance per unit of area at the shear 
plane, and in which p is the unit pressure normal to 
that plane. The relation thus expressed may be pre
sented graphically by a straight line having a positive 
intercept on the Y-axis. 

In the resulting shear diagram, cohesion is a constant 
throughout the range of pressure. The fact that cohe
sion may conceivably increase under pressure in a loose 
or granular material where the compaction results in a 
reduced porosity, an elimination of air, a reduction in 
the size of the moisture films, colloid particles, and 
capillaries, or an increase in the surfaces of contact, 
need not affect the validity of the law, in which a con
tinuous homogeneity was assumed. But even if homo
geneity had not been assumed, this fact is similar to 
the fact that resistance to separation increases with 
load, while the cohesion in Coulomb's equation repre
sents the maximum resistance before failure. The 
situation is clarified by the relation of loading in each 
instance. In Coulomb's equation the pressure is taken 
as normal to the plane of shear. In the case of com
paction the pressure is compressive pressure that acte 
only imperceptibly on planes of shear beca~ th~ 
are scarcely defined in the body of the matenal until 
compaction has occurred, provided the load is increased 
alowly enough. If the compaction involves the elimi
nation of water or other fluid matrix or if it involves 
an accompanying readjustment of particles, the mate
rial will pass, during loading, from the fluid to the solid 
state in its behavior. If the material is highly imper
meable, or if the load is applied rapidly enough, and ~e 
water or fluid matrix is not eliminated, the effective 
cohesion will constitute the initial resistance to shear 
because the fluid friction of the matrix will tend to 
prevent static friction between the solid p~icl~; ~d 
in either circumstance velocity of load application will 
be controlling. 

• Wlluam Cain. OobelioD In Barth. TnDsaatlool. AmerIoa4 BoeIeC1 01 01.0 
BnI1neen. vol. ao. 1018. p. J311l; aJIo. OhazW Tenalbl. Tbe :MecbaDJ(II of -
hUIlJ'eI on Cla7 Slopes. Public BcMI. Del'embar 1028. P. J'II. 
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An action similar in effect will occur with dry granular 
materials. The mobility of the particles will decrease 
under increasing load or will not have time to be effec
tive under high velocities of load application, and the 
reaction of the material under slowly applied loads will 
pass from the fluid to the solid type of behavior. 

When such actions are encountered in shearing resist
ance tests the verification of Coulomb's law is difficult. 
D. S. Berry made shear tests on chilled lead shot, 
Ottawa sand (characterized by rounded edges), and 
sharp concrete sand (fig. C-S).Thematerialsweressnsi
bly dry, and at zero normal load the shearing resistance 
curves appeared to originate at the zero value. The 
chilled shot indicated a direct proportionality of resist
anoe to load. The Ottawa sand showed a greater 
resistance but the proportionality diminished with load. 
The sharp sand offered still greater resistance, but 
showed a much greater change in the proportionality. 
Both sands approached a condition of strength, part of 
which was apparently constant and independent of 
pressure and therefore comparable to cohesion in its 
effect. 

Berry said," "The important influence of mechanical 
arrangement and particle shape on shearing resistance 
which is apparent from these data indicates that some 
revision of the oonventional conception of friction as a 
source of internal resistance is necessary. It is not 
clear how the following observations can be desoribed 
by existing conceptions: 

(1) In moat ..... for compacted materials the ratio of tan
gential componente to normal componente of Itreae, generally 
referred to as the tangent of the angle of Internal friotion, Is 
greater than unity, reaulting In so-oalled angl .. of friotion as 
high as TO'. The minimum value for this angle, obtained for 
ohilled lead .hot, was 43°. 

(2) There ..... also noted large variations In this angle with 
ellangea In degree of compaction. 

(8) ,.. tranaveree shearing force Is applied, there Is motion 
normal to the ehearing plane 'as well as tangential movement, 
indicating a stage of volume expansion previous to failure which 
Introdu08l lltatio reactions between individual partiolea not 
acoounted for In eziating theory. 
(~ There II variation in the ao-oalled ooeIIicient of Internal 

friot,lon, noted In the lower range of normal load In the various 
teeto as lltatio realatan .. due to Interlooking, which Is not dIreot17 
proportional to normal p..aure appUed." 

It.is almost necessary that these manifestations be 
present. Osborne Reynolds, who, in 1885, discovered 
the phenomenon of dilatancy, i. e., the expansion of 
granular massee under load, acoounted for it by pointing 
out the tendency of a loose granular material in equi
librium to approximate a condition of closest packing, 
and that any change to another arrangement without 
distorting the individual grains can take place only by _D. s.~. ~ 01_ II ...... __ AmIriooIl_ 
... T10IIDI No_ "" .. IIIIL "' .. wd II&. ... 

NORMA.L LOAD. POUNDS PER SQUARE INCH 

Fl.""" <l-6.-B1!eot oI_oIpartlcleonsheorlng_ (J'zoml'roceedlDp, 
AmarIoon -17 lor TestlDg lIaIerIaIJ.l'art" 1l13li.) 

increasing the average distance of the grains and thus 
increasing the volume.lI7 ' 

The condition of closest packing represents a condi
tion of minimum energy and therefore is analogous to 
molecular equilibrium, any disturbance of which is 
opposed by cohesion. In the case of finite solid par
ticles, the actual cohesion under zero load may be 
imperceptible because the contact points are relatively 
few and because they are otherwise separated by finite 
air films. As load is increased, the contact points are 
increased, and retained air may be squeezed out to 
molecular films, and it is concaivable that some· in .. 
creasing cohesion may thus be brought into play. 
This view has been held by William Cairi., Terzaghi, 
Krynine, and others.-

It is more obvious, however, that in addition to the 
ordinary shearing resistance furnished by the sliding 
friction of the particles, which is proportional to normal 
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pressure, there arises a resistance of the particles to 
rolling or rotation which is a function of their angula.rity 
and sharpness, and which is also affected by pressure. 
The pressure effects, however, depart from propor
tionality, because a.s pressure increases the amount of 
rotation is reduced and the movement more and more 
becomes one of sliding." 

This additional resistance in a granular material may 
result in so-called coefficients of internal friction which 
are greater than unity, and it is responsible for coeffi
cients which decrea.se with increa.sing pressure." 

The nature of internal friction of solids requires that 
the tangent of the angle of friction, i. e., the coefficient, 
be no greater than unity, because internal friction 
cannot offer a resistance in the solid state greater than 
the static pressure normal to the plane of sliding, which 
produces it, unless that pressure is a.ssisted by the 
a.ttractive force of the molecules, which is cohesion. 
In a homogeneous solid this limitation is independent 
of velocity of loa.d application. At the lower limit it 
cannot be zero, because that would imply a zero resist
a.nce to molecular displacements, which is the fluid 
state. 

In the fluid state, static loa.ding cannot produce a.n 
internal resistance to molecular movement, in a semi
infinite body. The coefficient of friction may be 
mea.sured according to terms employed in the ca.se of 
solid friction, i. e., the coefficient is equal to the unit 
resistance divided by the normal pressure. Since the 
resistance is zero, it will be zero. It may also be 
mea.sured in terms employed in dyna.mic fluid loading, 
i. e., the coefficient is equal to the unit resistance divided 
by the velocity of loading. Again the resistance is 
zero and the coefficient is zero.·' 

Dynamic loading of a fluid cha.nges unordered 
molecular motion into ordered motion, through the 
net momentum imparted to the molecules in a direction 
parallel to the axis of loading. The action is "colli
sional," "translational," and "diffusional,"" whether 
or not consideration is given to boundary surfaces, a.s 
the walls of a tube, the surfaces of a lubricated bearing, 
or the wing surface of an aeroplane. The resistance 
constitutes friction, and is directly proportional to the 
velocity of load application, for any given unbounded 
fluid up to velocity limits which are thought to be 
comparable to the speed of light." With boundary 
conditions present it is a constant up to a critical 
point, depending on several factors associated with the 

• Thl. departure from proportionality may 8180 be due to VAriety In grain .Ize and 
lhape whleb. are .ffeotecl dLIJerenttr OQder dltrerent degrees of prcasure. 
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In Fluidity and Plutlclt}'. pp. 147-162. 

.. MUlllISIUUled to increalIe at mob volooltl8l. 

conditions and with the fluid.·< The coefficient of this 
proportionality will vary, with different fluids, upward 
from zero. At the upper limit, however, it cannot be 
infinity, because, a.s ha.s already been suggested, vis
cosity (which is measured by this coefficient) is infinite 
only in the perfect solid. 

In view of the fact that materials pass gradually 
from the solid to the liquid state," or from a liquid
like behavior to the behavior of a solid," it is of some 
significance that the lower limit of the friction coeffi
cient in the solid state characterizes the fluid state, 
and that the upper limit of the friction coefficient in 
the fluid state characterizes the solid state. 

Where the two states or behaviors coexist, a.s they 
frequently do in earths, the internal resistance will 
combine these diverse characteristics, following a suc
cessive behavior corresponding to the elements in the 
composite of the material which offer the remaining 
least resistance a.s each resistance is overcome. In a 
semi-infinite body such a.s an earth road the pressure 
distribution downward will have lateral effects at 
increasing depths as loads are increased and these 
lateral reactions may be greater or less than those 
encountered by the distributions from a lighter load. 

However, the magnitude of pressures required for 
some of these transitions to take place appreciably in 
earths may be quite beyond ordinary wheel loads, and 
the critical depths in connection with road surfaces 
may rarely extend beyond the range of 7 to 17 inches." 
For these reasons one need scarcely consider the 
extremes that have been outlined except a.s they dis
tinctly present the limiting effects of pressure intensity 
on materials having various mechanical properties, 
and open the way to an examination of the limiting 
effects of different areas of load application: 

The limiting effects of area as cktermined by the mechan
ical properties of a material.-The vertical compression 
of a prism of material results in lateral expansion. U 
the body is indefinite in extent and bounded only by a 
horizontal plane on a small section of which is imposed 
a downward pressure, a lateral thrust results within 
the body emanating from the elements beneath the 
loaded area." The controlling influence of load is its 
downward and outward thrust, and in the resistance of 
the material to this particular action lies the clue to the 
area effects. 

.. Fluidity aod Plasticity. Idem. section on "Traosltlon from LI..,. to Turbulent 
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Terzaghi has approached the problem of load pene
tration by assuming, (a) materials without friction, and 
(6) materials without cohesion." He concludes that in 
the former case the resistance of the material to initial 
de1lections, i. e., the required pressure, will vary in
!ersely as the diameter, while for ultimate deflections 
near the bearing capacity limit the resistance will be 
independent of the size of the loaded area. In the case 
of the cohesionless material the initial deflections 
require a pressure independent of size of area, while at 
ultimate defleotions the resistance is directly propor
tional to the diameter. <II 

Just how he arrives at these conclusions theoretically 
is not explained except by the statement that, if the 
assumptions which he outlines are granted, "* • • 
they represent a simple consequence of the laws of 
similitude." And though he admits that the assump
tions are valid only within limits, it is of some signifi
oanoe that in the light of test results (figs. C-6 to 0-21) 
his oonclusions are essentially verified. They may, 
however, be arrived at directly from a consideration of 
the mechanical properties of the two groups of materials. 

A view now widely accepted among authorities is 
perhaps best expressed by KOgler, who states: "The 
settlement of a loaded area is due to two factors: 
Firat, to the compreesion (elastic and nonelastic), of 
the soil; and, second, to the displacement of the soil 
sidewise and upward." " 

Acoording to KOgler both elastic and nonelastic 
compreesion are proportional to the diameter. With 
respect to elastio deformation this relation is of course 
true, as has already been shown. In both oases of 
compreesion the total movement, whether molecular or 
a result of compaction of perceptible particles, is pro
portional to the force and dependent on the volume of 
material a1fected, and, according to the geometrioal 
necessities of pressure distribution, like pressures on 
dilferent areas of a uniform material will act on prisms, 
or bulbs, which are similar. The initial depth of mate
rial a1feoted baing related to the diameters, and the 
reduotions in volume baing similar, the reductions in 
depth will be proportional to the diameters. This also 
means that at any given de1leotion the pressures are 
related inversely as the' square roots of the areas. 
And, to the extent that oompreesion takes place before 
shear, this will be the case with all materials. 

In the case of settlement resulting from particle dis
placements alone, on the other hand, the particle rota
tionS beneath a loaded area encounter a resistance to 
lateral movement which is proportional to the number 

-TonoobiOllU._oI_-. ~ A_lIocMC70101Y11 ..,.-., ...... ,IIOO,pp._ 
.Tonooblap ..... _ be U. ... ly"'~"bo bu ____ '" 

Il10 __ 01 __ ' ___ "'Ibo .. _", 
Il1o _'" mu .... be -...t, bo_. _ LIouI. 00L P. a. _ UDlt04 
_Owpool ___ N __ -",M_" ,,,,,,pp._ 
UId _ II. a. ...,.. __ ...-.. IIocMC7 III< ~ _ po. I, 

'-'1'010'-.. noIw .. 11011 M_ ......... __ "'-ba1locMC7 01 a'fll 
..,.-., ...... ,-1'0-

of particles involved in the movement in a given direc
tion outward from the center of a loaded area. This 
number is a direct function of pressure intensity and the, 
radius of the loaded area. And pressures causing like 
deflections under dilferent areas are thus, in this case, 
related directly as the square root of the areas. 

Deformation in a semi-infinite mass, loaded over a 
small area of its boundary plane, can occur only under 
these two characteristic internal actions of the material. 
They may act separately and result in the limiting area 
effects just described; or they may act jointly and result 
in intermediate area effects similar to those described 
by Terzaghi. 

Under ultimate deflections in the case of compression, 
particle rotation accompanies shear, and a semifluid 
condition exists wherein the resistance approximates 
independence of area. Under the initial deflections in 
the case of particle displacement the resistance of the 
surface particles around the peri:ineter. is negligible," 
as in the fluid state, and again the resistance is inde
pendent of area. 

From these conclusions it may be deduced that at any 
given de1lection the resistance of the material will vary 
according to the general law 

p=mA-

in which p is the resistance per unit of area, m a coeffi
cient depending on the deflection and on the material, 
A the area of load application, and n an exponent 
depending on the dominance of cohesion or friction as a 
factor of support. 

The exponent n would,moreover, range between minus 
five-tenths for the elastic materials and for the early 
de1lections in compressible materials to plus five-tenths 
for the ultimate deflections in materials with friction 
but without cohesion. 

A study of deflection, however, is not an investigation 
of failure, or the safe supportability offered by dilferent 
types of material, even though it shows an interesting 
relationship in their respective dynamical behaviors. 
Yet, it is significant that at one end of the range is the 
case of the elastic solid, for in its presence in the con
tinuum lies a clue to the relative behavior of various 
materials acting independently or jointly. 

ftG1JllB9 0-0 TO c-o. INCL1l9IVB 

The Goldbeck-Bussard data (tables C-3A to C-3C, 
inclusive, p. 247) were read directly from enlargements 
of the three pressure-penetration diagrams appearing in 
the article, The Supporting Value of Soil as Influenced 
by Bearing Area, by A. T. Goldbeck and M.J. Bussard, 
Public Roads, January 1925. 

A decre8se in the influence of area may be noted as 
between the typical elastic curve and the earths tested. 
A distinct decrease in the influence of area is evident as 
between the clay and the 5 to 1 sand-clay miL 

• .-".U. __ ..........u.,.Ibo_--_ ..... ----
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Though the 1 to 1 sand-clay mix might be expected 
to indicate some of the characteristic influence of sand, 
according to Clement C. Williams (Proceedings, Ameri
can Society of Civil Engineers, vol. 61, No.8, October 
1935, p. 1252), "A relatively small clay content will 
convert sand to a plastic mass. * * * with fine 
sand of fairly uniform grain, 20 percent clay will make 
the mass essentially plastic." 

The small penetrations recorded obscure the diminish
ing influence of area at successive depths. 

FIGURES CHI TO C-ll. INCLUSIVE 

The United States Bureau of Standards data (tables 
C-3D to C-3F, inclusive, p. 247) have been taken from 
the results of tests made in the laboratories of the 
Bureau for the use of the Coordinator. In these tests 
deflections were measured for various loadings. From 
the resulting pressure-penetration curves readings were 
taken for given deflections. In order to obtain a satis
factory range of readings, two points in table 0-4, 
indicated by parentheses, were extrapolated. Their 
probable error is negligible. 

Cla} 1 contained 79 percent, by weight, of a mixture 
of refractory clays and 21 percent water; clay 2 of 87 
percent yellow surface clay and 13 percent water; and 
clay 3 contained 45 percent yellow surface clay, 45 per
cent common sand, and 10 percent water. 

Clay 1 departs somewhat from the behavior of clay 
and approaches that of sand. Absence of the cohesive 
action of natural colloids may be partly responsible. 

Clay 2 is stiffer than clay 3, of which it is a compo
nent, and though clay 3 contains 45 percent sand its 
behavior is in an opposite direction to that expected, 
i. e., there is relatively less resistance under the larger 
areas. The materials were hand trowelled and then 
compacted under a 64-pound load, applied through a 
rectangular plate of approximately 10 square inches, 
before testing. The resulting pressure intensity of 6.4 
pounds per square inch could not compact the deeper 
strata reached by the greater stress intensities of the 
larger areas. The sand ratio was insufficient for the 
introduction of appreciable friction. 

FIGURES C-II TO 0.15. INCLUSIVE 

A most interesting array of data (tables C-3G to 
C-3J, inclusive, p. 247) is that developed in the laboratory 
by D. S. Berry, of the University of Michigan, and the 
Research and Testing Division of the Michigan State 
Highway Department, under the direction of William 
S. Housel. Data showing the resistance of sand were 
taken from curves in his article on Stability of Granular 
Materials (Proceedings, American Society for Testing 
Materials, pt. 2, 1935, figs. 10 and 11). Data relating 
to lead shot and graded aggregate were taken from 
curves furnished the Coordinator by Housel. 

The materials respond, in the measured range of de
flection, almost exactJy 88 expected. Under increasing 

load, resistance increases beneath the loaded area but 
not in the surrounding material. The lateral and up
ward displacement of this material surrounding the 
larger pressure zone, as compared to the smaller, occurs 
under yield pressures comparable to the square roots of 
the areas. The settJement that takes place is a resul~ 
of rotation and readjustment and sliding of the parti
cles. During the small settlements, in which rotation 
and reorientation is taking place freely, the material 
acts as a fluid, in which stage area has no influence on 
resistance under static loading. 

nGURES 0.18 TO o.lt. INCLUSIVE 

The data for figure 16 (table C-3K, p. 247) were taken 
from figure 26, page 44, of A Practical Basis for the 
Selection of Foundation, by William S. Housel, Univer
sity of Michigan Engineering Research Bulletin No. 13. 
The data for figures C-17 and C-18 (tables C-3L and 
C-3M, p. 248) were furnished the Coordinator by 
Housel. The Stiff Blue Clay contains sufficient sand 
and pebbles to control its behavior. At early deflec
tions its action approaches that of the clay matrix, 
while at later ones it resembles that of a granular 
material. 

TheTerzaghi data table (C-3N, p. 248) providing figure 
19 are readings from figure 1, page 273, The Science ot 
Foundations, Transactions, American Society of Civil 
Engineers, volume 93, 1929. Items in parentheses are 
extrapolations. 

All of these tests were made in the field. They are 
interesting for their general agreement with laboratory 
results. 

FIGURES C-lIO £ND c-n 

These figures, based on data from the two diagrams, 
page 300, of Kogler on Soil Mechanics Research, 
Transactions, American Society of Civil Engineers, 
volume 98, 1933, are notable for their departure from 
the usual relation between pressure and areas of ditl'er
ent sizes. They are results of tests performed in the 
Soils Laboratory of the Bergakademie, in Freiberg, 
Germany (tables C-30 and C-3P, p. 248). 

For the smaller areas the action of each material is 
somewhat in conformity with expectations, while for 
the larger areas the behavior of both the sand and the 
clay approaches that of an elastic solid. The implica
tion is that in both cases the pressure distribution of the 
larger areas reaches a layer of material somewhat more 
deformable than that at the surface. 

STRESS D1STRmUTlONS IN THE ELASTIC SOLID AND 
THE BEHAVIOR or LOADED MATERIALS 

The vniforml1llocukd circular _.-In 1929, follow
ing the potential method of Boussinesq, A. E. H. Love 
carried through the solution of the problem of the 
stresses produced in 8. semi-infinite solid by pressure 
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applied on a part of its boundary plane, in several 
important cases." 

Of these, the one of the, unifonnly loaded circular 
area appears most nearly to represent the conditions 
of the pressure-deflection tests already considered 
(figs. 0-6 to 0-21). These tests were made with flat 
circular bearing blocks; and though in the instances of 
small diameter the actual pressure distribution may 
have been greatest at the circular boundary, as in the 
case of a rigid die, the relative penetration of different 
bearing blocks is not thereby affected. Again, the 
objective of this study is to relate the verified and 
theoretical behavior of materiala in general to the 
problem of roads, and since the case of the unifonnly 
loaded circular area may be conjectured most nearly to 
represent the manner of loading under pneumatic 
tires," it has a special significance. 

Using cylindrical coordinates, Love develops the 
basic differential equations for deflection and stress in 
terms of certain derivatives of the Newtonian potential 
of surface distribution, V, with respect to the depth, z, 
below the boundary plane and the horizontal distance, 
p, from the central vertical axis, and in terms of certain 
derivatives of Boussinesq's three-dimensional logarith
mic potential, x, with respect to p. He alao employs 
certain elastic moduli .. in which may be substituted 
the familiar Poisson's ratio, rr, and the equations 
become: 

~ 1 [ ClV ()2x Cl'Yl pp=z; 2rrTz-(1-2rr)'l)p>-Z Clp'J 

~ 1X ClV 1 Clx Z Cl!:1 
CdCd=2"...t.2rrTz- (1-2rr)p. Clp -p.TpJ 

u=i£g: -zgJ] 
~ IT ()2V] ~ ~ 
pz=2Wl.. -zClpClZ 'Cdp=O,CdZ=O. 

In these, ~ and 01(;; are, respectively, the radial and 
tangential components of stress, while u is the vertical 
component. Shearing stresses are denoted by ;;Z, iiP 
andOiZ." 

Love then evaluates the several derivatives in terms of 
the simple geometrical dimensions shown in figure 0-22, 
and the elliptic integrals 47 F(k,</», E(k,</», F(k,8) and 
E(k,8), in which k =r,fr" and alao the complete elliptic 

a A. E. H. Love. The Str_ Produced 1D 8 SemI·lDtlnlte Elaatlo BoUd by Presmn 
on Part of the Bound&l'J'. PhllO!Opblca1 TranSBCtlonaot the Royal Society of London, 
"1. 228 (mea Al, November 1929. liP. 877420. 

.. Road abstracts: Department of Scleutlflc and lndoatrJal Reaaareb, Oreat Brl1aln. 
.0L .. No. 12. March 11m. reviewing uperlmeota conduoted by H. Martin In Ger· 
many.statel: uFor pneumatlo tyrea the presson distribution Ia found to be I8O.S1blT 
UIlIform." ., l,;,. -2r and A-i;-l-2cr, soe p. 228 below. 

U The notation 11 Love" tollowtna PearlOD, faUGwlnlJ Caatlgllabo. MuweJI. 
BOUIIlnuq, Balnt-Venant. Oaueby. and OorloliL AlsoaaeIuaoTodbunterand Karl 
Pearson. A BlstorJ o( the Theory 01 E1asUeltJ'. vol. 1. pp. 882-883 and. p. 322; and 
A. B. B. Love, A TreatlJe on the Mathematical Theory o( Elasticity UD:l7). p. eu. 
The 1m Jetteroftbuymbol repruenta the dlrec&loD o( the normal to the plane under 
ooDBfderatloD, while tbe I600Dd repreeontl the dlrectlOD of the are. oomponent 
1Il0l1 • 

., AD uoa1leDt chapter on elUptJo Integrals appl!arl In Wi:her Matbem.t.IaI (or 
EnKfDeen and Pbyslelatl. by Ivan and Elisabeth 8otolDlkotr. 

FIOVBS C-22.-Geometrlcal dimensions employed In calculation of 1t:re18e8 beneatb 
a uniformly loaded circular area. 

integrala K' and E', in which the modulus k' = .J1-k'. 
If one substitutes M_, say, for K'E(k, </»-(K'-E') F 
(k,</» and M

" 
say, for K'E(k, 8)-(K'-E') F (k,8), 

the results may be given os follows: 
When p is less than a, 

,!.ClX=p[ ... + zr'E' z(2a'+2P'+z')K'+ a·~p'M.] 
p Clp P' r,p' " 
()2x_ ['Ir_~E,+z(2a·+z')K,_at+p'M] 
Clp·-P p' r,p' p'. 

ClV =2P[~K'+M.-"'] Clz r, 

When p is greater than a, 

'!. ClX=p[ ... ~+~E' z(2a'+2P'+z')K'_ a'-P'M.] 
p Clp p' p' r,p' P' 
Cl'X=p[_"'~_~E'+ z(2a'+z')K'+ a'+p'M,] 
Clp' p' P' r,P' P' 
ClV =2P[~K'-M.] Cls r. 

The remaining derivatives with their coefficients 
may be expressed as follows: 

!. ClV =zr'.p[2E,_rl+r"K'] 
p Clp p' r,' 

()2V _ [z(pt+z'+a') (p'-z'-a') E' 
z Clp' -P rb.,p' 

-~K' +~(r"+t'·K' - E,):l r, p'r, ~ 

()2V =~ [r"+r,t E'_2K'] 
S ClpClz r,pP r,t 

()2V _ [~K'_(zr.+ (p'+z'+a')(P'-z'-a'»)E'] 
z Clz'-P r, -;I Z r,'r,p' 

In all of these equations the quantity, p, represents 
the intensity of the uniform pressure. 

Thus, by using ordinary tables of elliptic integrala .. 
one may, without interpolation, compute the stresses 
occurring at certain fixed points along the circular arc 
described by the point, q" os the angle, </>, increases from 
0° to 180°. 

For the purposes of this investigation, however, it is 
more convenient to know the stresses occurring at 
different distances, p, on planes parallel to the boundary 
surface at various depths, 2, as may be developed from 
table C-4 and figures 0-23 to 0-28 herewith. Com-

.. r .. ....,pIe .... B. o ......... A SbortTabloolbJ ........ ldod.,pp.I21-... , 
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putation thus involved the use of tables of eIliptio 
integrals calculated for sme.ll intervals of sin-lk. 
Tables in Legendre's ola.ssical work <8 provide numeri
c&.l v&.lues for intervals of 10

• These were employed 
with Legendre's own equation for interpolation." 
Accuracy to the eighth decim&.l was sought in this 
interpolation procedure because sixth place accUl'llCy in 
e.Il numerical v&.lues employed in the calculation of 
the derivatives was desU,!d. 

Along the vertical axis, the strees components may be 
found by ev&.luating the limits to which the relevant 
derivatives of Vand X tend as k approaches unity, but. 
it is simpler, as Love points out to observe that when 
p=O, 

"A_M.~dn, 'l'nlt6d .. _ElU ..... _ ..... Tome_ 0830. 
table IX. 

• Same. p.... Two nluts lit tbe taw."nft IoaDd. to be lD.nIr. Tha!Ia .... ~ _b.Iho __ • 

V=2..p[(al+zI)i-2] 

and that in this limiting case: 

O>V =!.<>V =_!.~=J _~] 
CJp' p CJp 2 CJ:.- ~'1. \a~+:.-r~ 

and that also in thislimitingce.se: 

~;=~ :~=-~.~: =~l 
Love also provides the equations for the components 

of vertical and later&.l displacement. For vertical 
displacement of the pressed e.re& the results are identical 
with those &.lree.dy discussed (p. 206) in connection with 
the elastic solid and need no further mention hen!. 

::.'lres8 dislribulioo and the aIalrility oj iaotropic mG

Wials.-A knowledge of stress distribution in the ease 
of the elastic solid has led to various speculations 118 to 
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the criteria of rupture.I ' These have limited, (a) the 
maximum extension, (6) the maximum tension, (e) 
the maximum stress, (d) the maximum stress-difference, 
(e) the maximum shear, and, in the case of granular 
materiols, (f) the critical ratio between the principal 
stresses." 

Carothers II considers each of these from the point of 
view of their applicability to the case of earths and very 
Iogicolly concludes that in this instance the conditions 
of stability must (a) preclude tension everywhere, and 

11 These are dlJoa.ssed by A. B. H. Love fnA Treatise on the Mathematical Tbeorr 01 
Elasticity (1927), p. 121; Richard V. Southwell, The StreDgtb of Materlala. Enayoloo 
paedla Drltannlta (tUb ed.), vol. is. p. 58; A. NAdal, Pla.sttc1ty. p. 69; and Stephen 
TlmOlhenko and OJeuoD B. MacCuUongh, Elamenu of StreDllh of Materlala. p. aUt 
A somewhat extended paper (t.oegther with dlscoalfon bY'YarioUl wrlten) II by 10seph 
Marln,lI'BIlure Tbeori81 of MaterlallSubJeeted &0 Combined Stresses. TraosaeUons, 
American Soe:lelYorOlvU Boctncen. No. lOt.tWIl. pp.l1ea-nM. 

ItRanklnt'lrado. p. 211 • 
••• D. Oarotberl. Tt.c Loadl on FoaDdatlona &II Affected b,. 8CfIJe 01 Tested AnI&, 

ProoeedlDp:, international Matbematlall Congresa. Toronto. 1924. voL 2. p. 629. 

(6) require that the maximum stress-difference at any 
point sha.ll be below a certain limit. This also is the 
conclusion arrived at by Love" in dealing with the 
same problem. 

Love says: "For a discussion of strength or weak
ness the most important quantities are the stress
difference and the tensile stress. The stress-difference 
is the excess of the algebraica.lly greatest principal 
stress at a point above the algebraically sma.llest prin
cipal stress at the same point. It is genera.lly con
ceded that failure is likely to occur if at any point the 
stress-difference exceeds some limit depending on the 
material." 

He points out that the stress component ~ is always 
a principal stress, that the axial plane through the point, 

.. A. B. H. Love. The Stn. Produced to a 8emHnftnIte 8olt4 bJ ~ OIl Put 
of th. Boundar7. PhllooopblGel TraDIoetloDI 01 ,be RoJIII --. '" LoD_ ooL 
228 (eerl8I A). November 1V2U. p.417. 
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!It (fig. 0-22), is always a principal plane of this stress 
at. !It and that the remaining principal planes of stress 
at !II are at right angles to this plane. His fonnulas 
for the remaining principal stresses T, and T •• are:" 

1~- -T,-j\pp+ss+S) 

1- -TI-j(pp+a-S) 

S-T,-T,-[(PP-u)'+4¢1l 

with the condition that the stress dift'erence S is always 
positive. Thus, the maximUIn stress dift'erence is 
either S, or it may be T,-...... Computed values of 
SIp are here given in tahle C-17. 

.I ... _-on_Q ........ _ ... T'-7 .. ~.p.lI, 
... t''''''Q .... N_ ... ~P. ...... 1L 

From these equations and computations a significant 
and conclusive observation may at once be made, with 
respect to the relative effect of different areas on the 
condition of rupture or plasticity in an isotropic solid. 
The stress-dift'erence. at any given relative depth 
s/a. is proportional to pressure. The only effect of 
ares is an alteration of the depth at which the stress
dift'erence occurs, but the magnitude with which i' 
occurs and not the position of its occurrence deter
mines the yield point. Therefore, in the case of the 
homogeneous isotropic solid, to which the mathe
matical theory is rigorously applicable, failure is inde
pendent of any ares effects and is directly dependen' 
on pressure intensity. 

Thus, as earth materials embody the characteristics 
premised in the elastic theory they will defted under 
load in proportion to pressure intensity and in propor
tion to the radius, or the square roo" of the loaded area. 
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The proportionality will persist under increasing pres
sure intensity until the yield point is attained. At 
this point, though the pressure intensities and stress
differences under different areas are identical, the de
flections under the larger areas are greater than under 
the smaller. The material will not undergo a sudden 
transition to the viscous stage because the failure that 
occurs at this point, though permanent, is local in char
acter and will spread only gradually under increasing 
app\i~ations of pressure. In order, then, to produce 
the same deflection under a smaller area as exists 
under a larger. at this point, additional pressure will 
be requirpd. Thus it is that strain-stress curves for 
plastic earths do not coincide under usual test condi
tions even after noticeable failure is taking place. 
Such coincidence cannot take place until a nearly fluid 
action is reached. This accounts for the fact that the 

pressure area curves for clays (figs. e-a to 0-20) merely 
approach the point where the pressure required to 
produce a given deflection under the different areas 
are independent of area, i. e., where pressure varies as 
the area to the zero power. 

From an examination of the deflection characteristics 
of loaded earths as witnessed by test results, and from 
a consideration of the limiting mechanical properties 
of all materials, it was deduced that all materials would 
sustain loads according to the relative expression 
p=mA", where p and A are pressure and area, respec
tively, and m and 11 are variable parameters with the 
latter ranging between -0.5 and +0.5. 

In the case of cohesive earths, it was deduced that 
the exponent, 11, would be -0.5 under initial loadings 
and approach zero as failure progressed. This deduc
tion has been harmonized with mathematical theory; 
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but while the deduotion does not permit determination 
Ilf the point at which permanent yield impends, and is 
therefore of alight consequence as an aid to rational 
design, the mathematicol theory shows that if the 
presslll'&-al"8& relation at a.uy given dell.ection in a 
purely cohesive materiaJ. is other than according to the 
inverse square root of the area, the elastio limit of the 
materiol has been exceeded and yield has taken place. 
Moreover, the fact that large deformations under large 
areas and small deformations under small ones, in 
proportion to the square roots of the areas, exist at the 
failore point, eliminates the consideration of fixed 
deformations as criteria. in flexible pavement failore 
or design. 

The conclusion that pressore intensity as a cause of 
failore in the isotropio solid is independent of area 
effects immediately raises the question as to the validity 

of considering area of load application as & factor in the 
design of rigid pavement when the design theory as
sumes that both the pavement elab and the subgrade 
possess elastioally isotropio properties." The answer, 
of course, is simple. The action of the slab is that of a 
beam, and quite different from that of an indefinitely 
extended solid. In the slab the critical stresses are 
the tensile stresses in the surface fibers at the toP. or 
bottom of the slab, depending on the position of the 
load with respect to the slab boundary. These stresses 
are dependent on bending moments which in turn are 
inHuenoed by area of load application. The surface 
fibers will rupture from tension before shearing forces 
can be of consequence. In the indefinitely extended 
solid, shearing forces are of major conseqnence. 

-See"'- 8,L ...... _ ~ '" P_ eoa..& 00acn0I0_ 
_-. .. 181. 
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It remains then to examine, in the light of the mathe
matical theory, the case of materials which, at early 
deflections, offer a resistance which is independent of 
area effects, and which at ultimate deflections (progres
sive failure) offer a resistance which vanes directly 
with the square root of the area of load application. 

SlruB distribution and tM 8tability oj aeolotropU: 
malerials.-Qne of the underlying ass1l.Jllptions in the 
solution of the problem of stress distribution in a 
semi-infinite elastic body, loaded over a small area of 
its plane boundary, is that the body is elastically 
isotropic; that its elastic properties are the same in 
all directions. When this is not true, the body is said 
to be elastically aeolotropic, i. e., anisotropic or hetero
tropic." 

n Stepbtn TlmOlbenka. TbeorJ of Elasticity. p. I, and Max Placek. hatrodootloD 
to TbeoretlCII PbJl!eIr wi. 2. P. 88. D. P. KrnJDe IUR'" thllll5llp oI"elutteaJlJ' 
lIotroplc" u aralDd ,be more pneraJ. "eluUe and Isotroplc.1f 

In accordance with the assumption of elastic is0-
tropy, it must follow that the coefficients by which the 
elastic properties are measured, such as X and ,. (La.m6's 
constants), or the more familiar E and 0', are equally 
applicable to any small element of the body, wherever 
taken, and equally constant with respect to that ele
ment. These moduli are readily available in texts on 
elasticity" but are here taken, together with their 
definitions, from Griffith." They are: 

E 1'«3,,"++2)1') Youn~'s extension mo~ulus, 0; ratio of 
,. tensile stress to tensile stram. 

0'=2("X+) Poisso~'s ratio of lateral to longitudinal 
,. stram. 

-N-Seo,-,.,.-..... - .... A. E. n. Love, A TnotJoo OIl &be M_ .... 1coI T~ 
ofBlasClaltJ'(lW17).PP.llJ3-.4 . 

• JoIm. B. OrUlltb, DynamIcI 01 Barth ad OC. ~c Ma"., [0 ... 
EDameennl BJp8I'ImeDC Station Bulletin No. 117, p. 10. 
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E 
~=2(1+,,) Rigidity, or ratio of shearing stress to 

e.ngular strain. 

E 2 
a=S(1-2,,)=}.+S" Compression modulus, or ratio 

of hydrostatic pressure to 
volumetric strain 

}. . (1 +" ff~ 2,,) Defined by these equations. 

Since the modulus of elasticity, E, is & measure of 
the stress required to produce & given deformation it 
will vary importantly with different materials, and if 
the stresses are known it is an essential lsctorin the 

. determination of strains or deformations. On the 
other hand, if the deformations are known, & knowledge 
of the relative deformations along different UllS of & 

email element is all that is required for & determination 

of the stresses, so long as the actual deformations are 
proportional to stress. These relative deformations or 
movements are measured with the aid of Poisson's 
ratio and therefore this ratio alone appears as the 
differentiating modulus in the determination of stresses 
in elastically isotropic materials, however different the 
materials may be. 

lt may be obeerved, morsover, that the modulus 
appears only in the equations for the horizontal stress 
components, ;,. and ,;" and is absent in the equations 
for uial and shearing stresses, is and;a. This holds 
for point loadings" 88 well as for symmetrically dis
tributed loadings. Attention was called by Boussi
nesq to this absence of elastic moduli in the final 
equations for stresses normal to planes parallel to the 
-___ 18_",,,,_ 
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boundary, and he observed that such would be the 
case in all isotropic solids .• ' 

Boussinesq also called to attention that "Throughout 
the whole surface of a sphere touching the surface of the 
given (boundary) plane at the point of application of 
the normal force (point loading) * * *, the stress, 
which an elementary plane parallel to the surface of the 

• Joseph BoUllln... AppUcatJOD des poteDtJell • 1'6tode de l'Aqullibre III due 
mouYeDlGDt da 101Id" 6Jutlquee, • • • pp. 106-100; _leo Isaac Todhunter and 
Karl Pe&nOD, A BlitorJ' of the Theory of Elastlclty, vol. 2. put I, p. IIR, Thl 
modoU enter In the derivation of the equations but vanlah by caneeUaUou. See 
above reterenOlIIaud Stephen Timoabento. Theol'J" of ElastJclty, pp. 1-11 aDd 128-331. 
ad S. D. Carotblllll, Teat Loadl OD Poundatlona II AJJ'eoted by 8cale of BeariDI 
Ana, ProoeedIDp, International Mathematical CcmIna. Toronto. 1~ • • 01. 2, 
p.648, oq .... 

body is subjected to, is a constant." II The equation 
for these stresses, already given," may be modified to 
show the radial stresses emanating Crom the point, thus: 

RR=-3P~ 
2r R' 

where P is the applied point loading and R is the radius 
vector drawn from the point, in any plane through the 
iii axis. From this equation it may be noted that the 
stresses RB, in any direction oC R whatever, are inde
pendent oC elastic moduli so long as the stress trans-

• See BousslnesQ Ind Todhunter-Pearson ICKU'OeI, tootDo&e IL TrIDIIa&IoD qooCed 
II by Pearson; parentb_ are added. 

• See footnote 28, p. 202. 
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mitting properties are the same in a.Il directions; in other 
words, so long as the material is perfectly isotropic. 

If the elastic properties are not the same in a.Il direc
tions, it is easy to see that the values of RB will be 
different along different directions or elopes of R from 
those whioh the equation indicates, and that therefore 
Boussinesq's sphere of constant stress, u, on planes 
pa.ra.llel to the boundary will be distorted by an amount 
which will depend on the ma.gnitude of the difference in 
the elastic properties along the several directions of R. 
Stresses in an aeolotropic body may, therefore, not be 
caloulated by an unmodified application of the equations 
of the isotropic solid. 

In 1856, Rankine presented ". • • certain irin
ciples which are common to every case of the internal 
equilibrium of a solid mass in what manner soever 
constituted," and then proceeded "to combine those 
principles with the peculiar principle of the stability of 
an incoherent granular mass."" And in his famoue 
memoir on pulverulence, of 1876, Bouesinesq makes a 
direct transition from the consideration of the limit of 
elllStio stability in isotropio mediums to an analysis of 
the equilibrium of a cohesionless pulverulent mass." 
The step is accomplished by the substitution of a certain 
constant, which may be considered as related to the 
angle of internal friction, for the elastic moduli in the 
case of the isotropio solid.- Agreement with Rankine 
results. 

According to Karl Pearson, "Bouesinesq basee his 
theory of pulverulence on the hypothesis that masses of 
pulverulent material stand midway between solid and 
fluid bodies, and act like fluids when not subjected to 
pressure, but when subjected to pressure gain an elas
ticity of form as well as of bulk, and act like solids." If 

In 1899, J. H. Michell investigated the problem of the 
semi-infinite solid (1) when two, elastically different, 
isotropic 80lids are soldered together over the plane, 
iIIld (2) when there is free Blipping over the plane.- A 
year later he analyzed the problem of stress distribution 
in an aeolotropio elastic solid, having an axis of elastic 
-symmetry. 
. In the later paper,- he considers the surface depres
Bion due to a normal pressure concentrated at a point. 
His equations contain interrelated constants which in 
the case of the isotropic solid would be the elastic moduli 
->.,,, and >'+2". When these are8ubstituted, the equa-
-tion is identical with the Boussinesq results. He con-

"W.l.H. R_O.U.SlabllltT"''-__ P __ ~ 
"'I'l10 __ '' Loa4 ................ . .J_ S ...... _ ..... _ .. _1'_ ... 4_ .. _ ...... " pal • 
. ....-w.a.. • • • II""" 0aurr0DII. .&.ead.1mia R~ _ BeIcJq-. __ .. 
1871.pp.. .... 

-Same" 'Po" 
• __ ....... ItuI""'-A_"'U. "-"'_ ....... 

-pO.l....... -
.,. II. M .............. --."'_A ..... _"'D __ ..... __ .... __ ..... __ • __ ~M __ 

__ ._",_p.\8L ·,.II ........... T ... _ ..... ____ .. __ 

.-.--~--..... -. ........ "". 

cludes: "It appears, therefore, that the law of depression 
is the same as for an isotropic solid." 

He also considers stresses across planes para.llel to the 
boundary. In order to pass to the case of an isotropic 
solid, he introduces two variables which vanish in the 
limiting case, in which he again obtains Boussinesq's 
results. 

These important solutions to the problems cited are 
historica.lly significant in their disclosure of a continuity 
between the isotropic case and cases known to be im
perfectly isotropic or definitely aeolotropic, even though 
the solutions do not comprehend the problem of area 
e1fects on stress distributions in a semi-infinite body. 

Griffith has more recently provided such a continuity 
for a.Il of the principal stress components resulting from 
a point loading," by considering the derivation of the 
stress equations in the isotropic case and introducing a 
variable parameter which satislies test results for other 
types of matter. Krynine.1 shows this parameter to 
be equal to two plue the reciprocal of the coefficient of 
pressure at rest, which is ueua.lly given as the ratio of 
lateral to vertical pressure for matter uniformly stressed 
under its own weight. Carothers, following earlier 
authorities, gives this coefficient as >./0.+2,,)" while 
Griffith also gives the equivalent 11/(1-11), in terms of 
Poisson's ratio." 

Utilizing Griffith's parameter, which may be ca.Iled 
fI, Krynine adapts it to the equation for stress along the 
vertical axis under a uniformly loaded circular area to 
the following effect: 

in which 

Bsaring in mind that the distribution of the stresses, 
22, on planes pa.ra.llel to the boundary is the same for 
a.Il isotropic bodies and independent of elastic moduli, 
and that in such cases fI=3, one may conclude that in 
the elastica.lly isotropic case the ooefIicient of pressure 
at rest, i. e., the ratio between tha principal pressures, 
is unity. 

Such a coefficient implies a hydrostatic condition 
under the action of gravity, an initial Poisson's ratio 
of 0.5 in any isotropio body, and incompressibility. 
These seeming anomelies are removed by the fact that 
.J .... II. Orlmlll. ............... tr ___ .... c.a-. 

.................... Oril\llb ... _ ................... __ .lDaiooa 
BoaIeIJ'oIC1't"1l~NCRI'8ID._lIII.P.HIl ..... 

• KrplDlCIIl DlsCrfbatlaa:oIser...U ..... ~~..a..m.tcIIl 
-.. "'CIvIl _ pO. 1.00<0 ......... p. I2SL 

a8.D.OonIbon. TwIt~ .. ___ ~ ..... "'.-"-__ ~M_~ .................... t.p._ 
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Poisson's ratio, II, leads to a measure of volume change .. 
under load, and a total absence of volume change (which 
corresponds to 11=0.5) as well !IS of initial stress, from 
the action of gravity or other body forces, is assumed as 
the starting point for load stress calculations." A 
value of 11.=3 simply signifies, therefore, absence of 
initial stress in the body. 

Love says, "The initial state of 0. body may be too 
far removed from the unstressed state to permit of the 
stress and strain being calculated by the principle of 
superposition * • *" and adds, "A body in equilib
rium under the mutual gravitation of its parts is in 
0. state of stress, and when the body is large the strees 
may be enormous." 7. . 

In examining the stress distribution in foundation 
earths in the light of the elastic theory, Carothers 71 

suggests 0. consideration of the existing initial stresses 
in the ground as necessary to the evaluation of the total 
stress differences under the applied pressure. He 
utilizes the weight of the earth and the coefficient of 
pressure at rest in their calculation, as does Griffith." 

He cites three different cases where these initial 
stresses in the unloaded material will differ widely: (1) 
The case of an earth formed by gradual accretion in 
horizontal layers. The pressure in this case would be 
greater on horizontal planes than on vertical planes; (2) 
the case of an earth formed from a semi-fluid impalpable 
mass which has solidified gradually from the top 
downward. . The pressure in this case would be of a 
hydrostatic nature and equal in all directions; (3) the 
case of 0. layer of earth now denuded of strata with 
which it had once been overlaid. Here the natural 
earth pressure might conceivably correspond with that 
of slate formations and be greater on vertical planes 
than on horizontal ones. 

Though all three of these limiting cases might well be 
considered in the problem of building foundations, the 
last of tbese would be of elight if other than theoretical 
interest in earth road and subgrade problems. And 
since the second conforms to the elastically isotropic 
case already discussed, it remains to examine the case 
wherein the pressure on horizontal planes, owing to 
gradual accretion or the influence of gravity, is greater 
than on vertical planes. This case, too, would include 
that of earth roads and subgrades, rolled or compacted 
under the action of traffic and of superimposed base 
courses and flexible pavements. 

The problem appears to be three-fold, involving (1) 
different elastically isotropic strata superimposed in 

" StepheD TIIIlO8benko and OIeuon H. MacCuDougb. Elementl of BtnDgth of 
Materfall, p. «. The unit volume chanp Is ,(1-2.). where • Is the DDlt atnfD. 
so.trIo1entlYIlD.al1 to penntt neglect of ftllQlW'eI and cubel. 

fI Stephen TimOlibenko. Theory of Elasticity, p... A. E. H. Love. A Treatfae on 
the Mathematical Theorr of Elaatlclt7, (1927), pp. 7~77 and 100-111. 

r. Same. p. 100. 
n S. D. CaroU1erl. Ten Load! OD P'oundatioDII .. Affected by Bcale 01 T.ted Area, 

ProceodInRl. international Mathamatlcal Conlf6Sl, Toronto. lO:M, vo). 2, pp. 630-631. 
h lohn H. GrUDth. DJDAmice of Earth and Other M'lCr'OICOplo Matter, 100. ei,-. 

Bulletin 117, pp. fO-.4f. 

well-defined layers, (2) superimposed isotropic and 
aeolotropic layers, and (3) unstratified material with 
negligible cohesion, such as a loose gravel or sand. 

The first case obviously is the one investigated by 
Michell, whose solution involves only an adjustment 
of the elastic moduli. It will be considered later in 
connection with an examination of the second type of 
stratified material. It becomes of immediate impor
tance to consider the case of the loose granular medium 
in the light of the concept of isotropy. 

Krynine recently made a valuable contribution to 
the thought on the subject when he said:" 

Bodies termed "isotropic" in reality may po..... quite dif
ferent properties, depending on their degree of isotropy. If the 
mate1ial in a body pass ..... exactly the same properties through
out, including the stress-tTansmitting capacity, any point of any 
line drawn within that body will be a part of an isotTopic "COD

tinuum", and such a state of isotropy may be termed "monot
onous." On the other hand. if the material consiats of unit. of 
particles interspersed with voids or some other material. with 
different stress-transmitting capacities. the body may po ...... 
"statistical" isotropy. Owing to the presence of a great number 
of particles pressed against each other. stresses within such a 
body may be generated 80 as to simulate a "continuum," and 
this simi1arity is the greater. the greater the degree of isotTopy 
approaches the "monotony" referred toj for instance, if two 
stTaight lines, 1 inch long. drawn within a sand and a clay m ..... 
pierce 100 and 100.000 soil particles, respectively, it is evident 
that the clay mass is much more properly termed "monoto
nously" isotropic than the sand m..... Furthermore. attTacted 
moisture. which is almost solid in the case of a moist clay mass. 
approaches more the stress-transmitting capacity of the soil 
particles than water in the voids of a sand mass. Hence. for
mulas of the theory of elasticity, the Bou88inesq formula among 
them, developed for the case of an isotropic elastic "continuum" 
should be applied to clays rather than sands. It does not follow, 
however, that clays are elastic, and sand inelastic. Each sand 
particle is an elastic body, as demonstrated by the rebound after 
releasing a load from a sand mass; but the reason why the 
Boussineaq formula cannot be applied unconditionally to And. 
lies in their lack of monotonous isotropy. Since statistical iso
tropy requires the presence of a great number of particles. it 
does not exist at all where this condition is not fulfilled. Hence. 
an earth mass, eapeoiaJly a natural sand m ..... is not isotropic 
close to its boundary. 

The statistical concept is not witbout historical ante
cedent in the development of the elastio theory. S. D. 
Poisson, in 1828, whose hypotheses and mathematical 
formulations lead to the strictest sense of isotropy (see 
Planck's definition, p. 228 above), assumed that an 
"irregular action of the molecules in the immediate 
neighborhood of the one considered may be neglected 
in comparison with the total action of those more re
mote, which is regular."" His results agreed with 
those of his contemporary, A. L. Cauchy, who assumed 
a perfectly symmetrical distribution of molecules and 
bence a regular action throughout." It remained for 

tt ltrynIne on Distribution of StrMIeIt Under a FoundaUDD. ProoeedI.DCI. Amerl
caD Society of OlvO Bngtoeerw. pt. t. October IllS!,. pp. 126J.-l2M. 
.8. D. Po1I!oD. ),fAmoInlIUl' 1'~lbre e& Ie moavelDlD& del cora» tlutlqQII, 

M!mom. del' Aeadem1e des Sefen ... Paria. tome 8. 182D. pp. I8IHOL 
t:I A. L. Caueby. De Ia IQa'dOD GO teDlioa ciani tul ",dme de palDli mat6r:lela 

ThII article ooeuples pp. 211-238 of Caucby". EurdleI de Mat.b6mat1que. 181 
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R. Clausius, two decades later, to show in the light of 
experiment that either assumption was perfectly legiti. 
. mate since the required value of the el&stic constants 
is not that of a particular point, but the mean value 
for an indefinite number of points." 

Both Poisson and Cauchy were sustained by Clausius 
and later by Saint-Venant in their conclusion that in 
elaetic&lly isotropic bodies ).=1', from which it follows 
that .. = "." Observed experimental departures later 
came to be &ssociated With &eolotropy, and the absence 
of materials which could With assurance be supposed 
perfectly isotropic With respect to elaetic properties led 
investigators to experiment With materi&ls, such as 
cryst&ls, With known kinds of aeolotropy." ,And 
though Love states that "The best modern experi
ments support the conclusion that Poisson's ratio can 
dift'er sensibly from the value" in materi&ls which may 
Without ·cavil be treated as isotropic and homoge
neous,"sa the validity of Love's conclusion rests on 
statistical isotropy. 

Griffith says: 
Isotropio matter In the light of the present theory is regarded a 

lingular otruoture In wbioh the orgam.ation breaks down by 
meana of, for .lUUJlpl., a ohaotio arrangement of the individual 
homoge.ouo oomponent otruotureo, whioh ooouro for a oryotal
line .truoture in oontradistinotion to a crystal otruoture • • • 
By the theory of probability, if disp1aoem.nt or strain measure
m.nta are taken along any direotion, the prop.rti .. should b. 
about the sam. owing to the oompensation." 

The same thought is stated by Tilnoshenk:o in discus
sing the ease of steel: 

The materl'" is very far from being homogeneous, but .xperI
.noe shows that solutions of the theory of elaotioity baaed on the 
assumptions of homogeneity and isotropy can b. applied to steel 
.t.uotu ... with very great .. ouracy. Th. explanation of thiB Is 
that the oryatale are very emall; usual\,y there are million. of 
them In one oubio inob of ateel. While the elastio properti .. of a 
lingle oyratal may be very different In different directiona, the 
crystala are ordinarily distributed at random, and the e\aatio 
propertiee of \arger pi .... of motal repreoent averagee of proptll'o 
tiee of the oyratalo. So long as tho geom.trI .... dimeneiona defin
Ing the form of a hod,y are 1arga in oompariaon with the dim .... 
Ilona of a alngle oryatal the aaoumption of homogeneity can be 
used with great a .. urac,. ,and If the .. ,.stale are ori.ntated at 

'random the matorl ... can be treated as isotropio." 
In the light of these statements by Krynine, Love, 

Griffith, and Tilnoshenk:o, one may conclude that where 
favored directions of stress tr&nsmissi.on are distributed 
at random through sm&ll elements of the body, the body 
is effectu&lly isotropic, and that where favored direc
tions BlUst for the body as a whole it is aeolotropic, 

• _dorll'lA_ .... " 181& P ... _. 
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Thus, Michell's "aeolotropio elastic solid having an 
axis of. elostio symmetry" possessed what Love and 
others refer to as transverse or cylindrical isotropy . 

In the case of a granular mass, such as sand, &sSumed 
to be lacking iI' cohesion and therefore in tensile resist
ance, it is Dbvious that the stress transmitting qualities 
in the vertical direction are quite dift'erent from those 
in a lateral direction if planes near the surface are con
sidered, and that if the particles are sm&ll enough the 
properties will be essenti&lly the same along any line 
drawn to the axis and rotated about it Without change 
in the angle. The m&sS may thus be said to be cylin
dric&lly or transversely isotropic. Such symmetry could 
not be supposed, however, if a m&sS of the same dimen
sions were composed of large, irregular boulders. And 
this is consistent With Krynine's discuesion of statistical 
isotropy in earth masses. 

From Michell's findings relative to cylindrical iso
tropy, one might readily suppose that appropriate sub
stitution in the equations of elaeticity for the constant 
moduli would be sufficient for the determination of 
stress distribution in an aeolotropic body such as a sand 
mass. But Krynine says, "Probably, at a certain depth 
Within the earth &ll matter obeys the Boussinesq law 
With a concentration factor, 11 = 3, and the dift'erence 
between the stress distribution in sand and clay is merely 
a surface phenomenon," 88 and moduli, variable With 
depth, implied in Krynine's statement, are supported 
by test results." And in harmony With the famous 
"Principle of S&int-Venant" 110 and With the theory of 
local perturbations as enunciated by his most note
worthy pupil, Boussinesq, wherein the manner of load 
distribution over a pressed area and the effects of the 
area itself as opposed to a point loading are of import
ance near the surface but decrelllle in importance With 
distance from the surface, one may suppose that de
partures from the action of a true elastic&lly isotropic 
solid are &Iso of significance near the surface only. 

To offset purely local effects of loading or boundary 
conditions in the application of the elaetic theory it is 
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correct to make local modifying assumptions" and to 
pass from the case of a given elastic solid to that of an
other one simply introduces aD, appropriate change in 
Poisson's ratio. But from table 0-17 and figures C-29 
and C-30 one may observe that this modulus may itself 
be regarded as a local modifier because it vanishes in 
importance at distances which are large in comparison 
with the linear dimensions of the loaded area. The 
introduction of a modulus variable with depth to 
accommodate the case of a material having decreasing 
a.eolotropy as distance from the surface increases, 
appears to be, therefore, a wholly logical procedure. 

Since the isotropic solid has a coefficient of pressure 
at rest of unity, a material having a very low degree of 
superficial isotropy, such as dry sand, has, near the 
surface at least, a coefficient which is close to zero; 
Under small pressure applications the lateral resist
ance is negligible, tensile resistance is absent, and the 
movement that takes place is caused by the rotational 
action of the particles under purely vertical pressure. 
In this stage, like pressures over different areas result 
in like movement. Settlement is essentiolly inde
pendent of area. 

As rotational resistance increases under the developed 
friction the effect is similar to the introduction of an 
appreciable lateral pressure, because the arching action 
of the particles transfers a part of the load to the mate
rial in the region where p >0,. Tl1is transfer is known 
as the "bin effect" because it closely resembles the 
transf61: of a part of the weight of the contents of a 
storage bin to the wolls of the bin."' 

The introduced lateral resistance, however, does not 
bear a constant ratio to vertical pressure because it is 
directly dependent on the depth considered. The 
result is comparable to a Poisson's ratio which increases 
with the depth to which failure extends" and hence 
with the area of load application. 

If a fixed maximum stress-difference is attained 
under a given pressure and area at a given depth, the 
same stress-difference is not attained by a larger area 
at a depth proportional to its radius, as in the monot
onously isotropic material. Nor, in fact, is it attained 
at oll under the same pressure, because an increase in 
Poisson's ratio is accompanied by a decrease in the 
maximum stress-difference that can occur. 

n A. E. H. Love, A TreaCl •• OD the Mathematfcal Theory of ElutlcUy (um) 
p. 189. Particular 0&108 ot 'irell.lndetermlnacy are referred to by A. E. H. Love In 
The 8tres1e1 Produced in a BemJ·lDftnlte Bolld by Pressure on Part ot the Boundary. 
PhDosopblcaJ Tm1UlllCUona of tbe Royal Soclet.y of London, vol. 228 (series A), No
vember 1929. Pl'. 401. fOOl; II well 81 by Kwan.JchJ T8I'BIawa III On the Elastic 
Equilibrium or a SemJ·lnftnlte Bond Under Given Boundary Condltlona, loumal of 
the CoDege 01 SoIeuoa, Imperial Unlverstty. TolQro, vol. 87, article 1, Deoembe.r 1, 
1918,p.16. 

n Cbarles Tenagbl, Archlq 10 Sand, Engineerlng New.Record. MI.,. It, 1(138, 
p.m. 

• L. M. Nowmark Woeste tbe emplricaJ transformations of the depth vaJue, .. 
to, II, 118,., and the subatltuUon of tbe adJUJted valu81 In tbe e1ast:Jo eQuatioDl. Bee 
Newmark OD Dlatrlbutlon of Su.e. Under a Foundation, Proeeed1ngJ. AmerIcan 
8001et7 of Civil EngiDeen, January, 193G, p. 1fT. Tbougb practlcaJ, lb" approach 
I.'IlDDOt be as rational as the adJUltment of tbe dtmensJonla PoJslon'l number,., for 
varioUi depth •. 

One may consider the maximum stress-difference 
along the vertical axis. This can be expressed accord
ing to the mathematical theory for an isotro~ic solid, 
as 

S ..... =p [<1-;20') +t (1 + 0')(2+20')'} p=O 

and it occurs at a depth 

~=[2(1+0')J~ 
a 7-20' 

The following table will illustrate the relation- be
tween the pressure required to produce a given stress
difference on the vertical axis and the depth-radius 
ratio: 

~~-"~ . Relative 
Relativepres-
IlUJ'etopro-... deptb duce given 

8 ..... 
-------

o 0,8143 A."". LOOOO 1.0000 
.1 .7626 ..... 1 ..... LOO78 
,2 .7131 .- 1.1282 LI41V 
.8 .6OM .6374 LUI" L2230 
.4 .&206 . ..". L .. ,. L8121 
.6 .6774 .7071 1. am Lfl03 

In the case of a cohesionless granular mass, unifonn 
as to distribution of particle size and shape, variation 
in Poisson's ratio will be related to the influence of grav
ity and hence this modulus may be assumed to vary 
directly with depth. From the foregoing table it may 
be observed that for practical purposes Poisson's ratio, 
the maximum stress-difference, and the depth at which 
it occurs, oll bear an essentiolly linear relation to each 
other. It follows, therefore, that whatever the rate of 
variation in Poisson's ratio with depth these relations 
will not be disturbed and that the required pressure 
intensity on different areas to produce a given maximum 
stress-difference along the vertical axis will vary almost 
directly with their radii. 

Actuolly, the required pressure for the larger areas is 
slightly greater than the direct ratio of their radii, but a 
compensation occurs in the zone close to the bounding 
edge of the bearing area. Here the question of area 
does not enter. The ma.xizqum stress-difference occurs 
at q,=70055'39'', with k .... O, p->a, and may be deter
mined from the equation 

S ..... =I{(l ~20'). -0.39320'+0.5586 J 
and it is found, under any value of ", to be greater than 
the stress-difference on the vertical axis. Like the 
latter, however, it varies directly with pressure intensity. 

Another critical zone lies on the surface boundary of 
the material immediately outside the pressed area. 
Here 
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and, therefore, in this zone 

1L~=1-217 
p p 

and this particular stress-di1ference is greater than the 

stTess-clliference . ~ in the zone considered. It, too, is 
p 

independent of &rea of load application, but is depend
ent on pressure intensity. Computed values of these 
stress clliferences occurring neo.r the edge of the loaded 
area follow: 

.-0 .-0.1 .-0.2 •• 0.8 .-0.4 .,.0.3 

1------1·------s.... 0) ,r ~ (H"..;~_.* .... -..... 0.8982 o.S2n 0.7M9 0.6938 o.M18 0,6017 

1-i;'7' <.-0)··········· LO 0.8 o.s G.4 G.2 

In the case of a granular material it is only necessary 
to consider such values of these stress-di1ferences as &re 
associated with small values of Poisson's ratio. 

The magnitude of 8 indicates that failure will progress 
from this zone toward the axis, and under the assump
tion of a uniform pressure this would always be the 
case. 

At the instant of local yielding, however, in this zone, 
in a loose material," it is quite likely that the assump
tion of uniform pressure is, for the instant at least, not 
valid; in which case T,-.... becomes the critical stress
clliference. Moreover, it is conceivable that a material 
such as a dry sand might sustain a larger stress-di1fer
enoe under the edge of the beo.ring &rea, due to its 
o.rching action, until movement had first taken place 
as a result of its yielding to a smaller stress-diiference 
just outside this &rea. 

On the other hand, a reduced support just inside the 
edge of the beo.ring o.rea might momento.rily place the 
entire load on a smaller o.rea of support, thereby in
crea.eiDg the pressure intensity. The po.rt of the load 
to be redistributed, being proportionol to the perinleters 
for cllifereot o.reas, would have a relatively greater effect 
for the smaller o.reas. If, for example, a load, resulting 
in a pressure of one unit when applied over an o.rea with 
a radius of one unit, were thus redistributed over an 
o.rea having a radius of 0.9 unit, the new pressure 
intensity would be 1.2346 units. At the same time, a 
load resulting in a pressure intensity of 1.4103 units 
when applied over an o.rea with a radius of 1.3229 units, 
if reapplied over an o.rea having a radius of 1.2229 
units would result in a new pressure intensity of 
1.6503 units. The ratio of 1 to 1.4103 of the original 

"ID d........, Il1o '-I JIeIdIDr _Il10_ or. rIo\dcUe. 10 Il1o _ orOD IooIftIpIoIDlld, TIm_ ..... "ID __ ... _ .... JIeIdIDr .. -W 
o\oDIlIIo_..,.. 'l'blaJ\oldlDr,_.to .. Iooo1 _____ ... b 
......... 17_lIIodlolrl_or ............ _ .. ___ IIIo_ 
..,.or ......... • (8IepbeoTlm ........ 'l'~ .. ~.p.13O.) 900_ 

. to,.,.1SI. 

presSures is thus changed to 1 to 1.3367, and brought 
closer to the ratio of the originol radii of 1 to 1.3229." 

Whatever the nature of the actual occurrence, it is 
cleo.r that in the case of stress-di1ferences neo.r the 
boundary a relatively minor in1Iuerice, independent of 
o.rea, acts. in conjunction with an in1Iuel).ce which 
increases at a rate elightly faster than the square root 
of the &rea: In the other caee an inverse modifier 
enters. But in either case the modification indicates 
an approximately direct relation between the yield 
point and the square root of the loaded area, for a 
superficiolly aeolotropic body, weak in cohesion and 
subjected to a given uniform pressure intensity, applied 
over a circular area. And this relation, suggested by 
mathematical theory, and confirmed by a consideration 
of the mechanical properties of granular materials, is 
further substantiated by test results (figs. 0-12 to 0-15, 
inclusive) • 

Rankine's criterion oj Jail/us in a grantdar medium.
In presenting his "mathematical theory of that kind of 
stability, which, in a mass composed of separate grains, 
arises wholly from the mutual friction of those grains, 
and not from any adhesion amongst them", Rankine 
assumed his theory applicable to eo.rths aDd he believed 
that the angle of internol friction was identical with 
the angle of repose. 

His fundamentol theorem stated that, "At each point 
in a mass of earth, the ratio of the clliference of the 
greatest and least pressures to their sum cannot exceed 
the eine of the angle of repose." II Stated in equation 
form this is, in our own notation, 

T,-T1 ,..;' ... 
T,+T.- SlD

.,. 

which, of course, may also be put 

1'!,..; I-sin q, -tan'[450-~J T,-l+einq,- 2 

In discussing the characteristic clliferences between a 
cohesive frictionless material and a cohesionless granu
lar material, Terzaghi states that, in the former, 
"failure occurs as soon as the clliference between the 
greatest and least principal stress exceeds the compres
eive strength of the material," while in the latter, 
"failure occurs as soon as the ratio between the greatest 
and least principol stress exceeds a definite limiting 
value," and he adds that "This condition represents 
the most distinguishing feature" between the two 
cases." 

·SOO..-mclabloor __ ......... __ L ... &';,r.-OI. 

.W.l.M._Oo ... ~.,r-IIoRII,~~ 
The Ronl SoeIelJ' 01 Loodcm. ~ H'7. 1857, pp. 17-1& ·_DD"'_" __ ~'1'110~_ 
.. ChII_ ...... _p. .... 9oo ..... Leol_'1'1Io .. _., ........ ___ ... _ .... _' __ _ 
~ .. ChII_ ....... N .... ,Dl71 ..... p._ 
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The limiting condition of stability as described by 
Rankine has frequently led to the misconception of an 
increasing ratio, TilT., under ,applied pressure, which 
approaches a fixed maximum determined by the obliq
uity of the friction angle. A similar misinterpretation 
may easily be made of Terzaghi's statement. 

In granular as well as cohesive mediums the principal 
stresses T, and T, are each proportional to applied 
pressure at a.ll points in the mass, and therefore at any 
given point they maintain a constant ratio to each 
other within the limits of the stability of the medium. 
Within these limits it is obvious that, under increasing 
loads, though the ratio between the pressures may be a 
constant at any selected point, the difference between 
them will be a constantly increasing quantity. 

In Terzaghi's "frictionless" material the "compres
sive strength" is the resistance to shear afforded by 
cohesion and is therefore a constant and independent of 
load increments. And because this constant is analyt
ica.lly equal to one-half the principal stress-difference, 
T,-Tt , it is convenient to utilize this difference as the 
criterion of rupture in materials where cohesion affords 
the significant strength.'· It is of interest, however, 
to note that Joseph Marin, after correlating many 
theories of rupture, in materials possessing cohesive 
strength, with test results concluded that "the precisely 
correct theory of failure" was probably a combination 
of a number of those theories, depending on the ratio 
of the principal stresses." This ratio, of course, at 
any point is dependent on Poisson's ratio for the 
material. 

In Terzaghi's "cohesionless" material the "definite 
limiting value" is the resistance to shear afforded by 
friction. The compressive strength of the grains is 
only partia.lly brought into play because rotation and 
sliding of the grains takes place before their compressive 
limit is exceeded. But the resistance to friction, 
though theoretica.lly dependent on the pressure normal 
to the planes of sliding, and hence to the applied 
pressure, is at the same time determined by the mag
nitude of the normal pressure that those planes can 
support, which in turn is determined by the resistance 
afforded latera.lly by the weight and internal friction 
of the surrounding mass. Housel has effectively stated 
this in another way. Referring to the internal stability 
of granular materials, he says, 

• • • if frictional resistance is the controlling factor, 
granular material would have infinite bearing capacity up to the 
cruBhing Btrength of the particles themselves. 0 • • The 
failure universally observed Is due to lateral displacement. 

He also says, 
The stability of the Boil arch cannot be disturbed except by 

applying a vertical pressure which exceeds the critical value as 

H Stepben Tlm08henko, Theol')' or ElastJctty, pp. 1&-30: A.. NAdal. Plaatfclty. 
pp. 44-44: IIamUtoD Oray. Stna DlsbibutiOD ID Elaatlo BoUdI, Proceed1ng:a, Int,er.. 
national Couference OD BoU Meohamc., Oambrldp, MUI.t 1938. vol. 2. p. IS. 

"JOI8pb Marto, J'aUure Theora 10 MaterInIJ BUbJected to Oomblned Btraes. 
American 8oa1et., of OlvU EnKiueel'l. No. 101, 1938. p. 1177. 

controlled by the horizontal thrust available as SUpport from an 
adjacent element * * *.1 

In such materials, therefore, the rea.lly limiting con
dition of stability is the lateral support limiting the 
magnitude of T .. and though at this limit it is demon
strated that the ra~o T.fT, is related to the angle of 
repose, or so-ca.lled internal friction,' or to the inclina.
tion of the slip planes to the vertical axis,' it can also 
be stated that at this limit the difference between the 
greatest and least principal stresses will attain a fixed 
maximum which not only is determined by the angle 
<I> but also by their sum, or that 

T.-T.=S'= (T,+ T.) sin <I> 

Under increasing pressure up to this point the ratio 
T.fT, remains a constant. Beyond this point an 
increase in T. cannot be sustained and any increase in 
T. with its resulting increase in the ratio T,fT, will 
signify failure. Up to this point, however, the dif
ference T,-T. has been constantly increasing with 
pressure, and therefore there is reason to adopt, with 
Carothers,' a limited stress ratio, in a comparative 
study such as this. 

The auperimpoBition of isotropic and Molotropic mal .. 
rials.-Michell's mathematical investigation of the 
transmission of force across planes of discontinuity in 
axia.lly isotropic materials has already been referred to. 
Point loading was assumed. In the one case slipping was 
permitted between the layers; in the other it was not. 
Surface deflections were found to follow the law of 
deflections of the continuous elastic solid. Pressure 
transmission followed a systematic departure from that 
of the continuous solid, but the departure was accounted 
for by the assumption of variable moduli. The dif
ference was one of degree only. 

In 1935, M. A. Biot gave the results of a similar 
mathematical investigation.' Again a point loading was 
assumed, and again the body was considered as elastic 
and axially isotropic. Slippage and absence of slippage 
between planes of discontinuity were again important 
factors. The report states: 

We here investigate the eB'ect on such a pressure distribution,' 
taken at a depth h, of the presence at that depth of a slippery 

I WOllam 8. Housel. Internal StabJIlty or Granular Ma&erlall. ProceedJnp. Amai
can Soc1otJr tor TesUna: Matertal8. vol. 36, 1938. pt. 2. 

I Reynolds says, "U is a very cUmcnlt question to .y exactly wbat put: frictIon 
plays; for although we may perhaps stW aamme wilboat error 

Tt l-slo. 
1'1 l+slDfo 

whert ., III the angle ot repose. we cannot MSWDe that taD • hal aD, relation to tbe 
actual frlct.lon between tbe partlel.!· (Osborne Reynolds, On the DUa&ancyor Media 
Composed of RIgid Panlel.1n Contact, ScI8nUltc Papen (UI03), p. 203. See root
note ,., p. 202. above.) 

• A. NMaI, Tbe Phenomenon o( SUp in PluUe Matfrlall. Proceed1Dp, Amert-.a 
BocJety (or Tasting Materials. vol. ai, pt." 19a1, pp. 2ot-M. 

'S. D. ClI'Otben, Tea' Load. on J'ODDdaUonJ u Atrected by Beale of Tested 
Ana. ProoeedIngs, lnteraellonel Matbematleal 00n1P'Mlt Toronto, Int. voJ, I. 

P',S:'. A. BIo1:, EUed: or Cert&I.D DlIcontlDultl. on the PreaIn DlItrIbutloa Ia a 
Loade4 8oD. Pbyslcs. vol. S. Deoemblr 1836. pp. 881-176. 

• The BoUlllnelq dlltrlbutloa. wbleb IIU'VeI u BIG"" _ (.). 
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rigid bed <case b); of a perfeotly rough rigid bed <case c); and of a 
perfectly flexible but inexteneible thin layer embedded in the 
material <oaee tl). 
The results a.fford a useful complement to Griffith's 
theory of variable parameters, previously discussed, in 
that they permit the determination of numerical values 
of the coefficient to be applied. to -3P /2"i' in the 
several cases.' 

Carothers carries the investigation to uniform pres
sures applied over finite, bearing areas.· In addition 
to the clISe of the indefinitely extended body, he also 
considers, "when at a depth h. below the surface there is 
a horizontal layer of frictionless material," and "when 
at a depth h below the surface there is a horizontal 
surface on which the value of friction is not restricted." 

In view of the conclusion of the project committee 
on stabilized soil road surfaces, of the Highway Re
search Board, that "Earth structures lose stability 
mainly as a result of soil being squeezed out from 
beneath the loaded area",' the question of slippage or 
nonslippage appears to have some significance in the 
general theory. 

Carothers, however, investigatee building foundation 
areas and certain results are, therefore, unrelated to the 
road problem. Considering a layer of foundation earth 
60 feet in depth, he says: 

Working out the otreu difference for various cases it will be 
aeon thet for quite narrow strips the maximum otreu dlfferen .. 
In the central plane 000111'11 near the surface whereeo in the case 
of muoh wider strips the maximum otreu difference 0.0111'11 at 
deeper levela; whon the width of the strip beoomes 120 feet or 
twice the thlokneas of the earth the m.wmum otreu difference 
In the central plane 000111'11 at the earth foundation level and the 
whole thlokn ... of the foundation ia subjeoted at every level to the 
full maximum at 80me point, whereas with the narrower strips 
only a portion of the thiokneas ia subjeoted to thia maximum. 

Such a situation is unrelated to the road problem, 
owing to the far smaller areas of pressure application, 
except in the case of improper design where a thin, 
moist clay layer beneath the surface overlies a rigid 
roelt foundation or in the case of a solidly frozen sub
grade underlying a stratum of thawedo()ut clay. But 
these occurrences, together with the occasional instances 
where a 8ubgrade or substratum flows from beneath the 
surface layer, though troublesome to the road builder, 
are not sufficiently general to warrant more than passiug 
mention in the presentstudy. They are problems in sta
hilization through drainage and reduction in capillarity. 

.As stated earlier, Carothers finds it necessary to take 
into account the original stress-differences in the ground. 
These will be a function of the weight of the earth 
material. Due to symmetry, under similar areas a 
given stress-di1ference from a given applied pressure 
intensity will occur at depths which are in proportion to 

t -IPIh-I' .. U. ftrtical ~ III &hetlllltiD.uoas elutIt 1Dlt4 aI .., depIh, If. 
......... uIB, ...... IIDc_ ...... t_P. s. D. ~ ..... LoadsOD __ uA_ b7_olTosled~ 
_1ll_N.-OaIlIIe.T1IIoa1o,l ........ I.pp.

• Bl&b_-__ ....... RopcilOol_Comml- ... Slablo 
I I0Il SoIl BG04_ ...... p. .. 

I1i-tsra! dimensions of the areas and hence ai greater 
depths for larger areas. But the weight of earth at 
these greater depths will be greater, and hence the strese
difference, after correction for initial stresses, may also 
be greater. He thus conclude,s that for the clISe w~ere 
the stress on horizontal planes IS greater than on vertical 
planes and where such a correction must therefore be 
made ' "The narrower the strip the greater the load 
which can be carried per foot super on any given 
foundation." 

Earths weigh in the nsighborhood of 100 pounds per 
cubic foot, or say 0.06 pound per cubic inch. Maxi
mum stress differences under tire contact areas occur at 
depths ranging between limits of 2 to 6 inches. Strese
differences diminish with great rapidity at depths below 
these maxima. If Poisson's ratio were zero, the 0.4 
pound maximum per square inch resulting from this 
source would be negligible compared to the 40 to 60 
pounds per square inch stress-di1ference resulting at 
the same points from wheel loads on the surface. 

Carothers, moreover, assumes that the initial stress 
difference due to gravity is continuous throughout the 
60-foot depth and from the building foundation view
point his assumption appears wholly logical. But it 
precludes consideration of the earth mass as IIJl indefi
nitely extended body. 

In the case of the indefinitely extended isotropic 
body he is, of course, in agreement with the mathe
matical theory as presented herein, and eince the 
instance where initial pressures on horizontal and ver
tical planes are equal requires no modification of that 
theory he appropriately concludes that in this case "All 
widths of strip should ca.rry the same intensity 01 
loading." He arrives at exactly the same conclusion 
for the case of the material in which the pressure on 
vertical planes is greater thllJl on horizontal planes in 
the initial state, because under this circumstance "The 
maximum stress difference occurs at the edge of the 
strip." In both cases he qua1i6es his conclusion with, 
"provided the ground does not vary with depth." 

In view of his assumptions, this qualification seems 
unnecessary, but since va.ria.tion of the material with 
depth is likely to be a frequent occurrence in the road 
problem it is of some interest to examine its e1fects on 
the relative supportability under various areas of load 
application, both in the ease where the va.ria.tion is 
gradual to the depth considered and where it is ~b~pt, 
as in the ease of a pavement and subgrade combmation. 

The cases to be considered are those of, (1) the rigid 
pavement, (2) the flexible pavement, and (3) the un
paved road. They involve, in their limiting aspects, 
an underlying earth mass (a) dominantly cohesive or 
(6) dominantly granular. 

The rigid pamnenI, u. 6au _u and n6!Jf'G1k.
The supportability afforded by the Portland cemeni 
concrots pavemeni under the assumption of an elastic 
reaction from the suhgrade is fully discussed elsewhere 
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(appendix B). An hypothesis of interest, however, is 
that whatever may be the chare.cteristic action of the 
subgrade ee.rth in its natural state, the ele.stic action 
of the pavement, together With its beam strength, 
entersjn some degree into the resistance of the sub
grade to deformation under load and thus strengthens 
the validity of the assumption. This action applies, 
as well, to bituminous or other high-type pavements 
having concrete bases. 

In 0.11 these cases the normo.1 action of the subgrade 
material would appear to be restricted by the. weight 
and rigidity of the pavement from which it, in a sense, 
would borrow density, superficial isotropy, and elas
ticity. In some cases even a quasi-hydrostatic condi
tion might exist wherein shearing stresses in the 
subgrade are reduced to a minimum. 

The condition should hold true, though perhaps in 
different degree, both for interior and edge loadings on 
the pavement. In the former case the vertico.1 deflec
tions in the subgrade will cause latero.1 and upward 
movement of the surrounding subgrade material, 
unless it is highly permeable and unconsolidated and 
unless it is in a fluid state and unrestricted at the pave. 
ment edge. The upward moving materio.1 will receive 
a downward thrust upon recovery of the deflected 
slab until it again, in turn, has recovered. In the case 
of edge loading, the vertico.1 deflection of the pavement 
will result in the compression of the subgrade at an 
angle toward the interior, due to the curvature of the 
crown and the slope of the under-ilurface of the thick
ened pavement edge. Tlie lateral movement will thus 
be downward at an angle in the direction away from 
the pavement and upward at an angle toward it. 

But whatever the soundness of the hypothesis, the 
fact remains that the subgrades unsuited to flexible 
types of construction frequently render satisfactory 
service beneath rigid pavement. And this is largely 
a result of the elimination of local shear in the subgrade 
material through the beam action of the slab. In the 
case of a soft clay, shear is prevented until the clay 
mass begins to flow from beneath the pavement, 
while With a dry sand the nsual susceptibility of surface 
particles to individual action is obviated by the restrain
ing load of the pavement and the mass acts as a con
tinuous solid. 

In the Bates road tests, in which the subgrade 
consisted of a "brown silt loam" With a moisture 
content of approximately 28 percent, it was observed 
that, "Even at midday, when the edges of the slab 
were warped downward the maximum amount, the 
bottom surface of the edge never appeared to be in 
contact With the subgrade except when deflected by 
the passing of a heavy wheel load." 10 One may infer 
that the statement applies to the concrete sections of 
uniform thickness and not necessarily to the later 

P Clifford Older, Department of PubUo Worb and BuUdlnas. DlvJ5loQ of Blab
waJ'l. State or DUllol., BuUetln No. 21, p. te. 

test sections having thickened edges, but whether this 
is so or not, the cause lies in an outward crowding of 
the subgrade material at the edge. 

Such permanent outward crowding may be regarded 
as subgrade failure in extreme cases, and the condition 
of its occurrence will be a critical stress difference in 
the subgrade material. The relation to pressure 
intensity and area of load application may be examined 
in the light of a practical example. 

According to the Westergaard theory (appendix B, 
p. 185), and assuming for the concrete slab a modulus 
of elasticity of 3,000,000 pounds per square inch, a 
Poisson's ratio of 0.15, a modulus of subgrade reaction 
of 100 pounds per cubic inch, and a uniform pressure 
intensity over the loaded area of 50 pounds per square 
inch, the following edge thicknesses are indicated: 

Radius of contact area, inches_ _ _ _ _ 2 4 6 8 
Pavement slab thickness at edge, 

inches ________________________ 2.2 4. 0 5.7 7.4 

From the equations already provided it may be de
duced that in ee.ch instance the maximum stress differ
ence on the axis of loading occurs Within the pavement 
slab and that therefore all other maxima occur therein. 
The question then &rises as to the relative importance 
of the maximum stress differences that are present in 
the subgrade material immediately benee.th the pave
ment. These, of course, occur on the axis, and the 
equation, which also may be deduced from the preceding 
formulas, is: 

[
(1-20') z 3 z' ] 

S._o=P -2-+(1+0') (a'+z')'/'-2 (a'+z')'" 

The required numerical values, for the points just below 
the pavement slabs are: 

Radiu. of contact area, inches_ 2 4 6 8 
Stress-differences in subgrade, 

Ibs./in.' ___________________ 29.0 31.7 aa 6 33. 1 

For practical purposes, it may be concluded that 
where the design of the slab is rational, the tendency 
toward subgrade failure is essentially equalized under 
different loads and contact areas, and that therefore 
where subgrade stability must be increased through 
subgrade improvement under concrete elab, it is re
quired in virtually equal degree by like pressure inten
sities regardless of the magnitude of the total load or the 
area of pressure application. 

Strictly, however, there is a slightly greater stress 
difference beneath the larger area than under the 
smaller. In a sand subgrade this greater stress differ
ence would be compensated by the restraining e.ction of 
the pavement weight, which, of course, would be gree.ter 
for the thicker slabs and hence the larger areas. But 
in the cose of a clay soil, which may be considered 
isotropic, the stress differences at the subgrade may be 
equalized simply by increasing the thickness of the 
slab, because in such a material the depths at which a 
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given stress difference will occur are proportional to the 
radii of the bearing areas. 

In actual practice such equalization is not sought, 
because pavements are designed for given subgradeand 
given maximum load conditions. Rarely is the ques
tion of area introduced, while the problem of a finely 
differentiated design for various loads and areas of 
load application has never confronted the road builder. 

The engineer has, however, considered the load dis
tributing characteristics of granular ballust materials, 
and it may appear plausible that the necessary equaliza
tion could be obtained by the addition of a base course 
sufficiently stable to withstand the greater stress differ
ences occurring under the pavements designed for the 
larger areas. 

The Pittsburg tests found broken-etone ballast to be 
a contributory cause of failure, II and one hears the 
argument advanced that such base courses are of little 
use where added. support is needed because the lack of 
tensile resistance in the granular mass BOon permits it 
to be swallowed up by the soft subgrade. 

On the other hand, the addition of a granular base 
course to the subgrade before paving with concrete 
slab appears to be recognized practice in certain States, 
and load distribution is. but one of many reasons ad
vanced for its use. The permeable nature of a granular 
base course permits drainage at the subgrade surface 
and thereby minimizes the detrimental effects of spring 
thaws when the frozen earth layer beneath prevents 
the usual run-off. It allows for a certain ventilation 
which permits a more uniform drying and consolidation 
of the subgrade. And during frost heaves or in the 
case of a rocky and nonuniform subgrade it provides a 
more uniformly distributed subgrade reaction to pave
ment deflections. It may also permit a readier longi
tudinal movement of the pavement during expansion 
and contraction, and through the insulation afforded, 
it may permit the slab to be more uniformly affected 
by atmospheric tempen.ture changes. 

Except for the consideration that it may serve as a 
distributor of load, it is readily perceived that BOme 
c!>nstant thickness is required for a given subgrade 
condition, and that this thickness will not vary with 
pavement design. 

In order, howsver, to eliminate the differential in 
stress, differences occurring at the subgrade surface in 
the four cases shown above, the following thicknesses 
would have to be added, if stress distributing benefits 
are assumed: 
Radius of OOIlta.\ area, Inoheo.. ______ 2' 8 8 
Due oourae material, Inoheo.. _______ 0 0., 0.11 L' 

If the constant thickness to be added may be taken as 
6 inchee,lI the stress differences occurring at the sub-

• UoJd_ ... d101m B. r-ar<I, ~,, __ ., PI_ 
CalIt.. _ ao4 .... PI' '<I-,tL 

, .8Iz_ao __ ~"_QOIIodaIII._ ... ~ 
11»-1loot .. _RoQuIIod_ 0_07 M_V_ .......... 

grade surface, and the total base course material 
requjred to equalize them, would be as follows,: 
Radius of contact area, Inches __ 2 , 6 8 
Stress differences In subgrade, 

Ibs./In.I ____________________ 4. 6 10. II 15. 8, 19.' 
Base course material, inches ____ 6 12. , 18. 9' 25. 4 

The assUmption of such stress distribution involves, 
at the same time, the assumption of isotropy. In an 
indefinitely extended mass of the granular material, 
and under the confinement of the surface particles by 
the weight and friction of the slab, the surface peculiar
ities of the granular material would no doubt be mini
mized and the body would assume appreciable isotropy. 
But when such a material, lacking tensile resistance, is 
interposed between two isotropic bodies one of which is 
subject to failure under small stress differences, it may 
not be assumed that the material will take on the 
resistance qualities of the other body, however great 
they may be. It will in fact accommodate sc~y 
greater stress differences than the softer material. 
The lateral movement of the subgrade, under load, will 
result in corresponding lateral movement of the granular 
particles at the subgrade, and such movement in a 
material incapable of resisting tension is accompanied by 
particle separations, which of course is failure. It is 
true that arching occurs in the granular particles, but it 
is equally true thai the arch is no stronger than its 
footing. 

It may therefore be concluded that base courses may 
proJIlote uniformity of subgrade performance, and 
where the subgrade can originally sustain the stress 
differences transmitted through tha pavement they 
may actually improve its supportability, and that there
fore their effect is of essentially equal benefit to any 
rationally designed pavement slab. But at the same 
time it must be concluded that their effect is negligible 
in the improvement of Bubgrade supportability through 
stress distribution under rigid pavements.1I 

SUbgrade supportability under rigid pavements may 
be increased through drainage and consolidation, and 
any other means whereby the friction and coheeio~ of 
the material is uniformly increased, but these things 
merely result in raising the failure point and they do I!0t 
alter the relative independence of area for the attain
ment of this point under properly designed slab thick
nesses. 

If the subgrade affords poor support, 88 in the case of 
a soft clay, total supportability may be increased by 
appropriate increases in slab thickness. Conversely, if 
the subgrade affords a high degree of support, as in the 
case of a confined sand, relatively thin pavemen' slab 

.1II ... __ --..- ... IIIo~. _eo-odo _·A_ ........ ____ lIolp ... _IIIo __ 

_ Q_' ___ '_"_ nao ..... __ Il10 __ .. _Il10 __ .. _ .... ___ _ 

andI ocadItb& 0aWdI at u--.. a-__ t.a.&b. caacnIie pawmam _ ....... ud ___ ~ • .-s.~· 



240 .AIDS TO MOTOR VEHICLE TRANSPORTATION 

may suffice. But these design features are provided for 
in the Westergaard theory. 

In the case of the rigid pavement, its base course 
and subgrade, the relation between load, area of applica.
tion, and the yield point of the structure may be sum
marized thus: (1) With respect to the slab, the yield 
point is related to pressure intensity and area of applica.
tion as provided in the Westergaard theory. (2) 
With respect to the subgrade, and base course materials 
that may be present, the yield point under properly 
designed slab may be regarded as directly related to 
pressure intensity and independent of area. 

The fterible pavement, its base CQ'UrS8 and wbgrade.-It 
has been shown that, under the assumption of a uni
form distribution of pressure, the greatest stress differ
ence occurs at the surface of the body near the edge of 
the loaded area where k-'>O. This stress difference is 
unassociated with physical dimensions but is inversely 
dependent on the value of Poisson's ratio. Other and 
lesser maxima occur over a basin shaped surface until 
the smallest maximum stress difference is reached at 
the bottom of this surface in the neighborhood of the 
vertical axis. Failure in a uniform material as well as 
in a material lacking superficial density is therefore 
likely to originate at the surface of the loaded body. 

If the load distribution is not uniform, but tends to 
zero at the boundary of the loaded area, the stress 
difference maxima are distributed somewhat differently 
near the surface and in a manner corresponding closely 
to the distribution at a plane z>a, for the uniformly 
applied pressure. The greatest difference in this case 
would occur at the vertical axis as provided by the 
formula already giver for 8 when p-O. In this case, 
however, T,-~ would not be altered, and a danger 
zone would therefore still exist at the surface, though 
it would occur just outside the boundary of the pressed 
area." 

The supportability of a road foundation may there
fore be enhanced by merely providing a layer of ma.
terial at the surface possessing sufficient stability to 
withstand these critical stress differences. Such a layer 
is here referred to as a pavement, even though the degree 
of stability in some of the surfacing materials employed 
in practice is insufficient to permit the resulting road
ways to be COmDlonly considered as paved. Sand-clay 
and gravel roads, and even the earth road compacted 
at the surface by traffic, are in this sense strengthened 
by a pavement, albeit the strengthening may be rela
tively meager and its durability dependent almost 
wholly on the weather. 

The fundamental consideration in design is that per
manent deformations in the structure are to be avoided. 
In the case of the paved road the structure consists of 
both pavement and subgrade. and together they are a 

II A. E. R. Love. The Su. Produced. 10 • SemI-InGo1&e SolId hl ~ OD 

Part or tbe Boundary. PhUoIIopb1cal TnmIIcttODI of tbe Royal Boclety of London" 
vol. 22B (.nil A), November 1_. p. 4:n 

statically indeterminate system in which the action 
of the one is influenced by that of the other. Thus, in 
the case of a rigid pavement the high modulus of elas
ticity of the slab proauces a tendency in the plastic 
subgrade to recover from deformation. The relatively 
large permanent deformations to which the subgrade 
might otherwise be susceptible are eliminated, however, 
by the beam action of the concrete slab, and the fre
quency of load application is thereby prevented from 
being a considerable factor. 

In the case of a flexible pavement, on the other hand, 
appreciable elasticity in the slab is usually lacking and 
its beam action is negligible. The avoidance of plastic 
yield in the structure is therefore dependent on the 
elastic qualities in the subgrade, and may be achieved 
through the control of stress differences occurring in 
the subgrade surface. 

In the presence of a subgrade consisting of a cohesive 
but relatively frictionless clay of such supporting power 
that none of the maxima of stress differences resulting 
within anticipated loads and a given range of areas
would cause plastic deformations, it may well be that 
a surfacing coat would be required for purposes of water
proofing and the reduction of tractive resistance. In 
this case the thickness of the required coating would be 
independent of area and also independent of pressure 
intensity" and, as in the case of the elastic solid, pres
sure intensities at the yield point would be independent 
of area. 

Again, the supporting power may be such that one 
need consider only the stress differences at the point 
where k ~ 0, or those at a point just outside the bound
ary of the loaded area. In either consideration, the 
critical stress difference occurs at the surface and is 
therefore independent of area but directly dependent 
on pressure intensity. The thickness of the resistant 
pavement required to eliminate this stress difference 
from the subgrade would thus be uniform for different 
areas under like pressure intensities. In practice, how
ever, this case would scarcely be of importance because 
of the small percentage difference that exists between 
8 ..... , (p-O) and 8 m ... , (k-->O). When .--0 the former 
is 0.8143p and the latter 0.8992p, and when .--0.5 they 
are 0.5774p and 0.6017p, respectively. 

If, on the other hand, a clay subgrade were not suffi
ciently stable to resist any of the maxima of the stress
differences, supportability could be gained by the addi
tion of pavement thicknesses. In this case the limited 
stress-difference permissible at the subgrade surface 
could be attained under pavement thicknesses propor
tional to the radii of the bearing areas and in some 
way variable with applied pressure intensities. The 
maxima of stress-differences vary, however, under 
different areas and different pressure intensities, with 
depth. Moreover, under a given area. and applied 
pressure the stress-differences diminish rapidly with 
depth after attaining these maxima. Therefore it is 
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only necesso.ry to have successive depths of the pave
lIlent sufficiently resistant to sustain the' successive 
stress-differences. Thus the question of ba.se courses 
beneath the wea.ring course of a flexible pavement is 
introduced a.s a matter of economy. 

These ba.se courses may range from the stabilized 
sand-day or gravel layer of 0. tra.ffic-bound surfacing, 
to 0. fairly high type premixed clay concrete II or bitu
minous concrete, but, whatevet their composition, they 
must combine . cohesive resistance .with the frictional 
resistance of 0. hard aggregate if resistance to· stress
differences is to be realized. 

On a sandy subgrade quite another condition is 
present. . Here the weakness is prima.rily 0. surface 
characteristic and if adequate cohesion can be intro
duced near the surfa.ce, or if the surface particles are 
confined beneath a cohesive mat, the normal tendency 
for failure to take place first under the smaller a.rea.s is 
retarded, and the composite o.ssumes properties of the 
isotropic solid wherein failure is uninfluenced by area. 

Thus, the design of flexible pavements is unaffected 
by area of load application where 0. clay subgrade is 
sufficiently cohesive to resist the stress-differences re
sulting from the applied pressure or where the crushing 
strength of the particles in a granular subgra.de is not 
exceeded. Design is also independent of area where 
cohesion and friction combined to provide the necesso.ry 
resistance. 

Only in the ca.se where a weakly cohesive subgrade, 
lacking in particle strength, requires the reduction of 
stress-differences to a given value at the subgra.de 
surface does the influence of area appear, because such 
reduction can be accomplished by the superposition of 
flexible pavement thicknesses which, so far a.s area 
influence is concerned, are proportional to the radii of 
the areas of load application. 

But whether area effects are to be taken into con
sideration or not may not be determined from the 
natural state of the subgrade. It will depend on' the 
state which the subgrade o.ssumes or in which it can be 
maintained after the pavement ha.s been added. 
• From the point of view of the supportability to be 

gained through pavement thickness, Il/Ltural earths 
which can sustain a stress-difference of 50 pounds per 
flquare inch need no pavement so far as the heaviest 
motor vehicle wheel loads are concerned. and if they 
.cannot sustain a stress-difference of approximately 30 
pounds per square inch they must be paved in order 
to accommodate even the private car, if supportability 
is to be gained through paving. 

Supportability may be gained. however. through the 
reduction of capillarity or the elimination of surface 
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moisture or both, and the latter may often be materially 
aided by the mere addition of 0. waterproof wearing 
course. The necessary supportability in soft earths 
may therefore frequently be gained by such waterproof
ing without recourse to the stress diminishing proper
ties of pavement thickness. 

With porous earths having a high degree of capillarity, 
the question of moisture, particularly in the presence 
of frost. is an important one. and the addition of a 
waterproof blanket may have little if any effect a.s a 
solution.'· But in such ca.ses the addition of pavement 
thicknesses is scarcely a better solution from an eco
nomic viewpoint. If, say. a sustainable stress differ
ence of 10 pounds per square inch is granted, a lO-inch 
flexible pavement would scarcely support the lightest 
loads experienced and a 25-inch pavement would be 
inadequate for the heaviest; while, if a fluid condition 
of the subgrade is considered, flexible pavement thick
ness can be discarded entirely a.s 0. solution to the 
problem of supportability. But these things can be 
better understood by an examination of the effects of 
pressure intensity on pavement thickness requirements. 

Thus far the joint effects of area and pressure inten
sity on stresses and stress-differenees have been exam
ined as well as the influence of area on the depths at 
which the maxima of stress-differenees occur. It ha.s, 
moreover, been observed that surfa.ce deflections and 
stress-differences at the surfa.ce resulting from a uni
formly applied normal pressure are directly related to 
pressure intensity aDd that the magnitude of stresses 
and stress-differences at any given depth are also so 
related. 

It now becomes of interest to examine the effects of 
pressure intensity on the depth at which a given stress 
difference occurs. It is sufficient to investigate merely 
the values of S ....... when p=O. and the stress differences 
occurring at greater depths on the vertical axis. 

The general equation forB when p=O is given on 
page 238 and computed values may be found in table 
0-4. From this equation. or the computed values. it is 
readily seen that no simple relation, either arithmetic 
or logarithmic, exists between pressure intensity and 
the depth at which 0. given stress difference is attained 
under different areas of load application or at which 
different stress differences are attained under the ea.me 
area . 

Since computations may be made, however. for 
different values of Ill/a and the results obtained in terms 
of SIP, as is done in table 0-4, it is necessary only to 
multiply Ill/a values by any selected a value and to 
multiply SIp values by any selected p value and to 
plot the obtained values of S as dependent va.ria.bles 
of' s. From the resulting curves, readings may be -_-r._ ...... _eoa.... ____ "to .... _ 

tbd Ibe placiDa cal • water-proal WaDbt wIlL lD. JDaQ --. .... ~ a:udI~ b7eo_oII-___ .... ____ .., •. 

ad -a.daI tDsIabUI~ ( ......... tigp ID lba hdIal eoar.u-s. " --



242 AIDS TO MOTOR VEHICLE TRANSPORTATION 

taken for the depth at which a given stress di1l'erence 
will occur under the selected pressure-area combinations. 

It is of practical importance to ,select typical wheel 
pressures and tire contact areas. A Poisson's ratio of 
0.25 may be employed for illustrative purposes, and as 
probably representative of earths within their elastic 
stage. The following table will serve. 

T ABLI'J C-I.-Typical motor .ehicle .. heel loads and lire canlat! areaB 

Group Vehicle type 
Average Average :r::::: 

wheelloa.d contBCt fJ (pound. 
(poWlds) I 8 ~~) per;,~;re 

1-------1------
Passenger cars. _______________ .. ____ .. _ 1.999 

2.676 
3.130 
4,922 
.,922 
4.984 
&,&20 
6.893 
8,047 
8,047 
9,430 

11.418 
13,933 
13,933 
13,864 
la, 8M 

3.87 
3.83 
4.01 
.. 62 
U. 
'.04 .... 
8.69 
8.61 
8.87 
7.73 
7.93 
8.73 
8.73 
8.72 
8.72 

47.8 
118.0 
61.9 
73.' 
73.2 
'73.7 
76.0 
40.0 • 
61.9 
Bl.9 
,0.8 
57.8 
118.2 
118.2 
118.0 
118.0 

The resulting stress-difference values in pounds per 
square inch and the values of depth in inches are given 
in the following table, and are plotted in figure 0-31. 

T ABLI'J C}-2.-Stres.-difference., S, in poundsJer square incB aI 
"arwu3 deptM, 't in incMs. under typic whulloadt 

(,.0.23,,.-0] 

Group 1 Group 2 Group a Group 4. Qroop 15 Group" . a-S.67 .-3.83 a-4.01 11-4.62 ._4.M 11-4.84 .. p-47.3 JI-68.0 fJ-61.9 p-73.2 ,,-73.7 p-76.0 

:-.-------I-r-----0--
s s s B s B 

O.8G'O.68U282.60 2.283g.97 2.3842.86 2.4.9W.4& 2.8760.79 2.8851.MI 11.00 
0. 715 0.6700 31.97 2. 7& 39.21 2. 87 41.84 8.01 49. f8 3.4.7 49.82 8.48 50.70 8.63 
1.00 0.6036 28.M 8.673&.01 3.83 37.86 4.01 44..18 4..6244.49 4.64 U,27 4.84. 
1.26 0.511924.21 4.6929.69 4..7931.69 6.0137.4.7 6.7837.73 6.8038.39 6.06 
1.50 0.4200 20. 1& 6.61 U:.71 6.7& 26.37 6.02 31.18 6. 93 31.40 6.0631. CM 7.26 
1.76 0.3535 16.72 0.4220.60 0.7021.88 7.0226.88 8.0926.05 8.1226.51 8.fT 
2.00 0.294713.94 7.8417.09 7.0618.24 8.0221.67 0.2421.72 0.2822.10 9.68 
2.liO 0.2100 9.93 0.1612.189.6813.0010.0316.3711.6516.4811.6016.7151110 
3.00 O.IMl 7.3 11.01 9.00 11.49 9.60 12.0311.3513.8611.4313.0211.63 14.62 
4.00 0.0031 '.40 14..68 6.401(1.82 6.76UL(H. 6.8118.48 8.8618.66 6.9819.36 
6.00 0.0614 2.90 18.85 8.6619.16 3.8020.03 4.4.923.10 4..5323.20 4.6124..20 
7.00 0.0322 1.62 26.69 1.8726.81 1.8928.07 2.3632.34 2.3732.48 2.4.233.88 

Group 7 Group 8 Group 9 Qroup 10 Group 11 

--------·1---;---
• S a-O.69 a-6.67 a-7.78 a-'1.93 a-8.73 a_8.72 a p p-4.9.0 2'-81.0 p-60.8 JI-1I7.8 JI-68.2 JI-68.0 

---------------r--;--
B B B B B B 

o.ft20210.ft892 33.77 4..1542.66 4..1434.87 4..7030.84 t.i240.11 6.4139.07 6.41 
0.75 0.0760 83.12 6.0241.84 6.0034..00 11.8030.07 6.9530.84 6.6639.21 0.64. 
1.00 0.0036211.68 8.6{l37.80 8.6730.86 7.7334.89 7.033&.13 8.7336.01 8.72 
1.26 0.6119 ~08 8.8631.69 8.84 26.76 0.60 20.69 9.91 29.7910.0129.6910.00 
1.liO 0.4.260 20.87 10.0426.3710.0121.4311.6024..6211.8024..7918.1024..7113.08 
1.711 0.363617.82 11.7121.8811.6717.7813.6320.4313.8820.6716.2820.liOI5.28 
2.00 0.W47 14.44 lS.8818.24 13.34 14.82 15.4617.0316.8617.1517.f317.09 17.4.4. 
2.60 0.2100 10.ZI 16.7313.0016.6810.6619.8312.1410.8312.2221.8312.1821.80 
8. 00 O. 1551 7. ftC) lIl.07 g.60 20.01 7.80 23. 19 8.96 23.79 9.03 26. 19 9.00 28. 16 
... 00 0.0031 '.66 28.78 6. 76 26. 08 '.68 30. 92 6.38 31.72 6. '2 34.92 6.40 34.. 88 
6.00 0.00101 8.01 33.458.8033.86 8.0938.M 8.5.53g.65 8.6743.(16 8.86t3.60 
7.00 0.002:1· 1.68 48.83 L5Kl44.1!1U 1.8254.11 1.86M.61 L876L11 L876LIM 

J Mulmum value. 

From figure 0-31 it is seen at once that the maximum 
stress difi'erence on the vertical axis produced by 
passenger cars (group 1) is 32.6 pounds per square inch, 
and that it occurs at a depth of 2.28 inches. If the 
subgrade can just support the stress-di1l'erence pro
duced, this group will then require a pavement of 2.28 . 
inches in thickness and the heaviest group will require 
a pavement of 9.70 to 9.75 inches in thickness. If, on 
the other hand, it is desired to limit the stress-difference 
at the subgrade to approximately half of the sustainable 
value or, say, 15 pounds per square inch, then the 
passenger car group will require a pavement 7 inches 
thick and the heaviest group a thickness of 19.3 inches. 
Thicknesses for the several groups under the two con
ditions follow: 

Group 
Wheel 
load. 

pounds 

Thickness 
at 8-32.6 IndO' 
IbaJIn.· 

Thickness 
atS-16 
Iba./lu.· 

Index 

-------1--·1----------
L __ . _________ .. _ .... _._ .... _. 1.999 .. , 100.0 7.0 100.0 2 ______________________________ 

2.676 ... 181.0 8.f 120.0 8 ________________ ._. ___ • ____ ••• 8,130 U 213.0 G.2 131.4. ,------------------------------ ,,922 6.7 291.8 11.7 167.1 li ______________________________ 
4,984 0.8 .... 7 U.8 "'1l6 6 ______ -----------_._------_._. 6,.20 7.1 308.7 IU 178.6 7 ______________________________ 
6,893 '.4 .... 8 13.0 186.7 8 _________________ ._. __ • _____ .. 
8,6<7 8.1 362.2 16.3 218.6 

0 ______ ------------------------ 9,430 .. 7 291.3 16.4. 220.0 10 _____________________________ 
11.418 8.8 3826 17.8 2017.1 11 __________________________ • __ 
13.933 9.7 421.7 19.8 276.7 12 _____________________________ 
13,864 9.8 .... 1 Ig.J 274.8 

From figure 0-3litis also seen that the greatest stress
difi'erences are caused by small trucks and combinations, 
school busses, and farm trucks. These stress-di1fer
ences occur at a depth of approximately 3 inches. They 
are between 50 and 52 pounds per square inch, and 
remain higher than those caused by any other vehicle 
group until a depth of 5}' to 6 inches is reached. It 
may be said, therefore, that where flexible rural road 
pavements up to approximately 6 inches in thickness 
are adequate for this group of vehicles, they are suit
al?~e construction for all heavier groups. 

If for safety's sake, however, the stress-di1l'erences 
caused by farm trucks, say, are to be reduced at the 
subgrade surface by 50 percent, or to 26 pounds per 
square inch, as may be done by an 8~ inch pavement, 
limited use of the structure may still be permitted the 
heaviest group because the maximum stress-di1ference 
produced at the subgrade surface will still be 31 percent 
less than the sustainable value. 

More important than these considerations, however, 
to a rational design of flexible roads, is the fact--cles.rly 
shown by figure 0-31-that required pavement thick
nesses increase in greater and greater degree as sus
tainable stress-difl'erences diminish by fixed amounts 
and that for very low values of subgrade supportability 
pavement thicknesses become prohibitive. One may 
conclude, therefore, that beyond moderate thicknesses 
economic design lies in the direction of subgrade im
provement through drainage and the reduction or 
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capillarity rather than in the direction of increased 
pavement thickness." 

The earth raad.-It was suggested at the outset that 
the plain earth road, lacking in design, be regarded in 
terms of its susceptibility to failure under different 
loads applied over different areas. Under the assump
tion of uniformity, the occurrence of failure has been 
observed to be independent of area or inversely related 
to the square root of the area according to whether the 
strength of the earth material is derived mainly from 
cohesion or from friction. 

These relations are strictly qualitative, however, and 
they apply only so long as the material retains the stipu
lated characteristics. As the relative importance of 
cohesion and friction is Itltered by moisture or the action 
of traffic these relations may also be altered. Cohesion 
in a clay mass may be broken down by moisture, while 
in a sandy earth it may be increased by moisture, and 
frequently the effects of moisture may be expedited 
under the action of traffic loads. When cohesion is 
increased in the sandy material its action then conforms 
more closely to that of the isotropic solid; when cohesion 
is r~duced in plastic earths, on the other hand, a point 
may even be reached where the material assumes a 
fluid action. 

Thus, the failure of the plain earth road is directly 
related to pressure intensity. Where the material is 
predominantly clay, failure is independent of area of 
load application, but where the material is predomi
nantly sand or gravel it is inversely related to the square 
roots of the areas and will therefore occur first under 
the smaller of the two different areas. 

Effects oj dynamw loading.-It would appear from a 
consideration of the mechanical properties of materials 
that the effects of area of load application in the solid 
state are uninfluenced by the rate of load application, 
so long as the stresses produced do not exceed the elastic 
strength of the material. This qualifying clause is, 
in fact, not necessary, because when the elastic strength 
is exceeded the material will pass out of the solid state 
momentarily during the load application. And though 
stresses may be concentrated in the vicinity of the load 
when it is applied suddenly,t· and thereby deter failure 
to a certain extent, it is reasonable to assume that the 
contoure of stress distribution under different areas 
would remain similar. 

If It la of IOmellgnlftC8oC6 tbat In .. communication to the Federal Coordinator of 
TransportaUoD, the Alphnlt IDltitule .tated.: "We are ftrmly oonvtDced .. to tbe 
coming of 8 complewly dJlJerent conception 01 highway destgo and tbat lnItead of 
designing the pavement t.o carry the load. as weD 81 to resist abrasion and molltu.re, 
the load supporting functtOD will be taken care ofalmOit 10 Ita8dttrety by the IUbgrada 
lll1Sell after appropriate treatment. The function 01 surfnc1ng w1ll be purely to take 
WeBI' fWd tear BDd to provide wa.terproofing. Every indication in tbe behavior 01 
properly designed and treated II1bgrades pointe &0 the correctnll8l of this view and 
tbe economtCl of tbe Iltu&Uon wUl oert:aInl, dictate III acceptance by the deaip:Jq 
engineer," 

I. AppendlJ: D. p. to. It bal been lURU1ed earlier that,lD the cue 01 the CQBtaI. 
line IOlid. deformation produOOl IUdlDIIlDd bence IIquefactloa between the eryztaI 
Plrtlolea. Strul t'ODCBDt.ratioDi may thOi be a result of mOIll8Dtar-, reslNDoe aftord
ed by the Buld mct.lon under auddenly applied ron.. 

In the fluid state shear occurs under the slightest 
pressure, but since movement changes the unordered 
molecular motion into ordered motion around the edges 
of the loaded area, frictional resistance is set up under 
suddenly applied forces which varies directly with the 
velocity of force application. Moreover, the resistance 
varies with the number of molecules so affected, and 
therefore with the radii of the bearing area. 

Solid particles, lacking in cohesion, act as a fluid 
under dynamic loading just as they do under initial 
deflections caused by static loads. The resistance 
to shear varies directly with the square root of the 
bearing area and directly with the velocity of loading. 
It is not by chance that the salt beds of Bonneville 
and the sands of Daytona afford such excellent courses 
for automobile speed records. 

Plastic materials represent a combined state. Under 
dynamic loading, those of their elements which are 
viscous offer greater resistance to the larger areas, at a 
given pressure, than to the smaller. They also offer 
greater resistance to rapidl) moving loads than to 
slowly moving ones. The bituminous pavement be
neath a taxicab stand may be ruined before the road
way accommodating much heavier moving vehicles 
shows appreciable surface deformation." On the other 
hand, those of the elements in plastic materials which 
are solid "ffer a resistance which is independent of area 
at the yield point, and if the bituminous binder is 
present in sufficiently thin layers between the particles 
of the hard aggregate, the aggregate itself may come into 
play in the total resistance, as it may even under static 
loading. 

Instead of referring specifically to fluid or solid 
behavior, one may describe the reactions under dynamic 
loading in a different way. If the resistance to plastic 
yielding is afforded primarily by cohesion, it is inde
pendent of area and independent of velocity of loading. 
If, on the other hand, the resistance is afforded primarily 
by friction, it will be directly proportional to the square 
root of the area and directly proportional to the velocity 
of load application. 

Thus, were moving loads alone to be considered in 
flexible pavement design, or with regard to their de
structiveness of unpaved roads, one could make II 

favorable allowance for the larger areas, wherever vis,. 
cous action would be presumed. The pavement, how
ever, is called upon to support various degrees of 
velocity in load application which range down to zero 
and therefore static loadings may not be neglected. 

It is not to be overlooked, on the other hand, that 
stress concentrations under suddenly applied forces 
must occur in viscous as well as solid bodies, and that 
whatever the effects of area may be on the resistance 

.. Such. relative dee& II mentloDed b, B. r. KeIltJ In • BympMIum OD a-reb 
J'eatmelof PlulbJe.Type BJtumlDoUi BoadI, Prooee4iDp. HIIb ..... ' a-rcb Board, 
1035. pL 2, P. 12. 
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to failure, the proportionality of pressure intensity' to 
the stress dilferences causing failure is conetant ,under 
all circumstances. If tire contact areas increased in 
direct proportion to motor vehicle impact loads on the 
road surface, dynamic loads might well be neglected in 
area consideration, bui they do not increase in direct 
proportion. Elsewhere it is shown that areas increase 
according to the two-thirds power of impact load 
(appendix D, equation 6), and therefore pressure 
inteneitiea increase under impact load and these 
changed intensities together with the changed areas 
over which they occur are the important consideration." 

Abrasion and ro~eling.-With the sand-cla.y and 
gravel surfaces, some of the trea.ted types, and the 
wa.t&r-bound macadam roads, there is involved a factor 
which is not generally of importance with: the higher 
types of flexible pavement or with the noneurfaced 
road. It is the displacement of the wea.ring course 
by traffio. It occurs in the case of sand-cla.y surfacing 
but is unimportant beca.use the loss of material is 
largely a result of its penetra.tion into tbe Bubgrade 
whioh it thereby improves. Beca.use of its susceptibil
ity to surfa.ce dislodgment, the water-bound maca.dam 
pavement is not well suited to rubber-tired tra.flio in 
appreciable volume. Surface dislodgment or bunching 
also occurs among some treated types of the lower 
cla.ss, and notably in the case of the gravel roa.d in the 
form of rhythmio corruga.tione. Frequently these dis
lodgments result in actual loss of wea.ring course. 

Where the pavement is sufficiently oohesive to with
stand the traotive pull of the driving wheel, surface 
failure in the pavement may result from stress-dilfer
ences caused by loads not contemplated in the design, a 
we&kened subgrade or frost heaves. Ordinarily, how
ever, the design theory must regard the tractive pull 
in the light of its influence on the stress-dilferences 
that would result from a purely normal application of 
load. Some analysie may be made, however, as to 
the relative effects of dilferent areas and pressure 
intensities. 

In the first place, the phenomenon involves separation 
of particles, and hence tangential shear, at the upper 
surface of the pavement. ,Resistance to it will therefore 
be direotly related to pressure'intensity. In the second 
place, stress-dilferences at the surface being independent 
of &rea,.and the ocourrence of shear in cohesive mate
rials as well as superficially in materials wea.k in oohesion 
also ,being independent of area, one might anticipate 

• 0011 orUlil fUDdamental UIWIlPUou b:t. tbI ..... Uou, orb sbeeI cJbtrtbu.tIoDI __ .... _ ... _ ........................ _01 ... _ 

IIlbla IOIlcl was IIIOI'IMl to \ba\ PIaM.. Mono ... , III ~ W &be ..,...... 
_oI __ '_ImJlOGl_"' ... ....s_ lII...-aU 
--IS WOUkl..u1ltlOllSSU7 &otlODSlchrtbl ..... tIal ......... bJ'tblmovIDI 
~ ... _ ... U1U ... _'"_" ... ....s __ • __ 0I ... _01_" ___ 110_ n __ ",_ 

boft1V, ro TbU .... dI1 ....... bIhrI-. 4I1hInId ..... Io&4t.. 1nIIIkl be 1>10_"' ___ 1*)_ ... ___ 01 __ 
"1 ... _ ...... 14 __ .......... ____ ... _ 

• oItIIo __ Tbo __ 01_" ___ _ 

-....--. 
nl~' 

independence of area in this case as well, provided only 
that the resistance to stress-dilferences is a conetant. 

The discussion covering viscous and granula.r mate
rials, however, indica.tes, tha.t with these materials the 
resistance is not a conetant bilt va.ries with the velocity 
of loa.d a.pplica.tion and with the rela.tive number of 
molecules or particles brought into pla.y. In an in
definitely extended body the number of pa.rticles would 
va.ry with the perimeter of the loaded area, and there. . 
fore with its radius and its squa.re root. In the case of 
the surface, as now considered, the number of pa.rticles 
is directed related to the area; but the resistance to 
movement is the resistance offered by ea.ch pa.rticle and 
does not depend on any cumulative effect on the pa.r
ticles surrounding the loaded prism as in the case of 
internal shea.r. Therefore, in the present case the 
resistance per unit of area is a conetant and independ
ent of area. And this is identical with the phenom
enon of sliding friction between solids. 

It appears, therefore, that displacement of the we&r
ing course, due to abrasion, is a direct function of the 
unit tractive pull exerted at the road surface by the 
driving wheel, and that the extent of its occurrence is 
proportional to the distance traveled, the number of 
driving wheels, and the diameter of the contact area. 
It also appears, that raveling, whiclt involves progres
sive dislodgment of surface particles where superficial 
failure has already t&ken place, is a function of tra.ctive 
pull in the same way. 

If a more detailed analysis. were possible, the me
cltanics of surface abrasion and raveling migbt be 
revealed to be somewhat. more complex. The peoiIlia.r 
ha.rmonio action of sprung load and driving wheel, and 
the tendency of light wheel loads to leave the road 
should perhaps also be oonsidered. But whatever the 
net result of suclt factors might be, surface dislodgments 
are of limited importance in maintenance compared to 
permanent surface deforma.tione when the total effect 

. on all flexible-pavement maintenance is considered. 
The finer discrepancies may thus be neglected. 

SUMMARY 

Unconfined ma.terials are subject to but two types of 
deformation under static load. 

The first of these is generally termed "elastic" 
deformation. It results from small cltanges in the 
distances between the particles normally. a.ssociated 
with their equilibrium under the influence of mutual 
attraction and of gravity. It is common to all solids 
and is absent in all fluids, however soft the solids may 
be or however hard the fluids. The principal resistance 
to it. is cohesion. Its principal cltaracteristics are its 
independence of time and its disappearance upon 
removal of the load. 

The second type of deformation is commonly known 
as visoous flow. It results from a cltange in the relative 
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position of the particle& normolly associated with their 
degree of, freedom under the influence of mutual 
i'epulsion and of gravity. ~ is common to oll fluids 
but is absent in soIids~ The principal resistance ,to it 
is friction: Its principal 'characteristics are its pro
portionality to time and its persistence upon removal 
of the load. 

Materials utilized for structural purposes may ex
hibit, successively under increasing load, properties 
of solids, properties of a ,combined state, and, finolly, 
properties of fluids. Thus deformations may pass from 
the elastic, through the plastic, into the viscous stages; 
For this reason it ,is necessary in structural design to 
eliminate, stress intensities, whiCh cause deformations 
beyond the elastic stage. 

The limits of elastic deformation maybe determined 
only by laboratory test with the particular material 
considered. The deformations occurring during the 
elastic stage and the stress dis'tributions acoompanying 
them have been, however, a subject of intensive 
mathematical investigation. Parollel experimental in~ 
vestigation has proved the resulting theory to be 
rigorously applicable where the fundamental assump
tions of homogeneity and isotropy are statisticolly 
tenable. 

Many criteria for the mathematical determination 
of the elastic limit; after certain moduli are known, 
have been proposed during the development of the 
science. A generalization of the most valid elements 
in these is that the elastic limit is reached when the 
maximum stress difference in the body attains a critical 
value, depending on the material. 

When an indefinitely extended, isotropic, elastic 
body is loaded on part of a boundary plane, and the 
load is distributed uniformly over a circular area, the 
mathematical theory shows the magnitude of the 
maxima of stress-differences to be directly related to 
pressure intensity but independent of the area of load 
application. A consideration of the mechanical prop
erties of fine-grained and cohesive materials indicates 
permanent deformation to take place under similar 
circumstances in such a clay earth. Laboratory and 
field tests with a wide variety of earths show this to be 
the general case for clays. 

The mathematical theory of elasticity is applicable to 
phenomena other than stress distribution in an isotropic 
solid. The requisite is an adjustment in the moduli or 
parameters employed in connection with the funda
mental differential equations. The pertinent modulus 
in the equations of stress distribution in an isotropic 
solid is a function of the ratio of lateral to vertical 
movement of a loaded element, i. e., Poisson's ratio. 
If then a Poisson's ratio of zero, or some finite but small 

value; be employed in connection with dry, cohesionless 
sands, in computations of the stress-differences produced 
near the surface, where, continuous isotropy may not 
be assumed; and if the value be increased for successive 
depths where continuous isotropy is approached, it is 
found that the maxima of stress-differences under differ
ent areas are directly related as pressure intensity, and 
for practical purposes inversely related as the square 
roots of the ar~. This conclusion conforms with 
theoretical considerations of the mechanical propertieS 
of weakly cohesive granular materials, and it is further 
supported by experimental results with sandy earths. 

Therefore, in an indefinitely extended body of earth, 
as in the case of an earth road, the relative contribution 
of different loaded areas to failure is directly related to 
pressure intensity. In the case of clay soils, it is inde
pendent of area, while' in the case of predominantly 
sandy soils it is in inverse proportion to the square root 
of the area. 

Design in earth toads considers merely the question 
of drainage. It enterS importantly, however, where 
the thickness of flexible pavement is involved. Here 
it is indicated that the thickness of pavement over a 
weak clay subgrade varies as the square root of the 
area of load application modified by the pressure inten
sity in a manner implicit in the equation for stress 
differences along the vertical axis 

[U-2~ z 3 ~ 1 
SP_o=p -2-+ (1+ .. ) (a'+z')I"-2(a'+~3J:iJ' 

but that in this case the use of pavement thickness as a 
means' of reducing stress differences at the subgrade 
surface is justified only within very moderate limits. 
In the case of a sufli.ciently stable clay subgrade, or in 
the case of a sand subgrade weak in cohesion, the thick
ness of the resistant surface layer may be independent 
of area, and need be only just sufli.cient to provide a 
waterproof blanket appropriately smooth and cohesive 
to resist the lateral movement of the subgrade and the 
surface abrasion of the driving wheel.. 

Unit surface abrasion, moreover, under different areas 
is indicated to be independent of area but directly de
pendent on the unit tractive pull exerted at the road 
surface. 

Dynamic loading does not alter the relative effect of 
areas of different sizes on the critical stress differences 
within the body of the material. Motor vehicle impact 
phenomena, however, disturb the static relation be
tween pressure intensity and tire contact area under 
different wheel. loads, and the resulting greater pressure 
intensities therefore reqnire the consideration of impact 
loads and areas in dealing with flexible pavement design 
or the relative destruction of earth roads. 
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TABLID C-a.-Tho .J!eclo of b.allll{/ ar'lI on tho .. Bista .... of elav 
and ,ranular fnateriala .. 

C-u. GOLDBEOK·BUSSARD DATA-oLA'l!' 

Reslatance In pannell per square lDob at varJOUI penetrations 

O',021Doh 0.04 inch O.OO1nch O.'08.lD~ 0.10 Inch 

~----+--------------
e.. ................. . u_ ............... _ ... ____ .. . 1" _______ .. ________ .. . 
288 ..... ___ ........ ______ _ 
376 .. _____________ .. _ .. _ 
864 ................ .. 1,2U8 _______________ _ 

0-8B. GOLDBEOK·BUSSARD ;DATA-BAND-OLAY (1 TO I) 

Realltanoe in pounds per SQuare InO:h at various penetrations 

O.021n~b D.Of Inch O.06lnoh 0.08 bleb.· 0.10 Inch 

--:--":"'1'':--------.-~ 
1 .................. .. 14.00 .. __ ~ __ .... ________ a_Mao_a. ____________ • __________ _ 

to .............. __ .. . 10.00 .............. _____ ........ ____ .. __ ................ _______ :.. ..... .. 
t .............. _ .. .. 0.11 11.00 ____________ ... ____ • ________________ _ 
e.._ .............. .. 6.18 10.20 • ___ .. __________ .. ________ .............. __ _ 
12 __ ...... ______ .... ____ _ 

& 00 8. 40 11.9' 13.69 ........... . 14040 ________ .. _._ .. ____ _ 
2.07 8.94 6.71 7.i6 &68 

288 ................ .. 1.40 2.88 4.00 6.39 0.09 67G .. ______________ .. _ 
.99 1.89 2.83 8.74 4.65 

864 ................ .. 
1.200 .............. .. 

.98 1.78 2.69 8.86 4.11 

.67 1. as 1.&2 2.M 8.3) 

0-80 GOLDBEOK.J!USSARD DATA-BAND-CLAY (5 TO I) 

Reslatanoe IX& pounds per square Inch lot nrloUJ pcmevat.lODl 
1.\' ',', 

o.OU"ab OJ)""ab 0.06_ O.Q6lnab 0.10 Inch. 

--,---1---------
~:::::::::::::::::::: 
;,::::::::::::::::::: 1" ...... __ . __ ...... . 
ass ................. __ 
1'lG ••• _ ..... _. __ .... _ ... 
864 ................ .. 
1.M ............... . 

1'-" .............................................. .. 
. t: H:r. -"··--ii-ir :::::::::::: :::::::::::: 
.. ~ La 11.62 14.29 __ ............. _ 
2.88 4.40 6.87 lUI 7.18 
L98 a.M '-88 e.21 7.711 
LID a. 01 4,8fo 6.08 &88 
La'! 8.21 4.38 6.69 0.5 
L11 2.18 3.01 &82 ... 88 

o-m, UNITED STATES BUREAU 01' STANDARDS DATA-oLAY 1 

0.06_ O.08lnab 0.12 Inab 0.1. Inab 0.20 Inab 

------------. --
0.12.. __ ............ _ ...... .. 
O'tO.._ ............ _ .......... .. 
1.1O".! ........................... .. 
1.a&.. .............................. . 

10.10 
".00 
1"'0 
16.00 

11&00 
"'10 
81.l!O 
1I7.00 

'10.00 
I55.l!O 
44.00 
88.00 

(84.00) 
11&10 
..,,10 
<&00 

(00,00) 
lIl.lO 
tlO.OO 
6l.,? 

o-aE. UNITED STATES BUREAU 01' STANDARDS DATA-oLAY-2 

(~ 

0.1J. __ ... _ ... 
0. .... __ .. _ ........ 
1.10.. __ ....... __ .......... 
1.85.. .... __ .... ____ ...... 

o.Ollnab o.llIlnab o.llIlnah 0.061nob 0.08 Inob 

138 1M .. us .. os 
Ml '1'/ 

... I,. 
us 
108 

... 
2 .. , .. 
III 

TABLB C-a.-Tho eJ!ed.I of bearing <trea on tho , .... ta" .. of,ela» 
, . , and q~anular material8-,-Continued . " • 

<HII'. UNITED STATE~"BUREAU. OF,STANDARDS DATA-oLAY 8 

I .B_ .... " llerd5taDoe In pounds per square inch at vu1.oua 
penetrations 

(square Inches) I----;;--..,.., ...... -"'T--... -~_;_""""--
. O.06lnch 0,06 _ 0.18 Inch 0.10 Inch 0.12 Inch O.te Inch 

~.,.....---I~-----.--· ---
0'l2. ...... ,_ ....... 140 209 O.4.g __ .. ____ .. _ ........ ___ .. l!O 76 1.10. ________________ 

to 42 
1.93. ...... ~ ......... c 16 .. ... 813 

100 .128 
59 '1'/ 
83 42 

8M 
1<5 
93 

-OS 

896 
1" 
112 
8lt 

·0-8G. BERa:Y DAT A-OONORETE SAND (SHARP) ~ 

L .................... .. 
8._ .................... .. 18 • .:;,_ .. _ ...... '-___ .... ___ .. __ .... .. 

O.02IDah 

17.8 
20.0 
... a 

O,06lnab 

81l.O 
..... 4 
.a.. 

0,18 Inab· o.l.l"ab 

69 .• 
80.& 

·.J.l)i..l .. 

<HIH. BERRY DATA ;"'OTTKWA SAND (SMOOTill' 

O.OO8lnab 0.0161noh ·0.08:1_ Q.06U"ch 

............ : ........... .. L_ .... __ ._ •• _._ .. 
Itl. .. ________ .... _ .. __ ... ___ .. __ 

S2. ......... ~ .......... .. 

.,0 
7.0 
U 
0.7 

0.7 
11.7 
lLO 
10.0 

IU 
111.8 
"'0 Bo.o 

12.0 

~U 
88.2 

~._BERRY DA'/.'A-J,E.\J) SHO,!-, (EXTRA FINISH NO. 12) 

BearIna .... (sq .... lnllhes) 

O.OO6lnab 0.010 _ 0.020 Inoh 

'-.......... - ........................ .. 21.8 KG 25.1 
8 ................................... ~ ... 27.3 81.8 &5.0 
10 ......... , .......................... .. 88.8 4&.1 47.4 

0-&1. BERRY DATA-GRADED AGGREGATE O(·lNOHMAlI:IMUM) 

.. _ .. , ........ __ ..... .. 
11..._._ ....... _ ..... .. 
111... ..... _ .... _ ...... .. 

.. 
40 
10 

0.061noh 

78 
76 

" 

o.oolnoh 

101 
100 
120 

o-as:. HOUSEL DATA-PLASTIO YELLOW OLAY 

0.101noh 

120 
142 
177 

_Inpoomdapor __ .. __ 

"". 1&7 
!LI 
U 

"". ... , .... 
IU 

117,1 
70.0 
AI .... 

10'1.' 
10.1 
'10.7 ...1 

1lM.8 
lOU A. 
""1 

1 .... 
11 ... 
00.0 .1.1 



248 . AIDS TO MOTOR VEHICLE TRANSPORTATION 

TABLII C-S.-Tho eDeeta of btarifl// area on lho re0i3la .... of clay 
and granular materials-Continued 

C-3L. HOUSEL DATA-STIFF YELLOW CLAY 

Resistance In POunds per square Inch at various penetratloWi 

0.' lnob LO IDoh 1.8 Inches 2.2 Inches 2.8 Inches 3.4 Inches 
-----1-------------____ _ 
144~ ••• ____________ _ 
288._ .... ___________ _ 
676. _______________ _ 

46.1 
".9 
27.1 

102.8 
70.1 
81.8 

l34.0 
96.8 
.304 

154.. 
112.6 
1""1 

188 .• 
126.4 
114.0 

1711.2 
134.7 
126.0 

C-3M. HOUSEL DATA-STIFF BLUE CLAY (OONTAINING SAND AND 
PEBBLES) 

Beslatance in pounds per aquare lDch at nriowt 
penetrations 

O.llinoh 1.6 lDohu 2.7 inches 1.IUnch. 

-----'-1------------
14'-_____________________ _ 
288. _________ • ___________ _ 
076. _____________________ _ 

72.. 
77 .• 
62.6 

127.8 
130.6 
136.1 

156.6 
166.2 
1 .... 8 

179.2 
178.5 
186.1 

0-3N. TERZAGHI DATA-VIENNA LOESS (&8 PERCENT SAND) 

Beslstanoe In pounds per square moh at various penetrations 
Bearing area 

(aq .... Incha) 
0.2 Inob 0.4 meh 0.6 1ncb 0,8 incb. 1 Inch 1.2 lnch81 

----1·------------
7.6 .................................... 38.6 48.0 (&8.0) m:~ 16.8... _______________ 

~26.0) (0.0 '."0 96.8... ______________ • 16'·1 ".7 • u .... 
... .8.. .............................. I~O (1 •• 0) (26 •• ) 33.0 

T ABLB C-S.-ThB tDeeta of btarifl// arta .n lho re.uta .... of clav 
and granjilar materials-Continued 

0-30. KOGLER DATA-QLAY 

Beuingarea 
(square Jnches) 

1.8 __ .... __________________ 
12.2 .. _____________________ 
86.2 ______________________ 
78.1. _____________________ 
804.3 ________ .. ____________ 
88f.4 _____________________ 

Resistance In pound. per square Inch at varIoDi 
-" ......... 

0.1 Inch 0.' Inch 0.81n6b 0 •• Inch 

28.0 ..". 

t"'~ !~i .... to .• 49.2 
21.7 36.. ".8 III •• .3.0 .... (Rgl 19.:1 .... ~8 

(10..) I .... 10.0 

0-3P. KllGLER DATA-8AND 

Beu1Dg area 
(sq ..... Inoh .. ) 

O.(M Inob 0.08 Inch 0.12 Inch 0.181n6b 

------1·--- ------------
7 ........................................... .. 14.7 _____________________ _ 
81.2. ____________________ _ 
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THE INTERRELATED EFFECTS OJ!' LOAD, SPEED. TIRES, 
. AND ROAD ROUGHNESS ON MOTOR VEWCLE 
IMPACTS 

The maximum wheel load of the vehicle and the tire 
contact, area through which it is applied to the road 
surface are fundamental considerations in a rational 
pavement design. They are, likewise, important fac
tors' in determining the stability that may be expected 
from a given subgrade or unpaved earth road.' 
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Because moving loads are more severe on concrete 
slab than static ones, some authorities have recom
mended the use of constant impact allowances in slab 
design formulas.· But fixed impact factors, however 
suitable where upper limits of anticipated wheel loads 
are to be used as design criteria, are not accurate for 
use in dealing, as in the present study, with a whole 
range of vehicle groups having radically different load, 
speed, tire, spring, and unsprung load characteristics. 
Neither are they applicable to different degrees of sur
face smoothness. 

It is important, therefore, to examine the joint effect 
of the various elements causing impact, and also to 
consider the relation between the increased dynamic 
loads and thll\; resulting increase in tire contaot areas. 

The· principal measurements of road impacts are 
given in two investigations of the United States Bureau 
of Public Roads.' These measurements relate to the 
average of the maximum impact forces developed under 
given load, speed, vehicle, and tire conditions at a fre
quency of 100 pl'r mile. The average of these 100 
worst impacts may be assumed to be a fair measure of 
the particular surface condition. From these and 
related source data, the necessary equations are de
veloped and herein given to permit statistical represen
tation within moderate limits of variation. 

In table D-4 are given impact values resulting from 
the application of these equations to throe road surface 
conditions representing excellent, intermediate, and poor 
surfaces as found in practical operating conditions. 
The best of these corresponds to the general run of the 
best concrete and high-type surfacing, the intermediate 
to the average road surface, and the worst to conditions 
such as are sometimes encountered and beyond which 
reconstruction or extensive repairs are needed. The 
computations have been based on a single speed of 45 
miles per hour for pneumatic tires. This epeed is the 
maximum recommended for trucks and busses in the 
proposed uniform code of the American Association of 
State Highway Officials. It comprises the general 
maximum of impacts reached within practical traveling 
speeds. Solid tire reactions have been computed for 
a speed of 10 miles per hour. This speed is the maxi
mum recommended for these tires in the code. 

'_blTbeID_B .... orLood,S-'TIno.ODd __ 
.. 1II_...-1m_ b~J .... A. ____ ..... 

.. ID. Bold ID:tpMC; PIOdoaIcl bJ'. B • .,.)(Mar Bus. b,. U. __ aalbar. PabIio 
BoadI" No ...... l ... 

25S 



254 AIDS TO MOTOR VEmCLE TRANSPORTATION 

Road roughness versus speed.-A consideration of the 
theory and of the available data indicates that, at pres
ent, calibrated values for road roughness may not be 
derived independently of speed. A given small obstacle 
produces reactions which vary through a certain range 
of speed conditions. Other roughnesses react in a 
'similar individual manner. Obstructions which ·a~e 
important at one speed may be quite ineffective at 
higher speeds; but at these higher speeds other obstru.c-

SPEED-MILES PER HOUR 

J'JOUB.II D-l.-CaltbratLon 01 roughness ot test toad sections with relative roughnesl 
indJcator. (From Publfo Roads, ae.,tember 1930.) 

tions, Unimportant before, may produce considerable 
effect. For the present, it seems that any measure of 
roughness, R, in a formula for impact must be a func-
tion of both roughness and speed. . 

:rest data are given below on five roads representing 
a wide range of roughness conditions." From these 
data it is to be observed that for each road there is a 
characteristic relation between roughness and speed, 
as well as a definite maximum roughness, R" attained 
at a somewhat less definite critical speed, B.. (See 
ACcompanying table and fig. 0-1.) 

• Here. II elsewhere. un1eu otberwIse stated. the anal)'lll .. based aD the data or 
the Il&pba published 'n The Interrelated Effects 01 Load. Speed, TireI, and Road 
Roughnesa on Motor Truck Impact. above. The apecUJc reference fl to fir. 6, p. Itt, 
01 that report. 

Calibrated value. of roughness, Re, and Be, in indicator 'Unit. per 
mik 1 

R. s. R R R R R R R Test 
road • W U 26 26 26 26 

a~~a~~a~~a~~a~~a~~a~~ 

--------1--- ----i--I--\--
R._______ 117 M 31 &9 80 M 
D._______ 161 30 67 117 141 147 
A_~ _____ ~_ 2!l3 66' tsO 98 141 180 
C.________ 3gB 45 1M 226 283 825 
E_________ 780 23 604 717 766 71Q 

107 
)(9 
21' 
26. 
'SO 

115 ,.. 
,.9 
373 
7BO 

117 ,.. 
26. 
ass ,so 

1 Values of R. and 8. were derived by graphical extrapolation from various render
ings of the data in curve form. Values of Rareidentiool with therougbness iDdlcator 

::::~I~~ot~211}~re~r:h~o;8fu:g~o!lera:J~~e:.et:::~all~~U: ~~ek 
elsewbere employed. are relative. 

These five roads are insufficient to permit complete 
generalization as to the interrelation of these character
istics, though within the five instances the following 
'equation" may be employed as an expression of the rela
tion between the fixed maximum roughness, R" and 
the critical speed, B" at which it is attained: 

B. RI (1) 
(O.012R.+3.095)' 

The roughness measure would most likely vary with 
the design and mounting of tlJe calibration instrument. 
The roughness calibrations are, however, relatives 
covering a sufficient range of road surface conditions to 
permit selection of intermediate road roughness values.' 

This discussion is directed toward a detennination of 
the constancies and differences found in the data rather 
tlJan toward an evaluation of their caus~. However, 

• Hereand elsewhere In the derlvation of equations, because the data seemed to lend 
themselves most readUy to this type of analysis, voJues were converted to a tonn lu 
which they would approach straight llnes either on Quadrllle or OD Iogartthmlo plota. 
The method of least squares was applied to determine the constanta. Independent 
variables were then suooessively eliminated. . 

, "The testroad surfaceI!l were callbrated with the relative ~ lndJeator (See. 
AD wtrument for the Measurement of Relative Rood. Roughness, FubUc Roedl, 
vol. 7. No.7. September 1926) belng developed by the Bureau. ThJa W8I careluIl1' 
dODe by varying epeeds, and the muimam and minimum rougbneM factorII obtained 
at a car speed of 30 mUes pet hour were approzimately $)I) to 100 units per mile. The 
inatrument was 1nstalled between the troDt axle and chassis frame of • large eedan 
automoblle fully equlpped. with rebound lDubbers and 6.110 by 3) ballooD tires inOate4 
to a pn!ISUl9 ol3ll pounds. 

"Since the vebleleOD which the devfce Is mounted laan Integral partoftheap-pera&us, 
the data obtalned with ODe vehIcle are DOt dIrectl,. comparable wltb those obta1ned 
wtth anotl1er. However, as the same vehicle was used &0 obtaln data on each of. 
series of roads It II believed that the respective tact0r8 obtalaed ind1eate tbe reJaUve 
roughn_ with reasonable 8CCUI'aCY. 

"In makfng &be selection of road larraoes tor th_ teatalt WUDeceamy to IJIveCOD
slderatlon to three conditions. First. they mould Include the extremel olllUl'fael 
coDdJtion from very lJDooth to ve:y rough; II8COnd. they sbouJd fumJab • IU1IIdeut 
Dumber of tJ'P8lIO that tbe data woo1d ClOver the range betweeD extreIDM as weD • 
poaslblei and, third. the pavementlll8lected ahouId be of lOch cbaraeter that; &be7 
wouJd not change In condItion during the testa. It. would have been veI"1 dJt!lauU &0 
fulOIl all tbeae conditions perfectly. It Is beIJeved, however, &bat the eect10na se&ene4 
represent. very wide rDDP in roUlhnea and tbat. all of them maintained their abarIo
terlstICI dwtng tbe teats, but with tbe pavemeotl wbleb w ... vaDabJe In tbe vtcInUJ 
of W8IblDgtoD It W&I not poesJble to cover the range In .roogbneas in as unUonn II 
DWlIW' 81 might be desired. ReIerriDJ to tI,. a. It wID be .. ted that u.e Is II PP 
between the curves for roads C and B. However. it: Ia tbougbt that the maJorIt,. 
of pavementa carrying any conatderabJe amount of tramo wW be found to have sur-
faael8IIJDooth or IDlOO&ber than road C, I!IO that tbe de.ftclency Just mentioned II DOt 
80 Important 81 might appear from a otU8OJY IDspectloD of tbe lWfaae ~ data 
eontalaed in thil tI,,!re."-Publfe RoadJ. SePtember 111l3O. 



the fact that a ma.xirnum in ;ro)lghness is reached aj; all 
"may insODle way be related to a souroe of difficulty in 
,.the analysis that was not quite overcome for the speeds 
below, 15" mil$ ,Pel' :\lour. A curious' vibration phI\

,nomenon appears to be present which SJIggests an inter
play of several periodic forces, the effect, of which ,.is 

,most manifest at v!lry low speedS". 
" Changes in the instaJI",tion of the instrument used in 

measuring thiS Utterplay may yield different values of 
the maximum roughness or of critical speeds, but the 
usefulness of the equation is not thereby impaired. 
Motor vehicles, motor vehicle springs, and rubber tires 
are highly standardized and are closely adapted to each 
other for the maximum of smoothness and, economy in 
operation. 

Road roughness, R, in the calibration units used, may 
be interpreted in terms of R, and S, by the following 
equations: . 
in which 

R- 8' 
-b(S+a).,. (la) 

b 
O,671-Vi-0.00116 

(lb) 8, 

a=W,-17.52 Uc) 

By substituting from equation (1) for S" R would 
then be expressed in terms of S and R. alone.' This 
equation is modified in oalculations of impact in this 
study by the modulus, 0.47, required to adjust all R 
values into relatives, using the rOJIghness value of road 
A at 25 miles per hour as 100. 

This roJIghness equation fits the data reasonably well 
for ,all speeds up to 50 miles an hour, except that in the 
ease of road E a marked departure occurs at speeds 
below 15 miles an hour. This departure, however, is 
JInimporta.nt for the purposes of this, investigation. 

Sinoe roughness comprehends an element of speed, it 
was thought that the correction of impact values for 
roJIghness by the roughness formula in the process of 
sucllessive elimination of va.ria.bles, would yield impact 
values independent of speed. This was not the ease. 
Values of impact still revealed a speed influence after 
the correction. The inference is that the reactions of 
the particular roJIghness calibration appa.ratns to speed 
are not similar to those of a moving vehicle. 

Im.pacl.-The impact force delivered to a road surface 
may be represented as a percentage of the wheel load. 
It is more convenient, however, to express the impact 
force as the static wheel load plus a dynamic increment .• 

,259 
, ;In 1;'ltblic, :ao~" Sept,ember J 930;0 there arll; pre
sented342 valuesotiDlpac;t: iotcs d~terfW.ne~ b;V ~es1!' 
conducted with a range of combinations of,load, spee~ 
tires, and, road roughness conditions. These are tabu,
lated herein in terms of 1,OOO-pound units as F~ in table 
D-l.' They serve as the basis for this investigation and 
from them, together with data contained in tables D-2 
and D-3, the various equations presented below were 
.d~ved. 

... 
D£R/IIEO VALUES OF ROUGHNESs 

1'1G~ D-2.-.AgreeJ:nGnt 01 derived and ob~ road roughness value&. 

, Statio wheel loads were s)lbtracted from these values 
of}'. and, the remaining ,dynamic increments, were 
analyzed for their relation to the other va.ria.bles in
'volved. A satisfactory expresSion for total impact in 
'terms of these variables is giv!ln in, the equation:, ' 

F";W+ cRW,(8'-'-1.75) (2) 
, 'D 

where F=impa.ct force of righ~ rear wheel in pounds. 
, W =sta.tic wheel load in pounds, at capacity load. 
R=measure of relative road roughness (road A 

at 25 m. p. h.=100). 
W,=unsprung load, right rear wheel, in pouDd~. 

S=speed in miles per hour, -
D=tfre d6fl.ection under recommended static 

wheel load, at recoDlDlended pressure, in 
inches., 

The coefficient c varies with the ratio of actual to 
capacity load, having the value:-

L 
c=0.01!l1+0.0037~ (2a) 

where L=actual vehicle loading in pounds, 
. L.=vehicle capacity load in pounds. 

'_lIp,8IDU,_ 
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Manufacturing practice, moreover, affords the fol
lowing typical relations between unsprung load and 
wheel load (see table D-2):. 
Passenger cars ___________________________ W'=0'212~ 
Busses __________________________________ W,= .IS3W 
6-wheel trucks 10 _________________________ W,= .177W (2b) 
Taxis and trucks below aji tons capacity ____ W,= ,150W 
Trucks above 3ji tons capacity ____________ W,= .125W 

Manufacturing practice also affords the typical relations 
between tire deflection, wheel load, and tire pressure 
(see table D-3) given by the equation: 

D= W[0.0;59 -nJ +0.22 (2c) 

where D=tire deflection in inches. 
W=wheelload in pounds. 
P=tire inflation pressure in pounds per square 

inch. 
n=a constant depending on tire type. 

Typical values of n are: 
Truck and bus high-pressure tires ________________ .. =0.00005 
Truck and bus balloon tires _____________________ n= .00010 
Passenger car balloon tires ______________________ .. = .00015 

An alternative approximate expression for the deflec
tion of pneumatic tires, useful where inflation pressure 
is not known, is: 

(2d) 

where M is constant depending on the tire type. 
Typical values are: 11 

Truck and bus high-pressure tires ________________ M=0.0167 
Truck and bus balloon tires _____________________ M= .0228 
Passenger car balloon tires ______________________ M= .0267 

Discussion of computed and observed impact force 
value8.-It will be recalled that the formula for road 
roughness is applicable for speeds up to 50 miles an 
hour. The data for road E fit the equation rather 
poorly at the lower speeds, but this is an old stone road 
of extraordinary roughness.'" Hence in fitting the im
pact formula the data for road E were ignored where
ever their inclusion would have altered the conclusions 
materially. 

There actions of new and worn solid tires on road H, 
a brick pavement, were greatly amplified by the joints 
between the bricks .. " Solid tire values for this road 
were also similarly omitted. The particular new 
cushion tires on the wheel loads of 2,500 and 5,000 
pounds, and the particular new solid tires on all wheel 
loads had tire deflection characteristics which deviated 
from the trends established for the pneumatics, the 
heavier new cushions, the worn solids, and other 
cushion and solid tire deflection data. These unusual 
influences were likewise eliminated. 

I' Bee c:l1scuaslon of lUlIPl'UJllload at p. 217 below. 
U Mauufactunn' dam on lOUd tire deftecttou a .. nc:ommeo.ded staUo loads were 

not I8OUJ'ed. T8Its data indIcate the rougb value. M-O.OO7. ThII value Willi 1JJ8d In 
!able 1. 

U Bee rootnote 7, p. 2M. 
U Publlo RoadI, September 11130, p. Ul. 

These eliminations are justified by the need for 
deriving 8. formula applicable to balloon tires and other 
developments since these 1926 truck tests. This 
objective is of greater practical importance than the 
derivation of a mere formula of best fit for the entire 
body of data. 

The remaining 147 data values have been given the 
major influence in determining the equation (2) for 
impact. In figure D--3 these data values are plotted 

DERIVED VALUes Of' FOllet, 'ntOV$ANDS OF POUJr<IDS 

FIot1BB D-3.-Agreement of slgnIftcant values of Impact force derived BDd observed. 

against the corresponding values computed from the 
formula. In figure D-4 a similar comparison is shown 
between the observed points and the corresponding 

oeIWlO "",-UU 01 fORet. ntOU$oUCJS 01 I"OUtCJI 

J'JOl1U D-4.-AJI'Ct!IIl8Dt of aD ...,.. 01 Iml*& .... dertved aDd o...-nd. 14_ 
devlal:IODI oocur ID aa.. DOC appUcab1e. 
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fonnula values for all the original 342 data values. 
All major deviations in the latter figure represent 
observations' for road E or for. solid tires oIi road ,n. 

Equation applied to balloon tire8.-The formula was 
applied for check purposes to more recent data for bus, 
impacts with balloon tires on concrete surfaces." 
The resulting values of roughness placed the smoothest 
concrete road on which the tests were run-the Mount 
Vernon Boulevard-about 45 percent below those for 
road H (fig. D-l). For the roughest concrete surface 
the values were well above those for road D but below 
those for road A. These results ,appear to agree 
reasonably well with actual roughness measurements 
of such roads. 

The importance oj tM 8_ral dements.-It will be 
observed from equation (2) that impact reactions do 
not vary directly with wheel load. Impact will always 
be greater than wheel load, but as wheel load increases 
impact will increase at a diminishing rate. 

The coefficient 0, depending on the load/capacity 
ratio, infiuences the dynamic increment directly, 
though within relatively narrow limits. An increase 
from a 50 percent underload to a 50 percent overload
a 200 percent increase in the retio-causes but a 31 
percent increase in the coefficient. 

Infiuences of road roughness and unsprung load on 
the dynamic increment are in direct proportion. Any 
change in either will result in a corresponding change 
in the dynamic increment. 

Infiuences of speed, according to the relation 
(8""-1.75), are somewhat greater proportionately 
at low speeds than at high. 

Finally, the infiuence of tire deflection on the dynamic 
increment is in inverse proportion. For a change in D 
there is a corresponding inverse change in the increment. 

Unsprung load.-Unsprung load, or that part of the 
wheel load below the springs, bears a fairly definite 
relation to total wheel load. The' relation is' deter
mined by certain standards of travel smoothness and 
varies with vehicle type (t.ble D-2). It does not 
aPl!ear that the ratio of unsprung to tot8.J.load is related 
to the impact increment, though equation (2) suggests a 
fairly definite relation for the actual magnitude of the 
unsprung load. 

In table D-4 the calculations for the six~wheel truck 
are subject to uncertainty. The two instances pre
sented in table D-2 may not warrant generalization. 
But if these six-wheel truck unsprung loads are repre
sentative, then the six-wheel truck will result in slightly 
larger values of impact than its fOlll'-wheeled companion 
though the excess will be but 4 to 8 percent thoughout 
the load ranges. It is doubtful whether any other 
factor enters to change this possible small excess, and 
therefore it does not appear that this truck needs to be 

considered separately from all trucks of its wheel-load, 
range,." 

Tire deflection oharacteristic&.-Tire deflection charac-, 
teristics differ, radically under two sets of conditions. 
In the preceding discussion consideration is given to 
that deflection or "give" of a tire which corresponds to 
the recommended pressure and static load. It is seen 
by equation (2d) that deflection varies according to 
the square root of the recommended load. However, 
this relation changes when a tire, infiated to a given 
pressure, is subjected to increasing loads. Such dynamic 
deflection changes are illustrated in various issues of 
!'ublic Roads dea.liug with the subject." 

The deflection of a given tire under different loads 
varies according to the curvilinear relation, D=aW·, 
wherein 11. is a fraction. Solids, cushions, and the 
carcasses of pneumatics follow the sanie fonn of curve, 
having approximately ~e same values of n. How
ever, for pneumatic tires" as soon as the load bellomes 
sufficient to be supported by the air within the Carcass" 
the exponent becomes approximately 1.0, so that the 
curve has the linear relation, D=a W +6. Thus, pneu
matic tires, beyond extremely light ioads, have a con-, 
stant increase of, deflection with load, instead of the 
decreasing increase of ether tires. -

Theoretically, this difference in trend should show 
marked differences in impact reaction between pneu
matic and solid or cushion tires for increasing loads, 
&ince the same increases in load result in greater de
flections, at the instant of impact, in the pneumatic 
than in the solid. tire. But such, differences are not 
apparent in observed impact data. ' " 

Inquiry was made of leading tire manufactUrers as 
to the causes of uniformity in deflection qualities. It 
appears that a tire is designed and manufactured with 
definite objectives as to its cost, life, and traveling 
smoothness. It is then tested for loading, air pressure, 
and dellection qualities. Beyond an optimum dellec-
tion, there is too much internal friction within the 
carcass; above an optimum pressure there is too mucIi 
rigidity; overloading creates destructive stresses. A 
balanced adjustment is sought. The net result seems 
to be that the allowable load and recommended pressure 
are adapted to the particular allowable deflection so as 
to yield the greatest ultimate economy. It is similarity 
in manufacturing technique, therefore, that results in 
the general uniformity, of deflection cha.ra.cteristics 
(table D-3). This unifonnity is further promoted by the 

II n Is of mtend &0 DOte the statement of L. w. Teller bebe U. Sa ... th .&.mmat 
M_of ... B1gh ..... __ ..... _lOcI: "Tho&, wllh • liz· 
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the ~l'eIDfIIIt Is a fmtcdoD. oIlbe wbeelJoM. ad DO& of tile alit spadnc." See ..... _Po,1>- AII_.-......... _ .... oflhls ..... 
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definite standards developed and subscribed to by all 
leading manufacturers through the Tire and Rim Asso-
ciation, Inc. . 

These uniform tire characteristics do not change 
importantly from year to year for a given tire type-'
solid, high pressure, or balloon. Practically all new 
trucks sold in 1933 in the United States were sold with 
balloon tires as original equipment. Busses and private 
cars on the highway, with negligible exceptions, were 
equipped with balloon tires. These things were not 
true in 1926. And yet 1926 high-pressure tires had the 
same deflection formula values (equations (2c) and 
(2d» as the 1933 high-pressure tires. The deflections 
for 1929-30 truck and bus balloon tires also were 
approximately the same as for the tires of 1933. 

TIRE CONTACT AREAS 

Single tires.-The tire contact area data in table D-3 
are the actual contact areas of static wheel loads under 
recommended single-tire loading practice. These data 
permit the following expressions of contact area as a 
function of wheel load for the different pneumatic-tire 
types: 

For balloon tires with a load rating of less than 1,400 
pounds, the static contact area, in square inches, would 
be: 

Static area, in square inches,=0.004825 (wheel load, 
pounds) I." (3) 

For balloon tires with a load rating of 1,400 pounds 
or more, the static contact area, in square inches, 
would be: 

Static area, in square inches=0.001l89 (wheel load, 
pounds) 1·"+18.68 (4) 

For high-pressure pneumatics: 

Static area, in square inches=0.0375 (wheel load, 
pounds) •. 81' (5) 

When the load is increased on these tires, as under 
impact, a change in the area/load relation occurs (table 
5), which may be expressed as a factor to be applied to 
the above-mentioned static load areas: 

Dynamic area=1.070 (static area) 

[ 
impact force ] .... , 

static wheel load (6) 

Dual tires.-Computations for dual tire contact 
areas apply to the gross contact area. This is the sum 

of the areas of the two tires plus the area of the space 
between the two contact impressions. Such data were 
unavailable. A brief analysis of limits will suffice. 

Standard specifications for the center-to-center spac
ing of dual tires of given cross-section and standard 
cross-section specifications for given tire loadings are 
developed by the Tire and Rim Association, and adopted 
by manufacturers. A certain range of allowanre is 
made. For purposes here, it is well to know the mini
mum and maximum conditions. Minimum allowance 
figures for high-pressure tires and maximum allowance 
figures for balloons were taken from the association's 
1933 handbook. They follow: 

High praooure Balloon 

Wheel load 
Cross Dual Cross Dual _'011 IJlOCInI _Ion -------
llIdIu I ..... I ..... Ind ... ..... .... 16.30 .... '.26 ..... . ... 7.76 .... 8.26 ..... 6. .. 7.76 7." 10.00 ..... 8. .. D." 11. .. 11.60 

s, ... 8." 11.60 V.76 ,.. .. ,.. ... I .... ]2.76 ,.. .. '16.26 

I Estimated . 
• Dual h1gb preaun tlreB are almost IIlWB)'I used in preference to ballooDJ tor V8l'J' 

heavy wheelloada. 

Dual tires for a given wheel load consists of two tires 
with a load rating of just half the wheel load. The 
individual contact areas of each of the two tires must, 
therefore, be computed on the basis of half the wheel 
load. The shape of these individual areas is somewhat 
oblong, rounded at the ends and bulging elightly at the 
sides. If they are treated as rectangles with semicir
cular ends, the error is small. If the greatest length 
of this area is 1~ times its width," it is equal to 1.32 
times the square root of the single tire area, and the 
gross contact area of the dual tire will be equal to this 
length times the center,;:to-center spacing plus the 
single tire contact area. If, on the other hand, the 
length of the individual tire area is as much as two 
times its width (a somewhat unlikely extreme), then it 
is equal to 1.50 times the square root of the single tire 
area and the gross area is again available as above. 

Dynamic contact areas of dual tires rsquire the cal
culation of dual tire impacts. These are considerably 

I' Im:pectIOD of such oontact area diagnunlu ...... available, and oonsuItatiOD wtth 
manuiaeturen, indicated tb1s to be a fair relation (01' standard loadhlr. It would noli 
clump &reaUy under lncreaaed load, due Co lb. espaoajOD 1ak1D8 place in aD dJrecl1oDI. 
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more severe than impacts for like wheel loads on single 
tires because of the reduced deflection of the small tires 
in the dual cOmbination (equations (2c) and (2d)). H a 
difference existed in the weight of the dual wheel with 
its tires, another cause of impact difference would be 
present (equation (2b»; however, dual tires for a given 
load weigh less, by an average constant of 21 pounds, 
than eingle tires (table D-6), and the dual wheel is con
siderably smaller in diameter than the single wheel. 
No regular differential in unsprung weight appears. 

Compulctl dual Ii .. conIacI a ..... "nder imp"'" 
(Sqllllliln_, 

Statio Htgb~d.'" Balloond_ 

wbeel 
load 

(pounds) Ili!luImum I\i!uImum Ili!IuImum Mu1mum 

-------'--
Llgbl truoL •••••••• "000 711.8 82.1 110.1 118.8 BUB ______________ .. __ 

lI,OOO SO. 8 87.0 116.8 1.1.1 
Llghllruck ••••••••• 8,000 lOU liLa m.& lBU 
TrucL.. ••••••••••••• ..000 llt-IS IOU 1.3.8 1&11.8 lllawheel tmck ______ 

.. 000 123.9 1 .... 1&18 Ie&. & Wheel weights are shown in table D-7. ' BOI _________________ 
6,000 Uil.6. 188.8 180.7 1"'" 

From computsd dynamic loadings and areas for in
dividual tires, the minimum and maximum areas for 
high-pressure and balloon duals are developed as out
lined above. They are presented in the following table 
for the larger vehicle types and wheel loads considered 
earlier in making impact calcuations (table D-4). 

Truck.. •••••••••••••• 8,000 :108.. .... , 22:1. • 2tU 
&-"heel traok... ____ 8,000 "LI _8 238.1 ''''1.8 BDI. ________________ 

8,000 .... 8 2<1,1 .... 0 2&&1 
Truck.. •••••••••••••• 1lI,000 27&.t :1118.0 1812.1 183801 o-wbeel truck ________ 1lI,000 288.7 812.0 1828,1 1SM.1 

I Dual high pressu.n tIraJ are almost alwa,. used In p:reterenoe &0 ballOODB for '9WJ' 
beavy wheelloada. 

WboeI load (pou.cIs) 

T AJlLII D-l.-Doritlfd .01 .... of impad force (F iJ and ob ...... d .01 .... (F ~ 
1I.Ib ..... cIs 01 pouuclsl 

New auab10n tires 

Roo4 B Roo4 H Roo4 D Rood A Rood 0 Rood B Speed Road H Rood D Rood A Rood 0 
(m;p. b')I--'--'I--r--I--;---I.--;--I--..--~--;--!I--'--+---r--1--r--I--.--

~ A ~ A ~ A ~ A ~ A ~ A ~ A ~ A ~ A ~ A 
------1---1-- --1--1'-1--1--1-- ----I-- --
.. Il00 •••••••••••••••••••••• _ 

&,000 •••••••••• _ •••• _ •••••• 

7.Il00 •••••••••• __ •••••••••• 

10.000. ••• _ ••• _ •••••••••••• 

IS 1.1 2.7 1.8 1.8 1.6 1.& 2.8 1.7 8.0 8.7 2.& 2.7 1.8 ·2.8 2.8 .2.7 2.7 I.. 1.2 4.2 
10 I.e 8.2 8.2 8.1 8.1 8.1 8.8 .. a 0.8 6.8 8.0 "0 8.6 8.7 .. 0& 8.8 t.S 4.6 8.1 8.. 
15 8.8 8.15 8.8 8.8 8.8 1.8 &.1 4.e 8.5 e.8 I.e 4.j j,j 6.0 j,6 &.5 8.e 8.2 12.8 11.' 
:It 8.7 8.7 .. 8 .. 15 4..8 C.7 e.7 e.l 12.2 8.8 "I 6.0 6.2 8.6 15.8 7.0 &6 &4 18.7 16.8 
iii 4.0 4.0 4.8 6.0 6.7 &oj 7.8 7.7 14.4 0., .. 8 "6.2 6.8 &2 7.2 10.0 10.4 10.7 2).0 17.0 80 4.' .. 1 ______ ______ ______ ______ ______ ______ ______ ______ 6.2 4.4 _. ______________ ... __________________ ZL 7 17.4 

15 6.0 6.1 15.1 6.1 1.0 1.0 5.1 6.1 6.4 6.6 6.1 6.2 15.1 15.2 6.1 6.0 6.2 6.6 &.7 6.8 
10 15.8 6.4 I.e 1.& 6.5 1.4 8.2 1.7 8.4 7.0 6.5 8.8 e.0 6.2 6.8 6.0 7.0 1.8 10.4 IL7 
iii 6.7 6.0 e.1 8.1 8.1 8.1 T.I 8.7 11.1 0.1 8.1 7.4 8.8 7.0 7.0 7.7 8.0 &.7 1 .. 8 17.' 
30 8.0 8.2 8.8 8.8 7.0 7.0 8.7 &.0 18.& 11.. 8.7 &2 7.8 0.4 &2 8.8 10.8 lLO 1&7 21.' :u 0.4 0.8 7.0 7.0 7.8 7.0 ____________ l6.6 lI.2 7.2 8.8 8.2 1LS 8.6 12.6 _____ • ____ n8 32.8 

,~~~~~~~~~~~~~~~~~~n~ 
10 7.8 7.8 8.2 &8 8.1 8.0 &8 8.5 11.2 10.0 8.8 8.8 0.1 8.8 8.8 &.6 10.7 8.4 16.8 14. 
115 &'8 8.15 8.8 8.0 &'8 8.8 10.2 8.7 1(.8 18.0 8.8 8.8 10.6 10.& 10.7 10.2 13.8 lL' 2S..e at 
.. 8.8 8.0 I., I.. 0.7 D.e ___ ._. _. ____ 18.8 16.2 10.2 10.7 lL7 12.2: lJ.7 12.8 _. __________ 28..7 .. 0 25 0.0 I.. _________ • ______________ • ____________________________ • ___ .. __ • __ . _ ... _____________________________ ._ ._. __ _ 

aD •••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• _ •••••••••••••••••••• 
I mo 10.1 10.1 10.1 10.0 10.0 10.1 10.8 10.4 no lO.l 10.1 10.2 10.1 10.1 10.1 10.1 10.1 ILl 10.8 

W 10.1 10.4 10.8 10.7 ms 10.1 tLI ILl ~4 11.0 10.8 ILO lL8 lLS ILl 10.8 11.1 IL8 m& l6.8 
U 10.7 10.8 nl ILl U.I n6 12.1 12.1 ml ~8 IL? 12.4 12.0 12.8 lI.l 12.& ~2 ~7 ~8 a7 3D 11.0 11.1 lL8 U.& 12.0 12.8 ______ •• _ mo 17.8 1J.8 13.& 14.0 14.4 16.1 14..& ___ •• ________ • ________ _ 

~~~~~~~~~~~~~~~~~~~~~ 

NewJD1i4Urw WomllOlldUrw 

WbooIIoo4 (poUilcla) (~b.) Roo4 H Rood D 
1--.-;--.~--r-1-,--+-,--~~~~-4--r-4--r-+~~ 

RoodB Roo4H Roo4D Roo4A Rood 0 RoodB 

1.&00 •••••••••••••••••••••••• 

.. 000. •••••••••••• _ •••••• _. 

7.&00 •••• _ ••• ___ •• __ 

10.000.. ••••••••• _ •• _ ••• _ •• 

• 1.8 1.1 1.7 1.8 J.7 1.7 1.8 1.8 s.t 1.0 1.7 I.' 1.8 1.8 1.7 I.. 1.1 1.1 "7 14.0 
10 1.1 ... 8 1.8 6.0 .. 8 a.. I., I., 10.0 18.a t.a 0.7 1.8 La 1.1 ". &.8 .. 8 10..1 17.' 
16 1.0 &.. 1.1 1.8 1.1 1.8 &.0 7.1 11.1 tIlO 1.1 18.8 a6 7.1 al a. 16.4 l8.& 1&.1 Cli 
10 ". 7.6 8.1 ao 8.1 8.1 10.8 lQ.O 11.6 2S.0 7.' ma lQ.e 12.1 11.0 l2.. 21.6 1&0 ___ _ = t: t: _.~~ __ ~~ ___ ~.~~ .~:~ _~~ __ ~! __ ~~. _~~~ J: ::~ :::::: ::=: :=: == _~~ __ ~~_ :::::f::--
6 1.1 1..1 6.1 $.1 1.1 1.0 1.1 1.7 1.0 7.1 1.1 7.1 1.1 1.1 1.1 1.1 I., 8.1 7.' 15.t 

10 1.7 7.1 8.4 I., I., 1.1 7.1 7.1 11.7 11.1 7.0 lL8 1.1 8.4 &1 7.' 111 u.a 16.1 ILl 
16 1.7 &t 7.8 &.4 7.1 &1 10..8 10.0 11..1 JS..' 0.1 1&.1 ILl 1.1 lJ.' lLO 18..8 11.' _______ .. 
to 7.' 100a &T 10.8 &7 14.8 1&. ... lJ.O &6 JO.4 ILl 10.7 1"'1 U.6 17.1 11.. 17.0 a.6 ___ _ IS &1 ILl 0.1 1&.7 0.& 11.1 __________ ... 1 11.0 11.1 11.1 __________________ •• _________ _ 

ax .-,:.- --i.-o- '-,:7' --,:.- --rr --,:i' --,:.- --i.-i- -'&i- -ji."i- 't.; ~: --i'o- --,:t- --ri- --i.' -&.- -ii."j' -mi- ··ii.'i 
10 as 1.8 1.1 1.1 1.1 1.0 10.1 ILO I&.' 17.1 I.. 11.' iLl 10.1 lQ.I 10.7 U.I 1&.1 ... iLl 
16 1... 11.1 10.4 ILl 10.4 11.1 lJ.7 U.I _0 .7 IL. m. 1"" 11.. 16.1 15..0 __________ _ 

~~~~~~~~~~;::;~;;~~~~ 
w ~8 mIlL. a, IL. ~I 1&.1 11.1 1&7 ml ml ~. KO lJ.1 lI.l 118 ~I ~I na al 
II 11.1 1"'1 lS.O lS.& u.o lI.6 1&.6 .. I 15.. Sl.1 ." .. 11... 17." 18.1 17.' II.' ______ ". __ _ 

5~~~~~~=~~~~?:~~~~- --~ 10---... bIIo~_I_pp. ....... ao.lIa ... 1J; __ .. ____ OO ........ 

414==..?~""il:"~~lD_==..:...~~~~-...:..=.":'==_~"::'!:.""~--
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TABLE D-2.-Motor •• hick whet! load do/a I 

veblclel Wheel I R.dow I U~ I Radow grGS8weight load ~~t. , wheel J wbeel load 

PASSENGER CARS 

2,.7. 672.5 0.261 142.5 0.212 
3,005 810.0 .2'1. 175.6 .217 
3.265 872.5 .267 172.0 .167 
3,325 008.0 .m 179.0 .108 
3,590 937.5 .261 18 ... .108 
8,910 1,026.0 .26' 201.5 .167 '.880 1,1(0.0 .26' .... 0 .214 

" 785 1.251.5 .... ..... .22'1 
4.865 1,330.0 .2'1' 288.0 .217 '.236 1,360.0 .260 807.6 .226 
6,435 1.397.6 ... 7 807.5 .220 
5,700 1,461.5 .... 320.0 .218 
6,'" 1,610.0 .... 845.0 .214. 

LIGHT TRUOKS AND COMMERCIAL CARS 

3.800 l,m.O 0 ..... 117.0 0.151 
",00 1,322.6 .323 ISO. 5 .136 
7,600 2,800.0 .374 429.0 .153 
7 .... 2,850.0 .380 429.0 .161 
7.000 3,000.0 .380 461.0 .104 
7.000 3.050.0 .38' 461.0 .161 
8.300 3,165.0 .38' 4M.0 .153 
8,300 3,215.0 .388 484.0 .161 

TAXICABS 

6,130 I 1, 51li.0 I 0.298 I Z!7.6 I 0.167 

TRUCKS ("WHEEL) 

8,'" 2,"'.' 0.349 "".0 0.152 
lO,liOO 3, 77~0 .360 530.0 .140 
13.000 4,970.0 .383 762.. .153 
16,000 6,827.6 .... 882.6 .H.O 
19,000 7.241.11 .38' 000.0 .124 
22,000 8,"'.0 .'w 1,037.6 .120 
22,000 8.675.0 .S9S 1,100.0 .127 
".000 9,927.6 •• 67 1,282.5 .129 
80,000 10,692.15 ,366 1,326.0 .121 
".000 12,292.6 .362 1,662.6 .12'1 
40,000 lli,072.6 .317 1,926.0 .128 

TRUCKS (II-WBEEL) 

40,000 I 
1,007.S I 0.198 J,412.S 0.179 

00.000 9,941.3 .199 1,72t'.a .174 

BUSSES 

0,400 2,'00.0 0.243 ..... 0.196 

~~g:J 2,7M.0 .... 602.S .182 
6,131.11 •• 20 .. ~o .188 

21,630 8.810.0 .317 ~281.0 .188 
21,980 7.146.0 .... 1,122.5 .11i1 
26,0.50 8,386 •• .'22 1,585.0 .189 

TABLE D-3.-Tire da/a I 

Sise (mob .. ) 

4.~21 _____________________________ _ 
4.40--21 _____________________________ _ 
4.50-21 _____________________________ _ 
4.60--21 _____________________________ _ 
4.16--19 _____________________________ _ 
4.15--19 _____________________________ _ 
6.25--17 _____________________________ _ 
6.00--19 _____________________________ _ 
4.50-21 _____________________________ _ 
4.16-1liL ____________________________ _ 
6~21 _____________________________ _ 
6.25--21. ____________________________ _ 
6.60--18 _____________________________ _ 
5.00--19 ________________ • ____________ _ 
5.26-18 _____________________________ _ 
5.~17 _____________________________ _ 
6.25--21 _____________________________ _ 
6.00-21 _______ ... _____________________ _ 
6.00--20 _____________________________ _ 
6.00-21 _________________________ • ___ _ 
6.00-18 _____________________________ _ 
6.50-20 _____ • ______________________ _ 
6.00--21 _____________________________ _ 
6.50--18 _____________________________ _ 
15.50--20 _____________________________ _ 
15.50--20 ___________________________ • __ 
7.00--18 _____________________________ _ 
7.00-:U _____________________________ _ 
7.00--21 _____________________________ _ 

7.00-18 •••••••••••••••••••••••••••••• 

700 
700 
800 
800 
340 
8M 
88. 
89. 
000 ... 

1.000 
1.000 
1.000 
1,006 
1.040 
l,07S 
1,120 
1,100 
1,100 
1,100 
1,:115 
1,320 I.'" 1,316 
1,430 
1 .... 
1,625 
1.7UO 

~:~ 

Contact 
area 

(square 
In_) 

32 0.13 _________ _ 
32 ._________ 18.9 
32 .78 _________ _ 
32 __________ 19.8 
32 __________ 22.6 
82 .M _________ _ 

32 .92 26.3 32 __________ 23.8 
3ft .76 _________ _ 
.. .72 •••••••••• 32 .93 ___ • _____ _ 
32 ______ .___ 26.7 
32 ______ .___ 28.2 
36 .79 ____ • ____ _ 
86 .79 __ • _____ ._ 
36 .81 ________ •• 
36 .90 ____ eo_eo. 

32 1.01 ________ __ 
32 __________ 31.1 
32 __________ 33.6 
M .00 ____ eo_eo. 

32 1.09 ______ ~ ___ 
30 • {IS ____ ~ ____ ~ 
30 1. 00 ________ ~_ 
36 ____ ~_~___ 31.4 
M 1.06 _________ _ 
36 L 06 __ ._._~ __ • 
30 1.12 _________ _ 
36 _______ ~__ 34. 7 
36 1.02 __ • ____ • __ 

TRUOK AND BUS BIGH-PRESSURE 

30.1: S _______________ .~ _____________ __ 
30.1: IS ______________________ • ________ _ 
30.1:6 _______________________________ _ 
32'J:6 _____________ • _________________ _ 
32%6_~ ____ • ________________________ _ 
32%6 _______________________________ _ 
36%6 _____________________ • _________ _ 
341:7 ______ • _______________________ __ 
34:.: 1 _______ ... _______________ • _______ _ 
86:18 _______________________________ _ 
86:.: 8 __ • ____________________________ _ 
38%9 _______________________________ _ 
38:19. _____________________________ __ 
40:.: 10 ______________________________ _ 
40:1 10 _____________________________ ._ 
"%10_. ____ • _______ • _______ • _______ _ 

1,700 
1.700 
1.700 
1,950 .. ,.,. 
.. ,.,. 
H~:l 
.. 800 
..800 

~~ ..... 
~ ... 
... 00 
~ ... 

76 .0.70 26.3 
75 .71 
76 .76 
711 .78 
80 .81 3L4 80 _85 _______ ._. 
90 .83 _____ • ___ _ 
815 .87 38.7 86 .W _________ _ 
go .V9 48.1 
90 1.11 __ • ______ _ 
1M 1.12 66.8 
915 1.30 M8 100 __________ 72.8 

100 l.liO ________ __ 
100 Ll1 ____ • ____ _ 

TRUOK AND BUS BALLOON 

6.50--20 _____________________________ _ 
6.~20 ____________ • __________ • _____ _ 
6.00--20 _____________________________ _ 
6.~20 .. _____ • ____ • _______ • __ • ______ _ 
7.00-20 _____________________________ _ 
7.00-20 ________ • ________ .. ___________ _ 
7.~20 _____________________________ _ 

7 ...................................... . 8.26-20 ____________________________ __ 
8.26-3J __ ~ __________________________ _ 
11.00-20 _____________________________ _ 
9.00-20 _____________________________ _ 
11.75--:1) ____________________________ __ 
10.liO--20. ____________________ • ______ _ 
11.211--20 ______ • ____________ • ________ _ 
12.00-20 __ • _________________________ _ 
12.75-2) __________________________ • __ 
13.liO--20 __________ • __ • _________ • ____ _ 

40 •• fO 
ro 
50 
50 
50 
50 
eo 
eo ,. ,. 
70 
70 ... 
" OIl 
e. 

0.80 ......... . 
.81 28.8 .90 ______ •• __ 

1.01 ________ •• 
_90 _________ _ 

Lot 83.8 i: ------ii-i 
1.01 aD. 8 
1.20 30.4 
1.12 4P.2 
1.86 47.0 
1.16 M.8 
1.30 &L1it L28 _________ • 
1.45 ________ •• 
1.40 ______ • __ 
I.P __ •• ____ ._ 

I These tires repreaen' popular models of leading manolactarenl, from whom 
data were 86CUt0d. 

TABLE D-4.-Compultd molor .. hick impaclfOTCU I 

Type of vehicle 

Passenger car ______________ _ 
Light truck _______________ _ 
Passenger car _________ • ____ _ 

Do __________________ _ 

LI.bllruok ............... . BU!I_. ____________________ __ 
Light truck _______________ _ 
Truck _____________________ _ 
6-wheel truck _____________ __ 
BUII _____________ • ___ • _____ _ 
Truck _____________________ _ 
6-wheel truOIL .. ___________ _ Dus _____________________ • __ 
Truck ______________ ._. ____ _ 
o-wheel Lruet. ___________ .. _ 

Static 
wheel 
load 

(pollDds) 

I Derived from equation (2), p. 2M. 

Solid tires at 10 m_ p. b. 

Exce1lent Intermediate Poor road 
road surface road lWface aurt'ace 

High-pressure Uns at 46 m. p. b. 

Excellent Intermedlate Poor road 
road surlBoe rood 8Wface IUI'IacB 

Balloon tire! at 44 m. p. h. 

E%cellent Intermediate Poor road 
road surface roe.d surf&oII aurtaoe 

813 
1.887 
1.~3 ..... 
2,618 ..... ..... 
4.1511 ",.,. 
6,000 
1, ... 
tom 
e .... 

11, ... , ..... 

1,818 
1,969 
2,158 
2,918 ..... 
&854 .. ... 
6,508 ..... 
7.1515 

10."'" 
1l.lW 
11,808 
14,761 
la"lit18 

1,817 ..... .. ,.,. 
1,734 

"'" ..... 
1,1514 
8,67f 7.'" 11.,212 

11,038 
1&15.1 , ...... 
18,473 
18,311 
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TABLE D-4.-Computed molor .,,..,,Ie 'mpad for~ontinued 

ROAD ROUGHNESS VALUES' 

X.Genet road surlace._. __ ... _________________________ _ 
Intennedlate road lUrl'aoe. ____________________________ _ 
Poor road Surf8ce ___ •• ____ ' __ ~ _______ • ___ .. _. _________ • __ 

• See pp. 2158. 

" 72 , .. 28 .. 
170 

28 
103 
188 

88 
109 

'as. 
.7 

lIS 
'VO 

.. 
liB 
IV' 

42 
117 
1V1 

411 
lI8 
'01 

TABLE D-5.-7'iro conltJcl ar,,,, under ........ Ii •• load 'ncr.menu TABL& D-7.-Truck and b ... rear wh •• 1 weight dala-Continued 
(F.IgureI1D par6D.th8S11 are recommended loads and corresponding static areas) 

Wheel 
loadl 

(pound.) 

Contact 
area 

(square 
mches) 

Tlret,.". Souroe of data 

(8.000) 
18,000 
".000 
(~ooo) 
12,000 
l8.ooo 
(8.000) 
.. 700 
~ooo 
D.ooo 
0,400 

( •• 700) 
".00 

101.100 
(8.000) 

g:l 
D,ooo 
".00 

Public Road!. Novem
ber 1932, p.137. 

Public Road.. April 
1931, p.27. 

Pnbllo Road., 
1981.p.81. . 

April 

Public Rood .. 
lIlU. P. 81. 

April 

Publlo Roads, 
1931. p. 81. 

April 

TABLE o..6.-Tr ... 1: and b ... liro weighl data for 19S5' 

Wheel 
load 

(POund.) 

1,«lO 

t~ 
~l::l 
~= 1,200 

',400 
1,400 
1,400 
',000 
~IIOO 
1.000 
2,100 
2,100 

weight load Tire I Wheel 
(pound.) (pounds) 

Tire I Wheel I Tire weigh&; load weight 
(pounds) (pound.) (pound.) 

SU .... 
".7 
eo. 8 • 6.. 
... 0 
7U 
'18.1 

80.6 
8U 
'0.0 .... 
011.1 
80.0 
0'" .... 

Wheel 
load 

(pounds) 

HIGH·PRESSUR& 

1,'" M.S s,«lO 
1,'" .... 4,000 
1,800 110.0 ..... 
2,800 100.. t= 1,800 .... 
.. 800 88.0 t:gg s,«lO 125." 
s,«lO 139.6 ,,000 

BALLOON 

2,100 81.e s,86O 
2,160 117.fJ s,ooo 
2,160 106.7 1,000' 
".SO .... 1,000 
2,160 88.6 ~l::l 1,860 100.' 
1,860 101.1 ,,088 
2,860 llI8.8 '860 

SlNGLlI WHEELS FOR BIGH·PRlISSURlI 
TIRES 

•• 0.0 
"'0 
... 1 

1\.' .... 
n.' eu 

138.0 
ISS .• 
161.8 
181.' 
178.8 
.... 0 .... , ..... 
187.8 
150.0 
"'0 •• 
134.1 
150.0 , .... 
1.8.\ 
un.l 

load flelgbts load Wh .. 1 I Wh .. 1 I Wheel 
(pounds) (pounds) (pounds) 

I Wheel welght 
(pounds) 

SINGL& WHEELS FOR HIGH·PRESSURE 
TIRES-Continued. 

..... 
I 

91.8 

I 
&'''' 

I 
129.0 

6,'" 118.0 ,,000 148.0 
6,'" \18.0 

SINGLE WHEELS FOR BALLOON TIRES 

1,160 42.' 8,860 ".2 
1,000 48.1 ~m 88.. 
1,Il00 61.1 110.1 
2,100 61.1 4,700 113.8 
2,100 611.6 4,700 n8.6 

~m BaD 6,'" 117.9 
70.9 6,4eo 119.0 

8,200 71.21 &,.eo 127.Q 

DUAL WHEELS FOR HIGH.PRESSURE 
TIRES 

~= 
88.8 4,.00 180.2 
87.8 &,000 131.3 

8.4.00 .... &,000 148.2 ..... 88.. &,«lO 108.2 
1,000 88.0 ".00 801.4 
8,Il00 88.0 7,200 187.8 
8,000 103.6 7,200 \S8.' 
',400 100.2 k~ 204.7 

~:: IIH.2 28l.D 
187.7 

DUAL WHEELS FOR BALLOON TIRES 

..... 82.0 &,100 187.8 
2,800 81.0 &,100 141.8 
2,800 88.0 &,100 Ui7.8 
1,800 .... ..... 180 .• 
1,800 87.8 ..... 1 .... 
1,800 98.2 B,'" ,.,. .. 
~::l IM.2 7.000 217." 

126.3 7,800 189.' ','" 104.11 k:l 803.8 
.,200 118.7 210.0 
4,200 141.2 
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APPENDIX ·E 

DISTRmUTIONO~ TRA VEt ()FGROUPS OF MOTORVEIDCLES, BY ROAD SYSTEMS' 

Until recently, data 8.9 to the distribution by highway 
systems of the travel of all vehicles have been available 
for only a few States. The highway pl8.miing surveyS 
are producing much material along this line, all of which 
is not available at the present time. However, data 
for 17 States, largely from this source; indicate the 
following percentage distribution of total travel on the 
various highway and street systems in 1936: • 

P"cm' 
Primary rural highways and their transcity connections_ 56. 4 
Secondary highway. and local rural roads______________ 13. 4, 
City.treeta. _____________________ • _______________ .- 30.2 

TotaL _________ • __________________________ • __ 100. 0 

As indicated, the percentage for primary roads in~ 
cludes mileage traveled on transcity connections. 
These connections in 1936 aggregated 20,000 miles, or 
in the neighborhood of 10 percent of all city-street 
mileage. For the purpose of this report, the costa of 
suolt streeta, when reported as State highway expendi
tures and separated from other expenditures, have 
been transferred to the costa of city streeta,1 It is 
therefore necessary to include the travel on transcity 
conneotions with that on other city streeta. This 
adjustment is reHeated in the estimated percentages 
indicsted in the following paragraphs. 

In estimating the travel characteristics of the several 
vehicle groups, recourse was had to preliminary undel'
lying road use data for individual States collected in 
the course of the planning surveys. Relations between 
percentages of total travel on the different systems, on 
the one hand, and population density and percentages 
of urban population, on the other, were established and 
used in estimating probable national oltaracteristics. 
.The material used in estimating the distribution of 
total passenger csr and total truck tra.ffic· by highway 
systems refiects experience in about a third of all the 
States; it constitutes, therefore, quite a large Banlple, 
although the geographic distribution of suolt States is 
not entirely adequate. However, for the other vehicle 

., Tbo do .. _Ill ool out _lor ........ pori .. Ibo ..... ,_ Oomponblo 

data In DOl .qilable .... 1-. It _ been DIICIMIU7. tbeIdxe. to UllIIDe 0.& 1M) .......... _111 .... __ "' ......... "' __ _ 
_ ...... ...-b ... WQ ... d_ ........ ba .. _III ...... _ 
poriocI. _._ba .. _ ....... _"'_ .. _ dll''''''I_ ~ .. __ b\cbWQ .. _._. m_ .. "' .... 
_ ...... _" ........ ot __ .... _ ..... Budl __ 
... d __ ... _"'tb .... __ ... _ 
'R_B._.OIldBooP._--._",_v._ 

PubUo R_ MQ , .... ·800 ............. ae_"' ... B_"'PubUoR_ba .. __ _ ___ ,ea. n" ___ " __ b7_ 
bllbWQ cIoportmoo\a ... CIIV _____ • 

classifications (soltool busses, common carrier busses, 
etc., all of minor importance), information is--either 
completely lacking or very meager. For the groups of 
larger trucks the eample is considerably emaller than 
it is for the entire group, for the reasoJ\ that in some 
States the mileage of such vehicles is negligible or such 
vehicles are completely absent. Therefore, in some 
cases the distributions are based almost entirely upon 
estimates, while in others the supporting material is 
substantial. On the whole, it is believed that the 
percentages given will be found to be reasonable. 

Farm-owned ears and ·trucks have been segregated 
and their respective travel oltaracteristics estimated. 
Substantial data are available indicating suolt charac
teristics for vehicles owned by residents of unincorpo
rated areas: However, residenta of unincorporated 
areas are not all engaged in farming,' and vehicles used 
by those engaged in other pursuits have quite different 
travel characteristics from those of farm-owned vehi
cles. The nonfarming group living-in unincorporated 
a.reas acCounts for a substantial part of the total travel 
of rural residents, and a greater percentage of their 
total travel is on city streets. In using travel by resi· 
dents of unincorporated areas 8.9 a measure of the use 
of farm-owned vehicles, it has been assumed that the 
use of city streets by suolt vehicles is only one-half 8.9 

great as that indicated by the travel oltaracteristics of 
all residenta of unincorporated. areas, and that the 
difference is made up by the greater use of secondary 
and local roads. 

The base percentages to be used for each of the 
several groups of vehicles, without distinction between 

• Tb .... ot. _ nuaI po_'" ", .. ot D,MO,ll2I, ... B ...... ot .... Consul 
_ ....... n ...... _ .... nuaI __ 1IoD. I1lolObeDCted_ 

'''ruraJ. ... as u.d. b, the CI8DSOI, Includes botb InDorponted ad IIDIDcarporatM pIaaaa ., ... _ ..... po_ ... Tbo __ 01_ ~_IO ...... <53 

In 1030. lila ~ of 11 Wea&era. States made dartnc Ul3ltllD.d 1830. • Clla.!aUleaUoli 
01 tnlCIts lD tnmo on J"edenl4ld roads by situs of 0WDII'Ib.tp ". made. with the 
foIIo __ 

-"'--'""""--------------------------- .... ...... _"' ___ ( ............... Itrinc ... nuaI ............. 1foo 
ot ... _ ..... po_al._. ______ . _____ ._ .. ___ . _______ . ___ . __ .________ ".0 

Penentqa ot1nlatalrmD tides (all aommUDltlesolmme tbaD 2.aoo populatloD) .. 7 
Toal. _______________________ •• ___ • _________________ • _____ • 

~"'.IilInoJ''''TrotIIo ...... -u_..._'''UW _ 8IaIeo. _. -"'_ ... _-"''''" ......... -._--''' .... _ ... __ .......... ____ 11 .... ..._"' ......... --.. 1I'1bo~_b~ .... _.nn1_ ... __ 711 
......... ...... 4SII ....... _ IboDInDorponted __ .. _ A_ 

I*t of tbb popaIMIoa u... bI...u CCDIIl~,..bic:b .. .am.n.ID.n ftllJlfllllto 1nDorponted_ .. ____ ...... __ AII-. 
_"' ... " .. _"'011_ ... __ .. .-b7 __ 
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for-hire and private truck operations, are given for 1932 
in table E--1, below: 

TABLE E-l.-E.timatoll percentage di.tribution 01 tra •• 1 o/varioua 
fJehicle types by road and street 8ystems 

Pereent or total travel on-

Class of motor vehicle 
Primary s:n~l=r Streets Total 
highways roads 

,..----------1·----------Passengercars_________________________ 43 13 44 ]00.0 
Farm 1.____________________________ ... 46 11 100.0 
Other '_____________________________ 43.0 10.8 46.2 100.0 

Taxlcabs_______________________________ 8 2 90 100.0 School busses__________________________ 36 60 6 100.0 
Oontract busscs __________ ._____________ 4.5 5 1lO 100.0 
Common carrier busses________________ 42 3 05 100.0 
Trucks-alL___________________________ 46.6 B.li 3D 100.0 Farm trucks 1______________________ M 37 8 100.0 

Other trucks ': 
l}i tons and JeY _______________ {.4(::~) !~:::) If(::::) ~~:g 
Over IJ,i and le&'l than3_________ 60.5 0.5 44.0 100.0 
3 and Jess than IL______________ 65.0 4.0 41.0 100.0 

i~;S6-tODS::::::::::::::::::::} 62.0 2.li 86.6 100.0 
ToW (allvehlcles) __________ • ~~~--wo:o 

I Based upon the estimated trAvel characteristics of vehicles owned by residents of 

=~~ers~",B~~nJ~n:o =~f ~~~\~: :!a.::pO: :tw~~re sa~~~ih:r~~~ 
such difference ill mado up for by Increased use of secondary Bnd local roads. 
V:~f.termlned by deduction of traval of farm-ownod cars trom all passenger car 

• Trucks owned In all incorporated areas. The reflection of travel of trucks owned 
by nonfarm rural residents has been 
solely to the Hi-ton and Jess group. 
reason that the greater part of the 

~:~~d~8~r~a~luJt ~s:enfar:n~ral-owned cks of greater capacity do not differ 
greatly from those of urb8n-ownoo tracks. 

• DistributioD detormtned from estimated total truck travel and the difference 
theretrom after deductions of all other groups estimated in the manner indicated. 

: b:f:do:;:~d :~il:J;°Ms~r1bs::n°gffn~Bf:t~o:~nf=ove). 

From the foregoing it is seen that the travel charac
teristics of the various vehicle groups vary widely and 
that, while there is little difference between those of 
passenger cars and trucks as a. whole, the individual 
truck groups show marked differences. As would be 
expected, a. substantial part of the total travel of farm
oWDed vehicles is on secondary and local roads. 

As noted, the travel characteristics of one group, the 
1M-ton and less truck, have been determined by sub-

tracting the travel of the other truck groups from the 
total truck tra.vel on each of the systems. Also, the 
percentage distribution of the total. tra.vel of all vehicles 
on the respective systems has been determined after the 
alloca.tion of individual items. 

The next step is to distribute to the various road sys
tems the mileages estimated at pages 129-131 and set 
forth in column 4 of table 46" See table E--2, below. 
The result is a distribution of 43 percent of all travel in 
1936 to State primary roads, 13.1 percent to secondary 
and local roads, and 43.9 percent to streets, including 
transcity connections. Published information indicat
ing what the distribution was at an earlier date is very 
meager. However, considering the many variables 
present, the percentages indicated appear reasonable 
when compared with the results of these ea.rlier studies. 

As set forth above,' the percentage distribution of 
the travel of any particular vehicle group between the 
several systems has been assumed to have been the 
same in 1932 as it was in 1936. While there may have 
been slight changes in the use made of various vehicle 
types, so far as relative use of the several systems is 
concerned, nothing in the way of concrete evidence is 
available to indicate what such changes were, except 
in the case of the 1M-ton-truck group.' 

• Peroontages given In table E-l tfmOll column 4, tabJe44. 
• Footnote I, p. 263. 
I The IH-too vehicle. as It Is recognized today. was Dot 88 Important. factor In 

1932 as in 1936. In recent years the single-unJt truck 01 thls rated capacUy has sup
planted trucks of much greater rated cape.clty which were in demand In 1932 and 
earlier years. Also. the tractor of the l*"ton type Is used In comblnatloDS whlcb at 
times reach quite large rated capacities. It la understood that the road UI9 studies 
of the highway plannlng surveys clas5lty combinations of thla natare by the rated 
capacity of the tractor and that theretore theuse of bighways and streets by snch com .. 
blDatloDS 18 Included with that indicated for the IK-ton and le8I group. However, 
lueb units are included herein with the heavier groups. (See p. 129.) Therefore. 
owing to the general me of Ht·ton trueb tor loads much greater tbaa their rated .. 
paclty, their use for long hauls bas locrcued, with • larger pueentage 01 their total 
mileage On rural roads. However. since the travel of tbe lW:-ton and Jess group on 
each of the road systems haa been determined by the sobtraetloD, a.s prevlousJy Doted, 
It Is believed that these cbaDges have becm 8CCOIlDted for. 

TABLE E-2.-DistnOution o/ •• lima/.Il tra.ol by "hid. typ •• to road and .troet .y.toms 

State primary Secondary and local Streets Total 

Percent- Percent;.. Percent;.. Percent;.. Percent- Percent;.. 
Class 01 motor vehicle Annual ageo! ageot Annual ... or ... or 

tfnusl "'01 ... or Annnal 
mllf'age total total mile.aC8 total total total total mileage travel tor travel travel for travel (.l&.'f trave!for travel (000) vehicle OD 

(000) vehicle OD vehicle OD 
(000) 

Percent- Peroont;.. 
age 01 age or 
total total 

traveltor traveJ 
vehicle OD 

type system type - "po ... - type I)'Jtem 

(I) (2) (3) (.) (0) (7) (8) (0) (10) (II) (12) (13) (6) 

-------·I---i---I-----I---I---I---I---I---I-------

212,74D 
179,193 

19,080 
466,166 

12,766,705 
1,350,000 

.. 
8 

85 •• .. 
46.li .. 

8207 1S,86S.1I1 

.28 

.23 

.03 

.61 
16.78 
1.78 

53,187 
307.188 
~ 120 

33.2Il8 
3,977,897 

....000 

1 Thill classtflcatlon reflects tbnt observed In tbo collection of data 811 to payments 
made by the '9'81'1001 groups 01 vehlolea and doea not neoeuarUy.tgn.Uy tbe true .tatue 
01 tbe operation&. 

13 

2 
60 • 8 
14.6 
81 

81.18 63,861,166 

.23 
L02 .0' .1' 

17.12 
"98 

2, 393,424 ...... 
21,:200 

610.4,56 
10,OOO.li2 

.... 000 

.. 
00 • .. .. •• o 

82.28 14.5,.116,286 100.0 82.01 

3.08 
.03 
.03 
.N 

13.70 
.29 

2,669,360 
611,980 
'~400 

1,109.9'26 
77,433,715 
.. 600, 000 

JOO.O 
JOO.O 
.00.0 
JOO,O 
100.0 
100.0 

I." .29 
.02 
.63 

16.51 
L4I 

• Deh'ormlned from total truck mfleago mlnDII all other croups. 
• DtIwmtned from tbe total of aJJ itemL 
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On the other hand, owing to changes in the makeup 
of total vehicles registered" some differences should 
exist, 1932 compared with 1936, in the ratio of the 
travel of a particular vehicle group to the total travel 
on any highway or street system. Thus in 1930, for 
every truck registered there were 6.615 passenger ears; 
in 1932, 6.468; in 1934, 6.297; and in 1936, 6.014. 
Necessarily, such changes in numbere will also produce 
changes in the relative importance of each group in 
tra.flic.· 

The average mileages used in table 46 result in 83.5 
percent of the total traffic on all road systems. being 
assigned to passenger ears, including taxicabs and other 
for-hire ears. Small variations from' this figure are 
found in the mileages as distributed to systems in 
table E-2, notably 82.3 percent for State primary 
roads, 81.4 percent for secondary and local roads, and 
85.4 percent for streets. According to a number of 
preliminary planning survey reports, the 1936 percent,. 
ages would be slightly lower in each instance, reflecting 
the increasing importance of truck travel to total 
travel. Truck and bus tra.flic respectively account for 
15.5 and 0.9 percent of the total 1932 tra.flic. The 
traffio of trucks, as in the case of passenger ears, varies 
in importance on the different systems, accounting for 
16.8, 17.1, aud 13.8 on the State primary, secondary 
and local and street systems, respectively. Bus 
tra.flio, including school and contract busses, accounts 
for 0.9, 1.7' and 0.8 percent, respectively, for the 
three systems. While no exact comparison can be 
made with earlier surveys in various States, owing to 
differences in the dates at which made and systems 
covered and also to differences peculiar to the individual 
States, it would appear that the foregoing percentages 
fall within the limits previously found. 

The travel of farm-owned trucks has been segregated 
in tables 46 and E-2 and, whila.uo distinction has been 

'The nlatt .. d--.. to. IJUIIDIeI' ... and till compJamenlar7lDcnue 01 truck 
_.~bod_ bl'_oItboNUl .. oI __ IOOd ..... 
.... wltb tbo ~ noulto 01 tbo bIIh __ ....... In ""' ..... 
8ta_ The 1UJ'ftJ' made or eleva 1NItenI. Statellu 1828-30 (Report of .. SUrvey 
01 TraIIl. 011 tbo __ BIah_ S ....... 0I1t1e .... W-., _ 11130) 

.. lnd,l_ted rot., Statal that ........ caraaoDOU.D.\ecI tbr 88..' peroeDt oftbe tolal tn1Ilo 
OII_ ....... d .......... looe_oI_ ......... __ lntbo .... 
a&atll ~ltId. lor ou17 'IU ~, or III &ramo OIl &be S.1e Q'8temI. WbtIe ID 
lOme Bta_ UU'" or IlG cbanae baa taka plaoa 1mIr .. period of)elrS. It II pnenll7 
tnaelbat ,lIIlIlllnoreue III the nUo of truct tramo to III tramc bas oaaurnId. betw.a. 
1.., IIId 1\IIe <- pp. 181-'.). 

NotL-WhUo tho __ .... tho 7 a ..... Ie ......... _ ...... d_1Il 
1_lIId S .... prtmory bleb ..... '.'''''' .. leDDllkol7 ___ dI_1n 
.dblrl .... U ... o� ___ .............. Iho_ .. Iho_ ...... tho 
t .. _n.....,tlll __ Iho_wl ..... IhoSlO .. oI __ 1Il 

the __ Sate. Bo .. ~. lD. 0DI7 thea __ when beIp tramc iI dlslrtbo.Cld. iD. ..... -_' __ 01 ____ dl __ TIlaPIorida 

- __ lIlll3Hl(Publlo~l_IIIS$l __ oIa1l_ 
.. tho a .... bleb __ 7U, 11.0. 004 o.a _, _184 __ ..... 
_ oo4 ........ ~. TnlIlool ____ wl ......... 
8 __ 18d1Or8lU_'oIthalolol-. ... __ oo4llldl __ 

aIlab'dI_lIlthoir_ .... II .... boIDa18.l, -.,004 LQ,~.IOr"'" 
.... altuDL . 

'Th!o -voI7 hIah _ .... 1Or ~ 004 ____ Iho 

- .. _ ........ wlththoir_ ... ..t ... _IOOd-. 

made in the passenger ear mileage distributed in tables 
46 and "E-2, the, estimated percentage distribution of 

·the travel of farm passenger cars is presented in table 
E-1. Segregating farm-owned passenger ear tra.flic, it 
is found that the 1932 travel of passenger vehicles So 
owned constitutes 6.2 percent of the passenger car 
tra.flic.on' all roads and streets and 6.4, 21.7, and 1.5 
percent of the total on State primary roads; secondary 
and ~ocal roads, and streets, respectively. Farm 
trucks represent a somewhat higher percentage of total 
',truck tra.flic, constituting, 9.1 percent of truck travel 
on all systems and 10.6, 23.3, and 2.1 percent of that 
on the State primary, secondary and local, and street 
systems, respectively. Of the travel of all vehicles, 
farm-owned vehicles account for 6.6 percent on all 
systems and 7.1, 21.7, and 1.6 on State primary roads, 
secondary and local roads, and streets, respectively. 
Situs of ownership studies have been made in a number 
of published surveys and a segregation made of vehicle 
ownership into three classifications: Farm, village, and 
city., The first two classifications represent popula
tion classified as rural by the Bureau of the Census, 
i. e., persons living in places of 2,500 population or less. 
If the farm classification employed in these surveys 
eXcludes persons living in rural areas (exclusive of 
incorporated or unincorporated villages less than 2,500 
population) not engaged in farming, then it would 
appear that the travel of vehicles designated herein as 
farm vehicles is somewhat understated.'· 

In the present analysis trucks accounted for 15.5 
percent of the traffic on all systems in 1932, and 16.8, 
17.1, and 13.8 percent on the State primary, secondary 
and local, and street systems. These ratios are all 
lower than the 'simple averages of the relations found in 
available preliminary highway planning survey reports 
(from individual States) for 1936. This increase be
tween 1932 and 1936 agrees with the trend indicated 
above. 

Truck traffio is made up principally of that of 1K-ton
and-less group, which constitutes 61.4 percent of total 

.. See'" lbotoote f" p. .. 
A IUID!DU'J' at &ra"ftl or fInD.owDad. ftb1c1eI. u found lD publfabed......,.1IIIIde 

b~ "'" _ 01 Puhllo Roods III _ .. with 8_ hIah __ 1Il1ho 

..-BIo .... Ie p.m IIlIho ..uowtoa tab_: 

--00-
1SI2S-K 7.1 •• _ •• ____ ... __ .... 

Ins 12. t lS.i ______ _ 
18 I.. lLt __ _ 
lUI 10.1 1&1 __ _ 1-.. 1&, ... ___ _ 

I ..... ________ ... , 
Im-ll _____ ____ &, 
lQD-.II & 1 __ 
I...... 17.' _____ _ 
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truck traffic on all systenis.ll This relationship varies 
with the different systems,- heing 55.3, 88.0, and 59.9 
percent in the case of State primary, secondary and· 
local, and street systems, respectively. An average of 
the results of preliminary road-use studies for 1936 in 
a group of States indicates that about 85 percent of 
a.ll truck mileage is that of vehicles of 1~ tona or less 
rated capacity. For the State primary, secondary and 
local, and street systems these percentages are 80.6, 
'93.3, and 87.2 percent, respectively. However, as 
previously stated, it is understood that the mileage of 
tractors of l~tons rated capacity, although these 
tractors are used in conj unction with semitrailers of 
much greater capacity, has been included with that of 
this latter group. On the other hand, preliminary 
data from loadometer station reports in 10 States show 
that about 82 percent of all single-unit trucks appearing 
on primary roads are of 1~-ton capacity or less. If 
all tractor semitrailer and ~ther combinations which 
,were observed at these stations are included as being 
-greater than l~tons; then the 1~-ton-and-less group 
,constitutes approximately 70 percent of a.ll trucks on 
primary routes in these States. While some part of 
the difference between the 55.3 'percent used herein and 
the 70-80 percent indicated:above' for 1936 may arise 
from the increasing popularity of the 1 ~-ton truck, 
,comparison with published surveys made at other times 
'would not support this view. Complementary to this 
seeming understatement of the mileage' of the 1 %-ton
and-less group is an apparent overstatement of that of 
the heavier groups, shown by the distribution of total 
"truck travel given in,tables E-2 and E-3, as compared 
with averages found in certain preliminary road-use 
surveys for 1936. 

Group 

l}itoD.!lftnd less. _____________________________________ _ 
Over Hi and less thAn 8 ______________________________ _ 
8 and less than 6 ______________________________________ _ 
IItoOl ________________________________________________ _ 
Over II tons. _________________________________________ _ 

TotaL _________________________________________ _ 

Percent of total truck travel 

ABused 
herein 

81.1 .... 
11.11 ... 
',7 

AVeJ'8gQ of 
certain pre

liminarY road 
use surveys 

85.4 
10.0 
2.7 
',0 ,. 

--------
100.0 100.0 

In the present report, tnlcks greater than 1~ tons 
capacity accounted for 38.6 percent of all truck traffic 
in 1932, while an average of the results of preliminary 

Il Thts percentage Includes aU farm-owued truck trnmo wltb the lK-toD4D.d-less 
group. There iJ .. I11gbt error in lOeb a procedure, IInee some farm~ad trucb 
are 01 greater mpac1ty. However, substantially all strictly farm trucks would be 
lncluded 1D this group. AI Wustrattve ot the low average capacity of such trooks, 
tbe average BfO&' weight of all rarm trucks 111 Vermont In J92ft was only 4,440 pounds 
IS oompared with an average groeI weight 01 clty-ownect. trucks or 7,m pounds. 
(The average gross weight or alllK·ton-and·Jea unU .. was 5,.140 pounds.) In Ohio 10 
1926 the average Dat load par farm-owned truck W8I but 1,830 pounds eompared with 
2.720 poundl for the average clty-owned track, (The averap net cargo for K-fC-km 
troclu was 700 pounds and for 1-1Jt-ton trockl,I,930.) The NoIw Hampshire survey 
of 1938 ludtce.ted. a sro- weight of tarm-owned truw of 4,2110 pounds as against a.oao 
pcnmdl for clty-owned. veb1cle1. (A verase groa wclght of all trucks IJ.t kJDa and Ie., 
',"'" pounds,) 

road use surveys indicates such use to have been only 
14.6 percent of the total in 1936. The explanation set 
,forth above of the difference in the treatment of 1~-ton 
cractors is, of course, acting here in a complementary 
tapacity. Also, in both instances the displacement of 
heavier units by the 1~-ton unit as now recognized is an 
important factor. Withincreasinguseof the 1~-ton truck 
for long hauls, its importance in total traffic would be 
increased. In addition; the road use studies are con
fined, so far as segregation by capacity groups is con
cerned, to traffic within the State of vehicles owned 
therein. It would seem, therefore, with the generally 
much greater average annual mileage of the heavier 
units and consequently greater cross-boundary travel, 
that the omission of foreign traffic would tend to over
state the use of the 1 ~-ton truck. It is not known to 
what extent the foregoing considerations would dimin
ish the differences indicated, However, in view of the 
data examined from earlier published surveys and load
ometer station observations, it would appear that some 
overstatement of the relative importance of the heavier 
truck groups and a corresponding understatement of 
that of the l~-ton-and-less group exists in the distribu
tions used herein. 

Attention is next turned to the distribution to road 
and street systems of truck traffic by capacity groups, 
separated, as between single units and combinations 
and as hetween private and for-hire operations; Table 
46 (column 4) gives the estimated total mileage of all 
groups, which may be summarized as follows: 

Total truck 
Oroup travel (000 Percent 

miles) 

1:1),528,11$ 82.1 
4,406,804 17.7 

S1n~le units: Private _________________________________________ • ___ _ 
P'or-hire ____________________________________________ _ 

TotaL___________________________________________ 2t,.'llg l1X1.0 
Oombinations: Private______________________________________ ________ I, g14. 643 78. e 

P'Or-h1re _____________________________________________ I--::-:"':::',:2:::13_1--::%1:::,-:' 
TotaL ____ • _________ ._.____________________________ 2.491i1.8M 100.0 

~~:l: r:~-~:::::::::::::::::::::::::::::::::::::::::: ~;:~:~~ ~: 
Grand total _______________________________________ I--.. "',-... "',-n-. 1--'-"'--'0 

Ilnclodes farm tracts. AlthoUgh a considerable ntDnber or traDers are ued In COD" 
Junction with farm tnlclaI. they areas. rule quite IJDa1.l and for purposes of UliJeom
padson have been included as &wgle unl.ts (see also pp. 128-2SI). 

Private operations predominate in both the single 
unit and combination classificatipns, accounting for 
more than three-fourths of the total travel in each 
instance." Data are not available which would indi
cate the reasonableness of this figure for traffic on a.ll 
road and street systems. However, highway planning 
survey data obtained at loadometer stations located on 
State primary roads are given presently. Hereinafter, 
total truck travel is distributed 81.8 percent to private 
and 18,2 percent to for-hire operations. Studies of the 

d Tbia statement. In tenDII 01 tnlota. dca DOt IndIcate the relatlft tonIuce ean1ed 
III prlvace ed for-hlre OperatJODL A1IO. the ~OD made IDa,. DOt ill IIl1 • 
IJ)eCt.e oonlorm to the Iep1 ltatUi 01 lbe operaUODI. 
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. distribution of all truck traffio, iJltercity and 10ca,4 be- ! truckS than: foli private trucks. The following :differ
tween private and for-hire, operations are pra.ctically 'eiitials ha.vebeen applied to,the estimated distribution 
nonexistent; Howevei, previous' studies"largely'oon>-' of s;ll tI"ucktrave1 Oll ,these two syStems, iJl, an attempt 
fined to rural roads,' are ,in l1easonable agreement :with :to approximate for-hire travel thereon: ' 
the distribution folJll,d ,above, inSofar as'; the" data:: 'for 'Relaiivi i,.avol 'of. .econdary and 'Ioeli! road~, and' ,!"eta Iraveled 

,compara?le l<?aC/ syste.1)1S !",e co!'-cerned. '. '.",,', '" ,,', by: aZl.!ruc~",.!!i~l.d,lo"belraveled ~ i",,;"'re t'i"'kI " ' 
Also, little information IS av8.ilable that mdlcates phs "Capaoity<group: _ 

differing relative uses of the various_roa(LancLstreet,,~ ,_ ,QYer,l)(toIlllandlea. th&ll,a.._~_~."~ __ , __ • ___ "_,_, __ , liO 
systems ,by, private and for-hire trucks of vo.rious ca. ,a,ton! and Ie .. than 5_____________________________ 45 
p8.cities. Data from road use studies for 1936 in several 5 ton! and '1v •• ----------------~~-----~----------- 40 
States, not particularly representative, indicate that Thus, for the entire grQ'QP,of over 1~ tons and less 
the relative useofsecondary and local roads, and streets, than 3, the travel on secondary a!ld local roads, and 

,by for-hire ,trucks is about one-half that of private streets is estimated to be 5.5 and 44.0 percent (table 
,trucks and that their use of primary roads is greater E-2), respectively. Applying the differential indicBted 
than that of private trucks. This relationship does for this group to the ,estimated travel of all trucks, the 

,not hold true of the for-hire l~-ton and' less group,travel of for-hire trucks of this capacity becomes 2.7 
partioularly for 1932, owing to the considerable use of and 22 percent, respectively. The trav()l on "the pri
this type of truck for local hauling on streets. There- mary road system of all truckspf this capacity is esti
fore, for the purposes of the allocations which follow mated to be 50.5 percent. Increasing this AIJIlount by 
it has been estimated that the mileage of the l~-ton, 2.7 plus 22 (the 50 percent deducted from the other two 
for-hire group is distributed 35 percent on primary systems), the estimated travel of all for-hire trucks of 

'roads, 9 percent on secondary and local roads, and 66 'this capacity on the primary road system becomes 75.3 
percent on streets. Substantial differences would be percent. 
expected in the distributions to road and street systems The travel of the other for-hire groups has been de
of the travel of single units, on the one hand, and 'com- termined in a similar manner. Using the total travel of 

, binations on, the other. Under ordinary circumstances, each for-hire group from column ~ of table 4.6 and, the 
there would be little economio justification for the use distribution of each group's travel estimated as above, 
of large for-hire combinations in general hauling on city the distribution of the travel of private wcks may be 
streets. Likewise, except in the case of highly inte- determined by subtraction. Thus, for the group of 
grated operations,"little need would exist for the use over 1~ and less than 3 tons capacity the total travel is 
of combinations for general city work in private opera- distributed to the various street systems as given in 
tions. It has therefore been assumed that a much table E-2. Table E-3 gives this distribution desig
emaller proportion of the mileage of combinations is OD -nated as "grand total." The total travel for the same 
streets than that of single units, and further that the capacity for-hire group is taken from col. 4 of table 46, 
relative use of streets by for-hire combinations is less page 131 (shown also in column 8 of table E-3), and 
than that of private combinations. For-hire combina- distributed to the several systems by use of the per
tiona of less than I) tons have been assumed to travel centages determined above; i. e., 75, 3 and 22 percent 
83 percent of their total mileage- on primary roads, 1 to the primary, secondary and local, and street systems, 
percent -on secondary and local roads, and 16 percent respectively. Deduction of the amounts so deter
on streets. The mileage of for-hire combinations mined from the "grand total" for the group, gives the 
greater than I) tons has been assumed to be divided 85 distribution of the total private truck travel indicated 
-percent, 1 percent, and 14 percent, respectively. These in columns 2, 4 and 6 of table E-3. Travel of for-hire 
percentages are based largely upon the est.imated die- combinations is distributed on the baeis p~iously 
tribution of the travel of the heavier single units found indicated and the travel of single for-hire units deter
in the following paragraphs. The travel of private com- mined by subtraction. The remaining step is to allo
binations has been estimated upon the basis of a differ- cate to systems the travel of private single units and 
ential applied to all truck travel in the various capacity combinations. It was pointed out above that under 
groups, as explained below. certain conditions substantial use of streets is made by 

Tables E-1 and E-2 indicate generally increasing use private combinations. However, it is believed that 
of primary roads and decreasing use of secondary and the greater part of the total mileage of such combina.
local roads and streets as vehicle capacity increases. tions is performed on primary roads. It is believed 
It was pointed out above that use of secondary and that as rated capacity increases, private combina
local roads, and streets is substantially less for for-hire tions more nearly approach the travel character-
._"---..mclortoq-_CII ___ ... tnI_ istics of for-hire combinations. However, their reJa... 

- II> ____ ..... r.. ______ .. -.. _ tive use of city streets will always be greater than that 

~ ~:..:.~:. ,=--:!.u:...-:.= of for-hire combinations. Using the estimated travel ... - "'1IIo~CII""" b71orto ___ ._ -................ of all vehicles, it has been assumed that private com-
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binations travel on secondary and local roads, and 
streets only 75 percent as much as a.ll vehicles in the 
group of over 1* and less than 3 tons capacity. For the 
other three groups, 3 tons and less than 5, 5 tons, and 
over 5 tons, slightly smaller percentages, or 72.5, 70, 

and 70 percent, respectively, have been used. The 
distribution of the travel of private single units has been 
computed by subtraction, as in the case of for-hire 
single units. These computations are all given in 
table E-3 for the various capacity groups. 

TABLE E-3.-Dialribulion of Iruck Irauello roatl.y8lemB, .e(J1'egatetl aa 10 Ihal oj .ingu Imil. aM combinalionr, aM private aM for-hire 
• operalionr, 19se 1 

Percent of Secondary and Percentol Percent 01 AD roads and Percent 01 
Vehicle type Primary roads total travel loca1roadJ total travel S .... ts total travel streetl l total travel 

(000 mlles) otveb.1cle (000 mlles) ofvebicle (000 mlleo) olvebtcle (OOOmU.) o(veblcle 
type type type type 

(I) (2) (3) (f) (5) (6) (7) (8) (D) 

l~andless: 
40.8 19.9 31U U,776,448 100.0 

Private ____________________________________________ 4,803,637 2, .... 7« 4, 63(J. 100 For-hire _______________ ._. _________________________ 903.097 ... 0 232,226 9.0 1.«4,966 ".0 2,,,,".277 100.0 
Total· ___________________________________________ 

.. 706,634 39.7 2, 674, 96G 17.9 6,0'6,121 42.8 14,3056,723 10110 

°IN::=:d=~l~~~~::::::::::::::::::::::::::: 1,127,036 86.2 219,096 7.0 1,763,(132 ".7 8,109,163 100.0 
867,875 63.0 61,281 ... 423.068 83.0 1,282,02f 100.0 

Total ___________ • ___ • _______________________ • ____ r-' ~"'.710 44.1 270,877 0.' 2,186,100 49.8 4,391,187 100.0 

~::= =~inat1ons::::::::::::::::::::::::::::: 709 .... 78.4 32,765 ... 223.930 28.2 ....... ===uwlO 
166,886 83.0 1.878 1.0 80,04' 16.0 187,793 100.0 

TotaL __ •• ____________________________ • __________ 866,832 76.0 84,633 3.0 263.977 22.0 1,164,442 100.0 
Grand total 1 _ ______________________ • ____________ 

.. 800 .... 60.6 305,010 6.6 ,,"'.077 44.0 .... 6.629 100.0 

8 and le!!J than 6: 
63.8 100.0 ~~::::; :.g~Ii:i8UOiri::::::::::::::::::::::::::::: 709.217 4&.8 101,iM 6.C 1,014.102 1.884.723 

242,141 67.0 10.842 8.0 106,422 20.0 361,405 100.0 
TotaJ ________________________________ •• __________ 

1,011,858 46.0 112,246 6.0 1,122,624 60.. .... 6,128 100.0 

~::~: :.~~lii .. "t1oiii::::::::::::::::::::::::::::: ....... 79.1 H,R71 1.7 132,&16 19.2 689,019 100.0 
171,838 83.. 2,070 1.0 33,128 16.0 ,"".034 100.0 

Total __ • _______ • __ .... ________________________ • ____ 
716,84:2 80.0 13,441 1.6 166,770 18.6 896,053 100.0 

Grand total 1 _____ .. _____________________ • ________ 
1.726,200 66.0 180,687 4.0 1.288.29< 41.0 8,lf2,181 100.0 

a tons: 
<u 371,118 100.0 ~~l::=; ~~iil8iIoiii::::::::::::::::::::::::::::: 191,672 tSl.S lJ,664 8.1 167,882 

74,022 78.0 2,028 2.0 80,800 26.0 IOl,fOO 100.0 

Total _________ • ___________________________ .. ___ • __ 266,694 .... 13,692 a9 In, 232 4&.9 472,618 100.0 

~~:~; :,~:liiitioQj::::::::::::::::::::::::::::: 42,106 86.0 < .. 1.0 6,006 If. 0 49,537 ===uwlO 
66,002 86.0 690 1.0 9,662 I .... 69,014 100.0 

Total ___ .... ___ ._. _____ . ___________________________ 100,768 86.0 1,186 1.0 16,697 14.0 118.MI 100.0 

Grand total' _____________ . ___ .. _ .. _____________ .. __ 366,463 62.0 I .. m 2.6 alII,629 36.6 691,069 ===uwlO 
Over 6 tol18: 

<3.4 ",,663 100.0 Private. slngle __ • __________________________________ 475.462 63.6 26,6" 2.0 ........ Private. combiDatlol18 ...... _________ .. __ • ___________ 123.964 78.0 8,396 2.0 ",46< 26.0 169,814 100.0 

Total __ ._ .. ____________ •• _______ .... __ .. _. __ .... __ ._ .... 699.420 66.' 30,037 .. 9 421,014 4&.< 1, OM. 477 100.0 

~~~:g:: :,~~Ination;::::::::::::::::::::::::::::: 102,274 86.0 1.203 1.0 16,016 14.0 ]20,322 100.0 
103,166 86.0 1,214 1.0 16,992 14.0 121,372 100.0 ------Total _____ .~ __ .. ______ ~_ .... ________ ... ___ • ___ • ______ 
206,"'10 86.0 2,411 LO 33,837 1<.0 In, 8M 100.0 

Grand tota1I ________ .. _________ .... _._ ... _________ ~ 
804,866 62.0 ...... 2.6 .... 861 86.0 1,2118.171 100.0 

AD tram: 
39.1 22, .... 7.18 100.0 ~~:::: r~t~_·:_::::::::::::::::::::::::::::::::::: 9,9M,72/Ii <4.4 8,693, gga 18.6 8, 78<.036 

.. 791.979 66 .• 283,{I()l 6.7 1,915,136 ... < 4, WI, 017 100.0 

Total.'_ ••• ____ ._ .. ___________ .. _. ___________ .... ___ 1 .. '66,706 48.6 .. 077.897 14.6 ~i7l1 89.0 2'7.438, 176 100.0 

I TotallllD ooIumD 8 are from column f of table 46. 
'Distribution of total travel of group from table B-1. 

Ilnolw1es farm truckI Dot lncludecl tn thelDdivlduaJ ltemi listed. 
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The distribution of aJI truck traffic results in varying 
percentages of private and for-hire operations on each 
of the systems, as folloWs: 

P""""t 01 total truck tmve\ 

Private For-hire Total 

~;~antfio(.C::::::::::::::::::::::::: :l:l ~:t ~::.g 
8 .... 11 _________ ._ ••• _ •• _ •• _._ ••• _._ ••• _, ••• _ •• _1 __ 80._1 1-_1_7._8 ,1-_1_00._0 

Tota1 __ •••• _ •• _ •• _. __ • ___ ••••• _ •• _...... aLB 18.2 100.0 

Relatively, for-hire operations are greatest on the 
primary system and least on the secondary and local 
system. On the basis of available data it would appear 
that the estimated distribution on primary roads is 
reasonable. This distribution also agrees closely with 
averages of preliminary loadometer station data for 
1936 for 15 States, which show 78.3 percent private and 
21.7 percent for-hire ~perations. Data are not avail
able which would indicate the reasonableness of the 
distributions on the secondary and local road and 
street systems. • 

The distribution of for-hire and private operations as 
between single units and combinations found herein is 
as follows for primary roads: 

Typo 

Peroent of total truck travel on 
prlmaryroada 

PrIvate For-hlnI Total 

---------1---------

The loadometer station data referred to above check 
the distribution of single-unit trucks and the total 
closely. On the other hand, there is a marked difference 
in the distribution of combinations, loadometer station 
data indicating that 38.8 percent of the total combina
tions observed were private. Two explanations of this 
seeming difference are possible, the first that such com
binations have increased to a greater extent in recent 
years with a more rapid increase in the for-hire field 
than in the private field; and the second that in many 

instances private us.e of combinations is a part-time use 
not compensated for in the data used herein. 

The distribution of aJI truck traffic between road and 
street systems, subdivided between private and for
hire operations, as computed in table E-3, gives the 
following: 

Private I For-hire Total 

, IncludlDg lanD trucb. 

For-hire carriers show a greater part of their total 
mileage on primary roads and a smaller part on second
ary and local roads than private trucks. Little differ
ence is found in their relative use of streets. The large 
use of city streets by for-hire trucks results from the 
assumption that the 1H-ton and less group travels the 
bulk of ite mileage on streets. 

The aJIocation of the travel of contract and common 
carrier busses by seating capacity is based entirely on 
estimate. Nothing in the way of published informa
tion or available unpublished information would indi
cate the travel of the various capacity types. It seems 
reasonable, so far as common carrier busses are con
cerned, that the smaJIer the unit the greater its use in 
cases where space demands are smaJI, such as interoom
munity service between smaJI places or between cities 
and outlying suburban developments. Of course" 
these smaJI units are sometimes used in shuttle service 
solely within cities or as the principal means of mass 
transportation in smaJI places. However, it is be
lieved that, with increasing capacity, a greater part of 
the total mileage is performed on city streets, owing to 
the large mileage traveled by city mass transportation 
units. Such an adjustment is reflected in the percent
ages used in table E-3. Contract carrier busses are 
assumed to travel 50 percent of their total mileage on 
rural roads. 

The estimated distribution of the travel of aJI vehicle 
types, from the foregoing analysis, is given in table 46, 
page 131. 
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DETAILS OF ALLOCATION OF COSTS TO GROUPS' OF MOTOR VEHICLES 

To.bles F-1 to' F4i, herewith, set out in deto.il ilie 
steps taken in e.Iloco.ting the several cost elements' to 
groups of motor vehicles. The costs per vehicle so 
derived Me summariZed in, to.ble 50, page 139. An 
explruio.tion will enable the 'reo.der to follow the proC'
esses involved; 

To.ble F-1 (columns 3-7) develops the index of costs 
of rigid po.vementsessigno.ble to the several vehicle 
groups. Columns 3 o.nd 4 give the interior o.nd edge 
thicknesses required, by eo.ch group. The former is 
derived from the Westergao.rd equo.tions o.nd the lo.tter 
on the basis of the ro.tio, o.pproximo.tely 1.4, of edge to 
interior thickness. Column 5 gives in square inches 
the cross section area. , of the po.vement slab (WT). 
Column 6, by 'use of the formulo. developed o.t pages 
89-91, converts the width o.nd thickness requirements 
into a cost per mile of rooo. This cost per mile, con
verted to 100 at the mo.ximum requirement, gives the 
index presented in column 7. 

This index is reduoed in table F-2 to'increments of 
cost required by the several vehicle groups (colUmn 3) 
o.nd o.pplied (columns 4-7) to the assigno.ble annual 
costs arising from rigid pavement on each of the rooo 
o.nd street systems. The total so e.Ilooated is $138,271,-
000, as set out at p. 139. ,The increments of cost of 
rigid pavement on priInary roads so derived are then 
e.Ilocated to vehicle groups according to principles 
~~ted for use in the present report; i. e., e.Il vehicles 
share in the costs for which they are directJy responsible 
o.nd e.Il costs of groups with lesser requirements. The 
requirements of pessenger cars, taxioabs, o.nd the groups 
of sme.llest common o.nd contract oo.rner busses are the 
same o.nd represent the least requirement of o.ny of the 
~ups shown. Therefore, e.Il vehicles which use pri
mary roads share in their costs and they share in Done 
of the costs of other groups. Thus, the cost increment 
of $69,194,535 (column 4) is reduced to a vehicle-mile 
cost of 0.09100 cent through use of the entire traffio on 
primary roads (76,033,895,000 vehicle-miles, columns 
8' o.nd 11). On the other ho.nd, the group with the 
greatest requirements 1 sho.res in the costs assignable 
to every other vehicle group, while DO other vehicles 
share any of the costs assigned to it. Thus, the costs 
assignable to this group, $226,868, are reduced to a 
vehicle-mile charge 'of 0.06191 cent (column 12) by 
dividing by 366,462.000 vehicle-miles (columns 8 o.nd 
11). However. 'this charge represents 0Dl.y that arising .PrI_.,.. __ .,.. ..... _ .. I ___ ~. 

from this group'sspeciilJ. requirements; to. o.rnve at the 
total cost' per 'vehicle-mile it is necessary to add the 
'oharges of every other group With which it has shared. 
,These mountS, severe.lly shown in column 12, rruige OD. 
a oumulative basis (column 13) from theabo~e-men
tioned 0.09100 'cent per vehicle-mile for the basio 
'Vehicle group to 1.15509 cents for' the group with the 
greatest requirements. The costs given iri column 13 
o.re applied to the travel of the individual vehicle types 
(column 8). to produce the total eostschargeable 
ago.inst the group given in column 14. The costs o.re 
then reduced to the per"vehicle charge given in column 
15' OD the basis of the number of vehicles shown in 
column 2 of table F-l; 

The so.me process is observed in the co.se of secoDdarY 
o.nd local roads o.nd city streets. 

The total cost per vehicle arisirig from rigid pave
ments on e.Il roads o.nd. streets is given ni column 26 
'of table F-'.2. These 'amounts ro.nge from $2.30 in 
the co.se of the fo.rm truck to $354.67 in the case of the 
for-hire combination of over 5 tons. Genere.lly, the 
greo.ter po.rt of the total cost o.rises from primary rural 
roads. However, in those instances in which the major 
po.rt of the tro.vel of o.ny vehicle type is performed OD 
city streets, the costs o.rising from such streets is a 
substantial po.rt of the total.' Thus, of a total ch~ 
of $7.10 in the case of taxicabs o.nd other for-hire 
pessenger co.r types, $5.56, or 78 percent, represents 
city street costs. This charge is almost 6 times the 
'charge for passenger cars OD city streets. The expla
nation lies in the fact, first, that the average annual 
mileage of taxicabs is apout 2.9 times that of pessenger 
cars and, second, that only 44 percent of the total 
mileage of the latter, as compared with 90 percent of 
the inile~ of the former, is on city streets. The same 
conditioD holds true of bUsses o.nd other vehicle types, 
a relatively large po.rt of the use of which is on city 
streets. At the other extreme are those vehicle types 
which perform most of their mileage on priInary roads. 
In the case of the heaviest for-hire combination, 91 
percent of the ictal costs of rigid pavement arises from 
use of the primary road systems. -

TableF-l (columns 8 to 10) develops the method used 
in e.Ilocating the costs of llexible pavement and grading." 
Impact pressure intensities, expressed in pounds per 

.TI>Ia __ ..... __ .. _ ... _ .. _ 

.....lL In ..... .....,..1IIDdIfIed. mIIIlbDd .. ..tapted. 1kIIIpp.. ....... 
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square inch of tire contact ar~a, (column 8), are multi
plied by the width of pavement required by each 
vehicle group (column 11) and the resultant amounts 
(column 9) converted into an index of required cost 
with the maximum. requirement as 100 (column 10). 

In Table F-3 this index of cost is converted into 
increments of cost required by each vehicle group and 
applied to the costs of flexible pavements and grading 
by systems (columns 2-7). These costs aggregate 
$227,704,000. The detailed steps in the assignment of 
these increments to vehicle groups are similar to those 
described under rigid pavements. It is to be noted, 
howev!lr, that the relative cost requirements of the 
several vehicle groups are considerably different from 
those found in the case of rigid pavements. Thus, the 
farm truck is here found to have the highest cost require
ment, while for rigid pavement costs the requirements 
generally increased with weight (table F-1). 

The total costs per vehicle (column 26) range from 
$5.41 in the case of passenger cars to $112.05 in the 
case of the for-hire combinations of over 1 ~ and less 
than 3 tons capacity. The latter vehicle type has the 
highest costs, owing to the high-pressure intensities of 
the wheel loads and tire type assigned and its relatively 
high mileage. As in the case of rigid pavement costs, 
the greater part of the costs assigned to ta,xicabs arises 
from the use of city streets. The charge against taxi
cabs for city streets is higher than that found for the 
heaviest common carrier bus. It must, however, be 
noted that the charge to any vehicle group is an average 
charge and that this group of busses covers both over
the-road and strictly city types. If the latter were 
segregated, the costs allocated for use of city streets, 
both relative to total assigned costs and in actual 
magnitude, would be greatly increased. The charge 
against the school bus for use of secondary and local 
roads represents approximately two-thirds of the total 
costs allocated in this table to this type of vehicle. 
This result is explained by the relatively great use 
made of this type of road and by the high pressure 
intensity of the assumed tire type. 

Table F-4 sets out the allocation of the costs of struc
tures. Increments of the cost of this cost element have 
been assigned to the several vehicle groups on the basis 
of width requirements alone (see column 11 of table 
F-1). The assignment of the aggregate cost, $78,-
930,000, has been accomplished by the same means as 
those used for the two preceding elements of cost. The 
total costs per vehicle given in column 26 range from 
$2.97 in the case of the passenger car to $23.12 in the 
case of the heaviest for-hire combination. Since there 
ue only two requirement groups (those with and those 
without additional width requirements), the costs vary 
generally as the mileages of the different vehicle types 
on the individual road or street system. 

The total costs per vehicle arising from all capital cost 
elements are given in summary form in table 50, at 
page 139. The costs there given range from $12.24 in 
the case of the passenger car to $454.47 in the case of 
the heaviest for-hire combination. Owing to the large 
per-vehicle costs that are represented by the costs of 
rigid pavements on primary rural roads, the general 
trend of costs is to increase with weight and mileage. 
That is, the larger the vehicle the greater the annual 
mileage and the greater the relative use of primary 
rural roads (see table 46 and pp. 263-270.) 

Table F-5 presents the three indices for the alloca
tion of maintenance costs. The first of these indices 
(columns 3-5) is vehicle-miles. It is used in the allocation 
of those maintenance costs which are not associated 
with vehicle characteristics. Such costs constitute 
71.6 percent of the total. The resulting per-vehicle 
costs are presented in columns 3, 5 and 7 of table F-6 
for the respective road systems. Since the percent 
of total traffic on any given system arising from a 
particular group is the basis of such allocation, the per
vehicle costs there given vary directly with use. 

Slightly less than one-fourth (21.3 percent) of the 
total maintenance costs are allocated on the basis of 
responsibility for wear and tear arising from vertical 
loadings. The index for the allocation of these costs 
is derived from a combination of pressure intensities 
and total vehicle-miles (column 8 of table F-5). The 
resulting per-vehicle costs are given in column 9 of 
table F-6. Use of pressure intensities and vehicle
miles results in a gently increasing charge against the 
heavier and more traveled vehicles. The costs range 
from $1.39 in the case of the farm truck to $14.96 in 
the case of the heaviest for-hire vehicle. 

The remaining 7.1 percent of the maintenance costs 
are allocated on the basis of responsibility for costs 
arising from horizontal wear and tear. The index for 
this allocation is developed in columns 9-15 of table 
F-5 and represents a combination of tractive pull, 
diameter of tire contact area, and traffic on the second
ary and local road system. The last of these factors is 
used for the reason that this type of maintenance cost 
is largely confined to the lower type of road and street. 
The first two factors, tractive pull and the diameter of 
the tire contact area, increas~ with increasing weight 
and size of vehicle. However, since the use of sec
ondary and local roads generally declines with increase 
in the weight and size of vehicle, the net result is a cost 
per vehicle which, with a few exceptions, does not vary 
greatly in amount, one vehicle type compared with 
another. The principal exception is the school bus, 
which, owing to its large use of secondary and local 
roads, is assigned the highest per-vehicle charge ($11.18). 

Total per-vehicle costs arising from maintenance 
are given in column 12 of table F-6. They range from 
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$6.84 for the farm truck to $63.69 for the heaviestfor
hire combination. Vehicle mileage is the. most im
portant element in the allocation of these costs. These 
two vebicle groups have the smallest and the largest 
annual. mileage, respectively. . 

All per-vehicle· costs, both capital. and maintenance, 
are summarized in table 50 at page 139. The range is 
from $24.28 in the case of the passenger car to $518.16 
in the case of the heaviest for-hire vehicle. The net 
result of the allocation of all cost elements is a charge 
which generally increases with vehicle size and weight. 
The heavy charges arising from the costs of rigid pav~ 
ments, which increase sharply with weight and mileage 
traveled, bulk large in the final. result. 

The reader's attention is called to the explanation of 
the modified method of allocating the costs of flexible 
pavement and grading used in the final. stages of the 
report and of the results thus obtained. :rhis explana
tion is found at pages 150-152. 

Also, attsntion may be called to the treatment of the 
"basic vehicle" concept in the chapters to which this . 

appendix relates. The discussion in the early chapters 
. of section B employs a me&cning that has been given 
this term by others, which g~nerally includes the light 
truck groups as well as passenger cars. Such meaning 
served the purpose of those chapters. In the later 
chapters the term is used in a somewhat flexible sense, 
depending on the cost element to be allocated. In most 
cases it signifies passenger cars (including in some cases 
taxicabs and small· busses of· passenger-car design). 
Practical considerations dictated this difference of 
treatment. The computations required in producing 
the results given in chaps. XII and XIII have been 
exceedingly complex and would have been considerably 
more complex if further refinement had been under
taken. A test check has shown that the differences in 
the final. allocations to groups of vehicles would not 
have been more than a few percentage points in the 
more important instances and that they would gen
erally have been much less. 

TABLII F-l.-D ... lopmmt oj ,,,",,,,a Jor allo.alio" oj ..... Iruction .. ala .hargeabl.1o molor-ll.hiclo mer., t9SB 

Number 
olaos01 m.tor ..... lo rogtsterec\ Requlre4 , .... ......... 

slab 
thickness. 
interior I 
(tnob .. ) 

(1) (0) (3) 

lDdu or relative coat or requJrements m-

Rlgldpa ....... t Flexible pavemeD.t 

ReqDlred 
ooncrete 

,lab _1m .... 
=' ( .. ) 

(f) 

R:'1~~ 
tim .. . ..,... 

tbtckDess40 

".88& 
plus 

$lU)<WT 
(dollars) 

Induot 
cost or 

required 
width and 
thickness 

(mamnum 
-100) 

Presaure 
intensity 

und .. 
Impaol 
(pounda 
pertnob) 

Press ..... 
inteos.ity 

multiplied 
b ..... 
quired 
width 

IDdexof 
reoDlred oos. 

(maximum 
-100) 

Indsof 
reoDlred 

pa ... 
meDt 
widtb 

(&) (8) (7) (8) (9) (10) (11) 

----------·1---1----1---1----------------1-
.. 00 
0.00 
6.1& 

.. 00 
UB 
1.1& 

.. 00 .... 
1.1& ... , 

6.M 1,000.8 17,384 70.&482 '7.. 946.0 150.0636 88.2881 
6.68 1.000.8 17,8M 70.6462 _0 1,.160.0 73.85OIl V6.ZJ81 
6.87 1,0S6.1 lB.826 7f.8690 '18.1 1,617.7 88.2660 100.0000 

5.80 
6. .. 
7.08 

U8 u. 
7." 
Uf 

1,000.8 
1,1&0.2 
l,BtU 

1,000.8 
1.168.2 
1,M8.2 
1,1&U 

17.38f 
19,133 
1l,21. 

17,m 
19, 133 
21,219 

'" OTt 

70._ 
77 ..... 
88.1001 

'10._ 
77 ..... 
86.1091 
'17.4168 

01 •• 
40.0 
ao.8 
61.9 
<0.0 
ao.8 
711.0 

1,2S8.0 
1,029.0 
1,056.3 

1, .... 0 
1.021.0 

t~~ 

78, ..... 
88.83B8 ... -100.0000 

88. ... , 
100.0000 
100.0000 

OS. ... , 
100.0000 
100.0000 
100.0000 
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TABLE F-Z.-.Allocation of cost of rigid pav~ment to eu.ss.s of molor .elIieles, 19se I 

Class 01 motor vehicle 

(I) 

Class ot motor vehicle 

(I) 

Index or 
required 

cost (mWa 
mum-=lOO) 
(trol}l col~ 
umn70t 
.. bleB-I) 

(') 

Comulated 
vehicle-miles 

(000) (trom 
columnS) 

(11) 

Increments of coit uslguabla to vehicle typea bYlJStems J Estimated ammaI. mUeage on' 
Increments 

in inde:r s .... [::::L 
WDD2) 

(3) (') 

Prlmary roads 

CIty ..,.. .. Total 
(3) :r: 

..... 000.000 ~~'f(W+"t& 
(6) (S) (7) 

Cost par vehicle on-

Prlmary 
(000) 

(8) 

B:n~~~ 
(000) 

(9) 

18,865.117 
63,187 
I,S95 ..... 

807,188 
926.~ 

11,217 
2,347,744 

BeooJldary row 

CIty 
streets 

(000) 

(10) 

83,Ml,l66 
2.S9a,424. 

13,900 
7 .... ...... 
~m 
91,773 

..,630,1 .. 

Camolated Cost C=u~ted Costs 
vehicle- vehicV:: vehicle- chargeable 

m1f::O) mn:~:>ts) mnc~o;:ts) ~x,;) 
Cos. 
per 

vehicle 
coJwnn 9) column I7} (lS 

(12) (13) (I') (16) (16) (17) (16) (I') (20) 

-----------1---------------------
Passenger cars ____ • _____________ • ______ • __ • __ • 
Taxicabs ________ • _____ ._._ •• ____________ • __ ._ 

busses, 1-passenger or Jess ________ •• _ 
carrier busses, 7'pass8nger or less ___ _ 

C~~~~ =-g2:~a.:~~~~~~==:= 
Private trucks (non-farm), IJ,i toDS and lass __ 
Private combinations, over l~ and less than 8tons __ ••• _. ___ • ______ • ____________ • ______ _ 
P'or-hlre trocks, IJ,.t tons and less ___________ •• 
For-blre oomhinatioDS, over IU and less ihu Stons. ______________________ •• __ • ____ • ____ _ 
Contract busses, over 20 passengers __ •• __ •• __ _ 
Common carrier busses, over 20 passengers __ 
Private trucks. over 1!h aDd less than 3 too8_ 
Private combinations. 3 and less than 6 tons. 
For-blre trucks, over lWi and less thu3 tonl_ 
For.blre combinations, 3 and less thflR &, toOl_ 
Private trucks, 3 and less thaD 5 toos ______ ••• 
For-blre trucks. 3 and less than 5 tona. ______ _ 
Private trucks, over 6 &ons. ______ • _________ •• _ 
Private comblnatlon." over 5 tons _____ • _____ _ 
For.blre truckl, over 5 tom __________________ _ 
For-blre combinatioDl, ov1ll'1; tons ___________ _ 
Private trucks, 5 tous_ •••• ________ • __________ _ 
Private combinatloDl, Ii to08 ________ • _______ • 
For-hire trucks. & tona.._._. ______ • __________ • 
For.bire combination., 5 toDl ___ .~ __ ... ______ _ 

76.033,895 0.09100 0.09100 $56, 788. liM $2.74 ZJ, 238, 801 0. 01878 0. 01878 ta. M3, 320 10. 17 
13.633,892 ____________ .09100 193.602 1.46 4.373.600 .___________ .01878 8,989 .08 
13,421,143 _. __ ._______ .09100 11,425 4..00 f.320,roa ________ ._,. .Olm 262 .08 
13,408,688 ____________ .09100 &1,181 1&43 4,319,108 ____________ .01878 1,187 .42 
13,351,686 .02808 ,11908 213,383 .. 11 4,312,788 .00M8 .02426 14,524 L4.G 
13,172,493 .0226\) .14171 1,913.896 1.91 4,005,501 .tXK71 .0289'1 267,m .'Z7 
11,822,493 .00189 .14366 4,629 6.41 3, 080, rN1 • 000i& -.02943 1(M • J.'5 
11,819,271 ____________ .14366 146,026 21_ 83 3.080,239 ________ ____ ,029f3 1,301 .49 
11,718, 321 .01321 .15687 1,636, 308 6. 44. 3,069,022 ,00318 .03261 763,96U ,66 

6, 914, 784 ____________ .16687 1,267,000 18.82 'l26, 27B _________ ._. .032J81 16, 723 ,22 
6,107,109 ____________ .1668'1 1,416,688 10.11 674,997 ___ .________ .03261 76,728 ." 

6,20.,012 _.~_ .. ____ __ 
6. CH8, 144 .13380 
6. 044, 841 
4, 736, liZl • 00706 
8,609,492 ._. ________ • 
8,367,851 _______ ..... _ 
2. 657,387 •• _. __ • ____ _ 
2, 485, M9 • 28606 1,116,332 __________ __ 

l'm:~ .alOfO 

571,902 

::::: ----·:ooiiii' 
114,790 
100,168 ...... 

.1!687 

.211067 

.211067 
,29m 
.29773 
.29773 
.29773 ...... ...... 

1.09818 
1.09818 
1.09318 
1.09318 
LI .... 
1.16509 
1.16.'lOO 
1.15500 

244,5JO 81.84 442,112 ____ ._______ .03261 812 .08 
9,601 13. 08 440,89C • 0U66I • 12925 474 .6li 

896,176 37.63 4.40,&27 __________ ._ .12926 20,387 .85 
8,365,521 JJ.89 .rn:,769 .0IW9'1 .13422 290f.071 l.ot 

?ro, U28 37.08 2)5,678 ___________ • .13422 14,M2 .7& 
2.113,178 48.50 194.831 _______ • __ ._ .13422 Q,V6f .97 

an,8lS M..V"1 162,078 ____________ .l3t22 2,778 .35 
4,482,.843 42.44 160.008 .:r1931 .41M3 4J9,338 a.m 
8,176,174 116.33 &8.602 ____________ .41353 41,022 1.72 
6,J97.6M 132.0& 47.231 .'m84& L21198 322,ss. &20 
1,366, 160 IPG.31 20. 500 ___ .________ ].21l98 41,158 6. M 
I, 118, 039 296. OU 17, 1910 ___ ....... __ 1.21198 ]4,680 a. 88 
1,12'1,790 S23.83 16,991 _._ •• _______ I.2IJ98 14.113 4.22 
2,213,984 118.71 14.m .09686 1.30883 ]51,363 &12 

855.021 161.78 3, 213 ___________ • 1.30883 26, li43 6. 21 
486.362 276.34 1,18& ____________ 1.30883 8,4711 ~: 

.77.... 276.36 ... =I_.::'.:: ..... =~I __ .:: •. .:OO::'-I--=.= 
Tota1.. ______ • ____ • ____ ••• _· ____ •• ____ •• _______ • ___ ••••• ______ •• ______ •• _. ___ •• _ "'''''.000 _" ___ '_" __ . __ ..... __ .... ___ .... _ ._ ....... __ . ..187.000 ..... ---

: ~ ~a!:-amountl aUoaated, 1181 p. lao. 
I From table 4.6. 



T ABLlII F-2.-Allocatiofl oj coal oj rigid PII_ 10 cltJa ... oj motor ...,.icloai I9S. -Continued 

. Olass of motor vehicle 

(I) 

Oumulated 
vehicle-miles 

(000) (from 
,ooIumnIO) 

(21) 

Ooat ~ vehicle OD-

Olty.treots . 
Oost per C .... latad 

veblcl&-mlle . v:1~!:lle 
~::rJ .: :(:I:;U~) 

(23) 

Oosta 
chargeable _'group 

(23XIO) 

(U) 

TABLB F~.-AlIocati ... oj ""." oj j/Gible P/IIl"","", lind grtJding 10 cltJao .. oj molor .. hid .. , I9S. 1 

01 .. of motor .ahtc1e 

Index ofro
Qulrfld OCdt 

(maxlmum-

~75 

Total 

Cost per 
vehicle 

(coltlDlD 
15+20+26) 

(26) (26) 

$0.9& $3.114 
.. 66 7.10 
1.6& .. 78 
.77 111.62 
.21 U, 
,12 UO 

2.61 11.23 
'.0& 2&81 
1.91 '.90 
8.31 20.26 

_.6.89 10.606 
2.20 88.62 
&.48 19.21 

28.49 61.87 
'.03 19,9«1 
fl.28 "'.11 &&, 33.01 
4.73 10.05 

28.77 , 70.18 
12.03 130.08 
64.39 19f.8f .... , Zill.61 
... 88 .... 78 
Z1.13 .... 81 ...... 180.81 
".66 2OU5 
m.fl 903.48 
23.41 503." 

100) (from 
oolumn 10 or 
.labl. Fool) 

Increments 
Inmdex(pero. 
oent) (from 
ooIumnO) 

stateprt· 
m8l'J'rOada 
(S)X$UI, .. ik·~ roads .... City streets Total PrIm =.,=r 01iJ'000-, .. 

(8)X=-M7,. ~~+'fo\ (000)' (000) « 
673,000 

(I) (8) (4) (S) (8) (7) (8) 00 (10) 

62,fOO,OOS ..... Il!,ass,~ a.851,IM 

.."'" 100. ... 11.217 Dl,m 
8,103 881 8,'" 

_314 16,768 111.658 
212,749 62,181 """'424 "',217 101,..0& 1,01 •• 101 
MO."'" 11,871 132,645 
t76.f62 lIO,.n ........ 
I",,,,, ...... <12,436 
102,2'1' ~203 16,1145 
103,168 1.214 I ..... 
IDI,m 11,&6& 161,882 
'4,002 ,,028 ....... 
<12,11'" 09& ...... 
... 562 890 , ... 
I ..... 1.89& ,.. .... ....... 8, ... '.028 

1.127,035 1I19,OIiI8 1.~= .... "" 88,7" 
Sd.14.1 10. ... 108.422 
In. 838 2,070 88,'211 ....... ..., ...... 74. 4.630.161 
901,007 ....... 1.<I<I4,Il66 

...... 81& ~181 <l23,01!11 

I ....... 1,818 ID,O" 
IN.19S ::::: ...... 

I .......... .... 00II 

........ - ... ......... ".1101,'" 
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TABLB F-3.-AIIoC41ion oj cosla oj f!eiibu pa.~ment and grading 10 classe. oj maIM v.hicles, t9SS -COntinued 

Coat per veh1cle 00-

Primary roads Secondary and local roadl 

Olass of motor vehicle 

Onmulated ~:~J: 
Oumulated. Cumulated 

~.N: 
Cumulated Cos .. 

vehicle-miles cost per vehl- Costa charge- Cost:J)eI' vebicle- -per chargeable 0 .. , 
(000) «(rom mile (oonts) ele-mile able agaiD5t 

vehIcle 
mn .. (OOO) 

mUe(ooDts) mile (cents) agalD1t •• 1:1'. columnS) (HII) (cents) (from group (8 X 13) (from col· (6+16) (from col- group 
ooIumn12) umnO) umn17) (0 X 18) 

(I) (11) (12) (1') (I~ (16) (18) (17) (18) (12) (20) 

-----
Passenger cars _________________________ .. _____ _ 
Contract busses, 8 to 20 passangen ___________ _ 

~~=~=~~~!:se~~:::: 
Oommon carrier busses, over 20 P&SSeoger.!l __ _ Taxicabs ____________________________________ _ 

ro';~f:e =. 3aa:D~I&: t~~66~n:s:::::::: 
~~:::: :x~~n:~:r~ ~.;::6iOm __ ::::::::::: For-hire trucks. over 6 tons __________________ _ 
For-hire combinations, over 6 tons ___________ _ Private trucks, 6 tollS ________________________ _ 
Private oombinatfollS, 5 toDl ________________ _ 

J~~~ :a~~n:t=iriODi::::::::::::::::: 
8~~~:~ = l:=~ge:: 1893-orfe&i:: 
Private truCD, over lij'auS less = a tOIlS __ _ 
For-blre tracks, over 1~ aDd less tban 3 toIlS __ 
Private oombfnatiollS, 3 aad less than 6 tOIl3._ 
For-blre oomblaatioll3, 8 and 18!8 than 6 toos_ 
Private truCD (nonfarm), 1~ toOl and Iea __ 

:;r;:: ::t~~~:.:'v:a~~~dle&,-ib8iii-toOI ____________________ • __________________ _ 

Por-hire oomblnatJons. over 1,K and Jess tban 3 tollS _____________________________________ _ 
School busses ________________________________ _ 

18,003.895 
13, 633, 892 
13. 630, 6iO 
13, 629, 720 
13,626,417 
13,218, 103 
I~OO5,'" 
12,,236,137 
11.691.133 
11, 215, on 
11,091,707 
10.089,433 
'0,886,267 
10.694.695 
10.6ro.673 
10,518,487 
10.619,806 
10,M7,250 
10.450,348 
9.323,313 
8,613,349 
8,371,318 
8,199,370 

"~833 
...... 738 

1,685.061 

0.08822 
.0016 

-----~Oi43r 

.•... :0M6i. 
.02933 

·····:00266" 

-----:00274-

-----:oiOO6-
.•... :0i3ii. 

-----:m.~20-

0.08822 tM,oo,03O $2.88 
.13138 4,'" UI 
.13138 132,'" 19.51 
.14669 4,,812 6.58 
.14569 449,183 18.81 
• 2)132 '23,306 U • ...... I.77f,lW I ... " .2306S 1,257.052 46." 
.23320 I,Ios,m 28.'7 
.23320 789,084 41.88 
.23320 .... "'" 83..6 
.23320 24G,S83 88.97 ...... 452,231 ..... 
.23504 174,648 aU7 ...... ... ..., .... 5 ...... '~407 .... 5 ...... 30,91)9 11.10 ...... 140.3115 49.93 
.28S5Il 3,252,610 11.62 
.28S5Il ......... ... '" ...... ~,.. liS. 1M .-. 495,907 62.97 
.49370 .719.385 17.13 ...... .. ..... 402 .L83 .. - 0.988,2.8 62. .. .. - 789,66' ".88 
..... 7 

....... 801 0.13824 0.13824 126,0711,173 ,U8 
4,'73,890 ....... .2l268 726 1.01 
4,.,.,332 -----:Qjiii- .~ 23,'" .... 
4,"" 116 .223113 ... 1.12 
4,361,748 -----.-it8iDi' .2239_ 8'1787 1." .... ~ ... ."" .. 162.198 1." ...... ..,. ...... .34752 86~'" .... 
"'.~'" .•... :003ii. .34762 89.lU8 1.46 
"180.028 .86093 93,491 2.38 
~163,387 '.---.'.---- .3r093 11,918 L73 
4,,149,991 ------------ .86093 ..... L.2 
4,.48, 788 .•••. :ii0044. .86093 4.260 L" 
4,,147,674 ..... 7 fO,9711 2.20 
4,,136,010 ------------ .... 37 7,187 l.tl 
4,'~982 .86437 ~7" LOO 
4,'~487 .86437 ..... LOO 
"'32,7117 .01298 .36'" ~ ... '.84 
4,131,402 ..... :0iiiQ0 . .36,.. ~228 ... 27 
4, 125,079 .41831 016.SOO & .. .. ""' .. , ------------ • .uRaI 137,017 U1 
3,1173,228 -------.---- .41831 44,353 2. .. 
1,862, 388 .•.•. :iii876" .41831 ..... ~'O 
3.860.316 .62706 14.890,·00 10.61 
1,617,672 ------------ .62706 1, ....... • 0. .. 

1,28<\347 ----------- .827'" 821,'" ... 27 

1,234,088 .62108 1~778 LIfO ..... :iii868. -----:ii2893-
t~~ .~008 ..... 1,Z32, 188 ...... 2,016, 123 ".38 .. - . - ., .... 97. .... .... 000 .'0022 .76621 ......... .... 

Farm _··································1-===-1_..:..::=1-_=-"-1-;;-;'-;;;;;;.;;;;.+_.:....+"':":="-+_==-1':""="":'+-;;:-::::-:::+"':":':":' Total. ______________________________________ ._______ ____________ ______________ 111,678,000 _______________________ • ______________________ 63.484,000 _______ _ 

Cost per vehicle on-

Oltystreeta 
OJaso 01 motor vehicle 

Cnmnlated Oumulated 
wblcle-miles 
(000) (from 
colWDD 10) 

000 per 
vehlclo-mlle eost per Costs chIU'P-

veblcle-mOe able against 

~:::~ (cents) (from group (~X 10) 
oolumn22) 

(') (") (22) (23) (") 

boa:':=b=as;s-iO-a;ii_biei8:::::::::::::::::::::::::::::::::::::::::::::::::: n;~~:=I 0:: ~g;= 
g~~~~5iE::*~e~:::::::::::::::::::::::::::::::::::::::::: !~== _______ :~~_ := 

-ciii;-iiiiiificssthanStoii9:::::::::::::::::::::::::::::::::::::::::::::::: f~~::?~ :~: : f~:: 
rocks. 3 aarl less than Ii tollS_______________________________________________ 9. 731, 644 ______________ .13154 

Private :,u~~rn:ti:O:, t::r-6 -toni::::::::::::::::::::::::::::::::::::::::::::::::::: ~ m:: _______ :~~~~_ : ~~= 
For-hire trucks, over 6 tollS__________________________________________________________ 9.171. 986 ______________ .13328 

!~::: ~l~:~!6~~:~~;-:::::::::::::::::::::::::::::::::::::::::::::::::: i i~ S ~~~~~~~:~~~~ : i~IT 
For-hire trocks, 6 toOl______________________________________________________________ 8, 944, 916 __ ____________ .13511 

~or-~lretcgmbina;lon .. , 6 tollS---i---------------------------~---------------------- t ~~~ ----·--~OO703- : ~~~: 

~~!ifl~:.ffi~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ ~ in ::::::::~~: : !~l 
~~r~gf:::,~b~iD~:r:s,38 ":n~ II:, t~haari 65%0:.:::::::::::::::::::::::::::::::::::::::: t ~15 ::::::::i~: : ~m: 
~~~~~~ =(~~:=~n~~~~_~_~!~::::::::::::::::::::::::::::=::::::::::: 2.148,869 :=: 
~~~gl:ec:,~b~i::r!i."OV:!'r1~":n~lr:.t~hs:a33tg,~_:::::::::::::::::::::::::::::::: ~m :=: 
~::l:u~::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: ~= -------:!sa:- :: 

130.9".780 ..... ...... 
~ ... ,no. 964 

2,672,491 
1,333.850 

1;4,481 
612,542 
66,"'" 
~ ... 
23,647 .,., .... ...... 
U70 
.~ ... 
'9,'" ..... 

~ .... ..,. ....... 
'84."'" 66,228 

14,291\101 
4. 481, 443 
1,308,'" 
9~m 

121,631 
2.'63,183 

Total (col-

0001 per 
.ehICIe 

amDl6+ 
20+26) 

(25) (26) 

fl." 16.41 
.. 82 10.604 
0.77 12.62 4.0. 1L70 

17.21 37 .... 
20..0 ..... 
.L63 '''78 .... 83.88 .a02 ... '" .. 20 51.81 .... 7G.23 ..... 7 .... 
12.18 ... 6. ..n .0.40 
U. • .. 77 .... 62.77 
7.11 20. .. 
as. 81.75 

10-60 38.37 .. .. ... .. .... 47.73 
7.14 71.21 

'0. .. 88.08 
31.83 74.06 
17.34 7~66 
,LAO 112.06 .... 00.73 
2. •• 18.40 

Total __________________________________ • ___________________ • _______________ • __________________ ~._____ _ __ ____ _ ____________ _ 
..... 7.000 •••••••••••••••••••••••• 
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TABU F-4..-AlIocoIion ./ ... 10 ./,""""ur .. 10 ~ ... • jmqtur .ihiclu, 19a,

' 
Indezof .... rn ....... 1s 01_ ~bl. to_. Estimated annual m1leage on L-

qu1red pave- IDcrement typal bllJl1temB • 
montwldtb In Index Total 

0 ... of motor vehIoJe (mu!. =L s:n~,=r (~~ s:n~,~:r mum-lOO) 
(from 001· (~~ CIIy.-1s ~...,. Cllyllreels 
umn not IIDUlll) I08d> ($17.038,000) I08d> (000) 
lablell-I) <*18 ..... (00) (000) 

(I) (lI) (S) (4) (6) (0) (7) (S) (S) (10) 

~~.:rciihi.r·i.;;.ii'Ii;ican::::::::: } ",<00.008 18,~g; "'8111.1" 

015.2881 0II.0!81 tu.~ooo "&,638,000 $18,221.000 $71;,17:1,000 
212.748 "aoa. ... Contraot bua8eI, 7 and lea aeaw _________ 12, ... .. 1.396 13.900 

OODlDlon-oarrt .. bus9aI, 7 and w-18atI. 66, ... '. 6.328 7.026 School 00" __________ ................. _ .. ______ 178,193 : 807.188 26,6l1li 
Contraot buJsea (seat.); 

11. ... 8011 11.660 Bto Il ____ .... _ .... _____ ........ ____ .. ______ 
Over Il _____ .... _ .... ____ ........... _ .... ____ • ,,808 867 ,,670 

Oommon oarrler buau (~): 
100.900 1~217 91.773 

8 to aCI ______________ .... __________ .. __ 
Over 30 __ .......... ____ ............. _________ ~81t 15,768 1511. eM Jl'arm truokl _____________ .. ______________ 

l,aoo.OOO 026,000 026,000 
Private truokl (nonfarm) (tom): 

"sos,m ,,3(2,7" .,0lI0,1 .. 

mar~o:;~~~:~~~~:~::::=:::: 1,127.03' 219.098 1.::;= Oombluatlon.._ .. _ .. _~ .. ~~.~ .... _~ .. &07,876 .~'"' landi_thana: 
'160..17 10~'" I.OIf.I" ~~~iDaiiOD::::::::::::::::::: JC2,141 lo.SU 108,<2' 

~::~Vl::re.~:::::::::::::::::::: 100.0000 .. 7GID !1,lfo,OOO 11)1,000 811,000 8, 7U, 000 
191,672 11,&M I~m 7"022 "028 

. ~~iDDtiOD:::::::::::::::::: .7 ..... alMl 184,660 
138,064 ,aue 47,466 

lIor-hlro 1m .... (1oDs): 
1103,007 23lI,226 1,"4O&e 

~~~~~~~~~~~:::~~::::~: 7Oo.DIM 82.7" 228,1130 
Oomblnatlon.. .......... _ .................. ....... 1,878 30,047 

8 and 1811 thaD 6: ....... 11.871 18!1,1M5 81.na18 ...... _ .......................................... 
OomblnatloD ....................................... 171,838 ,,070 ",126 t :ttiiaiiODL:::::::::::::::::: t2,108i ... ..1135 

U,663 "'" 0,662 
1'81' I: 

102,2'14 ~,.., 18,84lI Blnalo.. •• _ •••••••••••••••••••••• 
OOlQbJDaUOD •• ~ ........................ ~ ..... loa. 166 1,214 lo,,," 

ToIaI ••••••••••••••••• _ •••••• ........................... 100.0000 411. 00Il, 000 lo,8O<,000 17.038,000 78,1130,000 7 .. oaa,885 23,288,807 77.601,017 

Coalper_ ...... 

Prlmlll'J'108d> Seoond...,. .. d IoealI08d> 

0 ... almoton.hlclo 
Cumulalocl ~.s: 

Cumulelocl Coal 
Cumulelocl ~.s: Cumulalocl Coot_ -per - Coal - ..=to oble_ 

~ 
voblcle- vobloI .. - per ... 

((rom oolumD mile (i"t! mIlee(from mile mile ((rom (e blcIo 
8) (000) !!:l!l ~(:!.~ ODIUDID 0) !!:::! eolumnl7) ( .... 11) (000) ( ... 10) 

(I) (II) (Ill) (II) (14) (15) (II) (17) (18) (10) (JO) 

~.:roUiW·~M:::::::::::::: o.oe84lI U, .... 05I 'LID 0._ "'c::m 0.111 
78,0IJ,1OI o.oe84lI ...... 120,007 .01 28,288,1117 0._ .0lI806 .. 

8:n~=:=...,..=tii_ti'::=::: ...... 7.'" U. .0lI806 ... . .. ...... 12,121 lUI .0lI806 "SOD L .. 
=:t~(_ii5t .. · .... - .. - ........ - ............ .07262 1:08,061 .... . ..... 1III!,6111 ... 

e to IO ........... ~ .............. __ .............. __ .... _ ........... . ..... 1.187 ...., • ... at IU ." O .. tO. ............................................................... ....... 1,101 ... .087" 121 ... 
OommOD.mar b .... <_a>: . ..... 78,'" 10.'17 .08'/eI 0,81' L" • to 80 .................... _ .... _ ....................................... 

0 .. 10 .. _ .............. _ ........ ___ ............................ .0= 221.l18li .... ...... 13.701 .. 
~~~~~::::::::~::::: 

.CInIII m,00D .. .087" .... - .81 

.01& .. 488,'" I. at .087at "CIllO, 170 L4I 

• 0T2!III 817.1 • 1.110 .08'/eI 111.'" .118 
IU.~!C..~-.. - .. · .......... ~ ..................... .CInIII ..,'/011 7.71 .0117" ... .. .111 

•. ol~~~:::::::::::=:::::::::: ...... ...., ... US .08'/eI 118,741 .81 ...... 175.6Dl .. .. .087" 0,. . .. 
I3.S5I,e811 .01f1O'r 

. .,... .... 001 7." "1,,,785 .0l857 ...... lo,lD ... 
...... blDaOlollL._ ••••••••••••••••••••••• .CInIII 1II,e81 .... .087at 1,'171 .11 
0 .... 1: 

:I:~;; 
...... 144.11115 ..11 .08'/eI -.111 .118 ...... "8110 u.ID .0117" ..... .41 .- ISI,'" Col' .087D "". L4I ...... 81 ..... ILlS .08'/eI .. - .111 
• CInIII 113. ... I .... .0117" 1,'" .IS 

Slnalo •••••• _ •• _._ ••••••••• _ •••••• .. - ""'" I~. ...... ... .. . . 
.. ~':?::~--=::::::::::::::: ...... 12t.0l7 ILIII .087D I.BIJ .111 ....... ...... IT.M .08'/eI ... .. 
~:~ ..... --.... -.... -...... --.. ...... 111,10 ...111 .l1l7>I ... .111 _ ...... _ .. _._ .... _ ...... _ .... ...... " .. 18.81 ...... 1. ... .11 

00mI>bI0II0lL •••••• _ •••••••••••••••• ...... "811 lUI .l1l7>I 1._ .. 
ToIoL.. .................. -...... ........ .-t-. .. ... -r--

a8ltPProUHa • .... ~- ......... _IIPoJ»-IJI.. • .w-...... 
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TABLm F4.~AUoca!io .. oJ C08ta '" 8IrtuJtu ... 1o cla .... oJ moIor uehiclea, 19SB-Continued 

Olaa of motor vehicle 

(1) 

~:e!rsr=ciibiifOi.hfie-cm::::::::::::::::::::::::::::::::::::::::::::::::::::: Oontract. bUB8P..8. 7 and less I88ts ____________________________________________________ .. 
Common carrter bU&8el, 7 and 1_ seatl ____________________________________________ _ 

~~~o;;~!tu~:8e;tl_ti):---·---------------------------------------- .. ,.,_ .. _------------
8 to 21:1 ____________________________ .. ___________ .. __ .... ______________ .. _______ .. __ .. __ .... 

Oo~:a ~hiibUSiea(iOiii):-·--------------------------------;--'r-------~.-----
8 to :lL ____ ~~ __ ~_:. __________ • ____________________________ .0 _________ • _______ ••• _. 

Over 20 __________________ • ___________________ • ___ • '._ •• _ •• _. _. ___ • __ .0 _________ _ 

Farm trow ______________________ .. ___________ . ___ . _____ .. _. _____ . ____ . ______ . __ . __ _ 
Private truck. (nontum) (tona): 

~~.;nl~e:dT_-i.biila;·o-----.. ----.-------.. ---------.--.--.---.---.~---... -. 
Blngle _________ •• _. ____ ._ •• _._ •• __ •• __ •• ____ • _________ • ___________________ • __ 
ComblnatfOD.. ____ • __ • __ • _____ ._ ••• _ •• ___ •• _. ___ ._ •• __ •• ___ • ___ •• ______ • ____ • 

8 and less than 6: 

~t::.~inatioD.-_::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 4. atngle vehicle. ____ ••• _ •••••••• __ •• _. _______ •• __ ._. ______ • _____ ._ •• __ •••• _ ••••• 
~":r~~1natloPI.-_--.-------- .. --.. -.-.--.-.. -... ---.------__ • __________ . ______ _ 

~~:~iDatioii:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::: 
For-hire truck! (tops): 

~1:~r~:~~=~;~;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;;; 
a and leas than 4: 

~~giD8i1OD::::::::::::::::::::::::::::~::::::::::::::::::::::::::::::::::: 4.atngle... ________________________________ • _________________________ • ___________ • 

~:!'r~~1natlollJl------.-.-------------------------------.----------.-.--------.-. 

Oumalaled 
vehicle-mile! 
(tromoolu.mn 

10) (000) 

(21) 

17,601,017 

ooat .... 
vehicle-mOe 

!::~l 
(22) 

0.02091 

.00115 

Cost per vehicle on-

Olty_ 

Cumulated. Con obarge-
COlt per able against 

vehlcle-mUe II'OUp (IOX23) 
~(':''':.i (doll",,) 

(22) (") 

0.02091 
.02091 
.02091 
• 02091 
.02800 

.02800 

.ooaoo 

.02800 

.ooaoo 

.02806 

.02800 

.ooaoo 
• 02806 

.ooaoo 

.02806 

.02806 

.0280<1 

.02806 

.02806 

.02806 

.02806 

.02806 

.02806 

.02806 

.02800 

.02800 

18,352,419 .... , .. 
2,917 
},469 
7.1B3 

1.006 
1.030 

25,7112 
143.671 
83,136 

1.209.226 

.... 7fYI 
118,718 .... ..., 
80,<23 
'7,UII 
7,118 

107.908 
n,818 

~ ... 
62,8311 
.... I 

17.220 ..... 
1.v.t1l 
o,m 

0 ....... 
vehicle 

(dollars) 

(26) 

0.6< 
3.711 
LOI ... 
.1< 

I." I." 
8.711 
0.01 
.06 

.9< 

1.75 
UB 

2.6. 
1.116 
2.63 
L .. 

2.7' 
1.73 

2. .. 

1.38 
LOll 

1." 
LI8 
LI1 
1.11 

Total 
Cdollan) 

(118) 

2.97 
<.9.1 
8.92 

18.110 
US 

&.10 
&.10 

18.00 
18.9.1 
L80 

<.9< 

5.38 .. .. 
&81 

11.08 
10.112 
12.:18 

12.011 
16.18 

11.01 

13.3< 
16.78 

18.20 
17.28 
18.70 
18.71 

.02806 4.rn 1.2li 21.17 

.02806 ~~£giDaiiOD:::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::::. 
Total ••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••••• 1'-.• -••• -... -... -... -.. 1 .............. _ ........... . 

4, 768 1.Z7 23.12 

17.0!8,000 ....................... . 



APPENDIX 279 

T AB!.II F--6.-D .. .zopment of indezu fur al/ocatioA of mal_ .... COIla chargeabl<l 10 moIor .. hicla, 1951 

IDduas '(k.~c:r.:l::1.'8 o:n~f volUllllto . iude.lor oJIoeatlon on bull 01 __ 
1n1elW" 

Olall 0/ motor fthIoJe 

(1) 

PaaleDgVGII'I ___________ ••• _____ • _____ • ______________ _ 
Twcabl. _____________________________ , ___ .. ____________ _ 
School bOl88S •• _______________________________________ _ 

NomberreR:" 
taterod. 1932 

'4m: 
161,198 

Ccmtraot bUS!Ol (eaab): 

: :~~~~::::::::::::::::::::::::::::::::::::::::: 2, m Over 20___________________________ __________________ 734 
Common earrler bu.au (IllAta): 7 and lea_. ___ ... ______________ .. ___ • _________ .... ______ 2,810 

8 to liO. _______ .. ______ .. ________ .: .. ___________ ; _____ .. __ a, 798 

~;:.=-=:::::::::::::::::::::::::::::::::::::::::: ~~m 
Private nob (nonlarm) (tons): 

m:tlot~inNi-tii8t..i:.-.-----------.- .. -------.-- 1,384.860 
Single vehlcl8l_. ______________ ...... _.:.. _____ .___ 282.215 

aau~=t:~::s ... -•••• ----.----- .. -.-.----------- 7'~ 
BIDgle veblcl8l. __ • ________ • __ ._. __ .. ___ .... _____ .. _ 103. MO 
OomblDaUoDa. _____ ._ ... __ ................ _ ...... __ ... 19,4415 

t ~b·.:a:-::::::::::::::::::::::::::::::::::: It = 
Ovv6: 

to~=~::::::::::::::::::::::::::::::::: s::: 
Por-bln ""aka (tons): lK aud Iess... ___ •• ___ •• __ .. _____ ••. __ .. __ • __ ...... _ .••• _. 140, 108 

Over 1M and 1_ than 8: 

~~~JoO::::::::::~::::::::::::::::::::::: 'e:~ 
• and lea than 6: SIDIle ..,,'01.................................... 77.3011 OomblnaUoDl ••• _. _____ ._ ••• _ ••••••• ______ •• _.. 7.875 6" Iln&le vtbldel-•• ___ •• _._. ______ ..... _____________ 1. 760 

t::.na~1natloDl .. -.-..... -.. -.-.---.-.. --.- .. ------.. -- 2.S 

htdu: or katIla 
OD primary 
ruraI ... ds 
(percent 01 

10181) 

(3) 

82.0687 
.2'1118 
.2867 

,0165 ..... 
.000 

.07" 
• l328 
• <OM 

~ L77611i 

8.3'76 

Lf821 
LOOZI 

L01l7 
.8185 ..... 
.000f .-.'030 

Ll818 

.1l33'I .-

.71111 

.2OIlO .-.0772 

.l3<B 

~~=; Indezof trafIlc 
on e1ty Itreeta 

(perceD'o/ 
:~=t Iolal) 

(~ (0) 

ILl7lK - 82.281f, ..... 3.084J 
1.UIO ~ .0880 .- .01SO 
.0016 .-00.0 .OO!.J 
,om , • 009l ....... .1183 
.0678 .-8._ .2B1ID 

.o.OIU .. -.- un. 
.ZlO7 • MOt 

.fSM .. -.0<67 •• 897 

.0<08 .2163 
.IIIlB7 .-
.n4e •• 918 
.0'" .OM7 

.1IU08 .. -

.1400 .-.008J .038'/ .- .1'108 .- .0<77 
• 0021 .-.Il030 .OW 

.00B2 .0217 

_In· Prod .... 0/ 

Ct':':ti Index 01 allo-

1Il=~of .. _-, 
to&al annual ofprodoot tireOODtaot mll .... Iolal) .... (000.000) 

(6) ('I) '(8) 

f7.1 e,8<K,000 78._ 
63.0 ,,,,><3 L7125 
78.7 87.733 ,4.189 

OLD 1,727 ,0192 
'0.0 a6 • .0039 
~I 861! .000 

01.0 ..... .... 
"49.0 9,998 .1110 
60 •• • ... 087 .-76.0 187,mo 2.0818 

78.2 882,088 uno 
OLD '92,<87 2..888 
73._ I13,IKf LOO • 

67.8 ' '08,087 L_ 
81 .• :ao,371 .:MIK 
68.2 8L6IlQ .839B 
68.2 ,,'Ill .0881 .. 
68.0 '&&: .6710 
68.0 •• 1IIIl 

78.2 l88,876 2.0970 

01 •• 1!O,838 .-78.' l8,7" •• BaII 

67.8 89.826 .-OLD 12.81& .'<23 68._ "' ... .11320 
63.2 ,,017 .0M8 

68.0 11,979 .0771 
.1367 .00B2 .0210 68.0 7,oeD .0;82 

.00.000II too.oooo .00.000II ,00II,788 too. 000II 

Single vebJoles.. __ ._._ .. ___ •• __ ._._. __ • __ .... ___ .~__ 8, 776 

OomblDa"ona··· .... •• ................ • .. •• .. ··I--:'=8,-:-<B8:::':'·I-_=~::+-....,.,.,:..:.:.::.·I_-=:':_::::_I·----.1---:-::-::-:':::-1--=-== 
Tolal......................................... ",lso,OIIO ----------------

IlldeKlor __ on buIIo/._ODdn~ 

0laII 011110 __ 

(I) ---..... _ ............................... .. 
"J't.K1~bI ...... _ •• __ .. __ • ___ •• _._ •• _ ... __ •• _ •• __ ••• __ • __ .. . 

~~~~~~~:~~::::::~:::::::~::::::::::~::~ .COIO .•• _ ... _ ... __ .... ____ ....... ___ ............ _._ .. _ ..... ____ _ 
O .... IO_ .. ____ ._ ... ____ ...... _ .. _~ ... __ • ___ .. _ .. __ ... _ •• _ .... 

Common CIU'rlIr b __ <-til: 
7 and -.._ .... _ ....... _ .. __ ~ ••• __ ._ ... _._. _______ .. _ .... .. 

.... 10 .... _ .. _ .... _ ......... _ ... __ .. _ .... ____ ................. ___ ... _ 

~v:a:a.~::::::::::::::::::::::::::::::::::::::::: 
Pr, .... " .... (DODIUm) (\0lIl): 

IMlIDd ...... __ ... _ .. ___ .... __ ...................... __ ... _ •• ___ _ 
0 ..... 1M ud" u.aS: 

.u ... , 
.26.0 

7i5.0 
.60.0 
:aU 
7i5.0 

1&0.0 .... , 
12l.1 

'00.1 

(10) 

101., lOL, 
'82.7 

'OL, 
"'1.1 
t26.. 

'OL, 
"'1.8 
t26. • 
'36.1 

1<0.4 

ToIaI_ 
puI1.'1Oad """' .. (pouodspar 
....... Ineb) 

('1) 

ltU 
.78.7 
.7.7 

179.8 
IOU ...... 
179.8 ..... ...... 
11'/.1 

10&. 

D ........ 01 ....... -_(lnaheo) 

(11) 

7.1' 7." ... 
8.02 

1&.40 , .... 
8.02 ..... ..... 
.. III ... 

'ud~~~:::::::::::::::::::::::::::::: :il 1:& :: It: 

~~&~~~~~~~~~~~~~~~~~~~~::~~~~~~~ ~! ~i ~i !~~ 
~~~~:~:::::=::::::::::::=:::::: :: ,:: :: :~: 

& ... , ... "'.................................... .51.1 "U 187.' ... .. 
lan~~=:O:-- ...... -........... -..... -...... ---.-.. ---........ -.1 lII.l .... .. . 

,S~=::::::::::::::::::::::::::=: !: I!! 51 :'5 
~::-UoQa.. ...... -.... _ .. _ ..... _ ... _ ...... _ .. ___ .. ___ ..... _ .... 8 lJI.I aLJ 17.tI 

="~=::::=:::::::::::::::::::::: :~: ::~ ::: :;:: 
'hW..._ ............................ _ .. _ .. _ ••• _ .... __ • __ ......... __ ..... ____ .• _ .. 

'_11',1"' ___ 1!IIo_"_" 

TraftlOOD.~ 
_01 

onclarJ'and =...P"ot Ioaal rural COD"'"" 1QI,d8«()OO8Jloo .. 4_ AaalvehlcIe voluma - (000,000) 

(18) (1<) 

'8,":::~ 
807,188 

'4UO, ... 7 ....767 
8'4.411 

.. 896 1,018 .... 1,730 ... "'601 
11,123 '''' 11,217 ...... 

... 7111 1l1,G76 
.... 000 ",BIl2,978 

I,""'H< ........ 
!Il,OIlO .... 178 
",281 lIl,121 

'01,«01 107 .... 
1,,8<1 6&,8<1 
'1,'" ...... 
I,1I'l8 ,..1111 

'0.0" ... an ..... ...... ...... 1211,. 

",7111 I ..... 
..818 ..... 

11,m ...... 
8,"" 10,'" ... ...... ... ..'., 
I,tIB lO,7!IO ..... ....... ... .... ... ... 101 

IIId .. oIa1Jo. ... _-
eentofproo 
d""'lolal) 

(II) 

"'0108 .22.' 
1.1121 

.001II 

.OOM 

.I11III2 .-.. "" .1602 • 

7.2'" 
an18 

1.-.-
L781. 
.1751 ...... ..... .... .U" 
L_ .-. .... .-..... . .... .-.... .---
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TABU. F-6.-AUocation of mainlen4 .... costa to cla .... of "",tor •• hicles, 19se' 

ADooatlOD of'2K. 953,000 011 buls 01 tramo volume 
Allocation of S&6. 734,000 Allocation 0'122.2&3,000 

$'01.1548.000 State high· $44,100.000 county and $711.8".000 city .treet 
on basis of pressure on basil of abrasion 
lnteDSlty and ravellng Total 

way maiDtenanoa localroadmaintenance main ....... CeolOIDll 
OI8S8 of motor vehicle "ttW 

PercJ8SI Per class Perclas! Peroluo PercJass 
.. ~I. ($104.648,000 Per (14<'100.000 Per ~6.S06.000 Per (648,734.000 Per ($22 ....... 000 Per Xlnde% in col- .. -X1ndes:ln 001- veblcle X des. Ineol- .. b1c1e XindeJ: mool· veblcIe XlndOI In 001· .. bIcl. 11DlJl30ttable umntoftable umn 6 of table omn 8 o. table umn 16 oftaWe 

11-6) 11-6) 11-6) 11-6) 11-6) 

(I) (0) (3) (') (') (8) (7) (.) (G) (10) (11) (12) 

P8918nger car8 ______________________ ._. ..... 01.1 .. $<.1< .....00,11< $1 ... $6~ 7114.822 $3.00 $6O,"7.n< ..... '14,237,878 ..... '12.0& Twcabs.. ______________________________ ~626 2.20 100,'" .7. 2,368,<76 17.70 ~"2,820 8.69 49,867 .37 2G." Bchool btl.SS6S __________________________ ,...,420 .... ..",968 ILIIII 26,181 .<G m,6<G 6.<6 613, 113 11.18 62.33 
Oontract busses (seats): 

~:~~.:::::::::::::::::::::::::: 17.260 8.18 2,6<6 .9' 13, ... U2 12,818 .... 1.401 .eo 17.1f. 
<,SOI 6.13 662 .92 3,610 "'0 2,600 3.M ~228 L71 17.30 Over 20 ____________________________ "'96 6.13 708 .96 3,686 <.88 :1,736 8.78 1.82< 2.<G 18.00 

Common carrier busses (seats): 7andless __________________________ 18,202 27.83 11,995 <.27 6,0« 2.<7 02,233 11.47 11.861 UII ... ao B to 2(L ____________________________ 1 ..... 0 20.<2 21,800 8.13 9~269 13.28 74,07' IMO 88.013 ..... 6 .. 82 Over 2O. ___ ~ _______________________ ....... 17.76 2G.900 1.2' .... m 2L07 311,448 13.0< 77,896 LOll 66.37 Farm.:trucks. __________________________ ~.5tI.260 L" ~ 7"'366 L71I 22~208 • 22 ~38G.268 L38 1,G06,m La. ... .. 
Private trucks (uODfann) (tons): 

-----ihan-a:---------- 11,604.92< <.77 .. w.71I. 1.21 ,,662,." 8.20 11,387.111 '-"I 1,m.210 2. .. 18.67 

----------------- I,M9.610 5.40 "~77' L<7 ~ "~673 6.14 1, 425. 9n ... 06 5815,1)82 2.08 20.23 
----------------- ~11"613 1'-7' 97.820 L2G 416,015 6.62 "~3Ol US 1l2,89< 1.49 32.27 

8 and hm than 6: 

~~~'g::::::::::::::::::: 1,057.712 IILOl 192,452 L82 097,161 8." 807,148 7.M 8G6. ... 8.7. 32.66 
832,Q8/j 17.12 ...... 1.011 106,698 ... <8 186,. 761 .... ",9<7 2.00 $<.18 

li,lliDgle veb1cles ___________________ 26~'" 1<'07 21,962 1.18 , ...... .... 160, ... . ... ....,. 
8.1' 86.82 

~:r~~inatiou-------------------- 101,830 19 •• 11.837 .7' 2<.9112 UO <11.711 .... , ..... 2.UI 86.28 
Single vehlcles _________________ 863,739 IS. 41 60,"'" 1.28 378, 168 D.III 381,051 Go 68 184,086 <.22 'UO OOmbinatloDS _________________ 17 ..... ... .. ...... .113 .~730 6.08 73,007 Ill" 26,<2< &68 ... 93 

11 
ban-3:----------- ~~821 8.86 ....... 1 3.16 ~""7W 10.14 1.399.<12 UD $63,866 2.113 1<.77 

mbinattona::::::::::::::::: 
976,166 21.48 62,137 La7 220,218 '.81 443,3lf 0.75 87,837 1.93 89.87 
21 ... 23 71.4:7 3,6'" .<6 "".680 3.711 101.836 13.06 <.11. .63 ..... 

a and less than 6! Bingle vehlcles _________________ 749.400 27.45 2~"" .711 130.406 ..,. 206, 098 10.81 ... m 1.68 .... 40 OOmblnattoDB _________________ 
230,2711 8ILOO 3,926 ... 32,682 .... .... 962 '''08 m .9< n.M 6,sInglevebicl8! ___________________ 67,920 32.91 926 .63 ~71I1 8.86 21,3S15 ... 13 1.48 60.88 I, comblnatloDS.. ___________________ 60,711 32.92 1.823 ... ~.638 8.82 :111,783 ..... 8,681 L<6 60.93 

Over 6: Bingle veblcles _________________ 140.017 37.2< 2,298 .111 I~'" <'38 61,719 18.70 7,498 I."" 61.03 Oomb1natloDl _________________ 141.872 '0.117 2,"" .66 16, 111 "'D 62,186 I..,,, G. ... 2.111 118. ... 
Total ________________________ 

104.648,000 ____ n .... _ "'100,000 -------- 71\$63,000 -------- ....... 000 ._------ 32,213,000 _ .. _-_ .. -- -------- .. -

I See pp. 140-10. 



APPENDIX G 

ANALYSIS OF RECENT STUDIES OF mGHWAY COSTS AND MOTOR-VEIllCLE USER 
PAYMENTS 

A number of studies of the highway costs of par
ticular States and comparisons with the payments 
made by motor-vehicle users have appeared in recent 
years. All cannot be mentioned. The Pennsylvania 
Motor Revenue Study, made by the Bureau of Public 
Roads, as an illustration of method, and the two 
reports of the Highway Cost Commission of the State of 
Washington (1935 and 1937)~have been referred to 
earlier. Others include a report by William D. Ennis, 
of Stevens Institute of Technology, on Motor Vehicle 
Taxation in New Jersey, with Special Reference to 
Equity of Present Taxes of Heavy Vehiclesj' brief 
studies by John S. Worley, of the Univeraity of Miclai
ganjl a Study of the Motor Transportation Act and 
Fees and Taxes Paid by the RoadUser& for the High. 
way Focilities Provided, prepared by an interim com
mittee appointed by the Governor of Oregon (January 
1937)j a Study of Missouri Highway and Street Costs 
Chargeable to Motor Vehicles, by H. M. Werbitzky, 
of the staff of the State highway commission (1937) j 
and a Study of Highway Costs and Motor Vehicle 
Taxation, by V. L. Glover and others, of the division of 
highways of the department of public works and build
ings of the State of Dlinois (1938).' 

Space limitations do not permit of further comment 
on the Pennsylvania and Washington studies or of 
consideration of. ths reports of Professors Ennis and 
Worley. It is possible, however, to consider briefly 
ths methods used and results obtained in the three 
studies last named and at a later point to comment 
more extensively on the report on national conditions 
made to the Association of American Railroads by 
Messrs. C. B. Breed, Cli1ford Older, and W. S. Downs.' 
Brief mention will also ,be made of certain engineer
ing studies of highway costs and their allocation 
which have been offered over a period of years to the 
Highway Ressarch Board of the National Research 
Council.' Comments on these studies in the light of 

1 PubIbbect lD1IDtIIrJ lOSS; 1D4lc.&ed to '-" __ lOde &0 H •• 1...,. Tg. __ c ....... _ .. ~_ .. N ... , __ • 

• A..-V ___ or- ... M_ ... _b7 .... N_1 
JDabWQU_CooItnDoo ... ApdI.oa,lDd M_ ...... ~ ... _ 
.... 1 .... -7_b7 .... _~O'" ·A_8.,..CJoa>m-.. .. ~ ... _ .. ~_ ·_"'··"bIoII, ___ tbbad ____ pm_c 
......... , 

• JDabWQ Coob, 4 BIDd7" JDabWQ 0-. &04 M_ Vohlolo _ ... 
.... UlII>o4 B_'~ _ Boo ..... III, '*"IQ,_ 

'M .. _...,,-bo ........ 4B1Dd7"'JDab __ b7_ 0 ...... 'I'hlsbdo� ___ ........ _ .... _ ...... 1IJnd 

l'!II_~_tr. 

the reasoning and facts employed in the present report 
willsha.rpen and clarify the issues present in this highly 
controveraial field.' 

Oregon, Missouri, and IlliiI.ois Studies 

The Missouri and Dlinois studies were :prepared .in 
defense of fees and regulations imposea on certain 
equipment of interstate common carriers of property, 
by some of whom injunctions against enforcement of 
the charges and regulations had been obtained. The 
Federal courts in each instance sustained the State! 
However, it is reasonable to assume that the reports in 
question did not necessarily' or in all respects reflect 
the views of the respective States on thll. subject of 
motor-vehicle taxation.' There has been a tendency 
to accord the rep()rts more weight than is justified by 
the circumstances under which they were prepared. 

In making comparisons of the methods and results 
of the three State studies with those of the present 
report, sight must not be lost of the fact that the differ
ences encountersd may be explained in part by dif· 
ferences between conditions in the three States and 
national conditions. It also is to be bome in mind 
that considerations which the present report finds have 
no place in the determination of public aid may enter 
into investigations for purposes of taxation and regula. 
ti()n, provided they are supported by legislative stand
ards and can find support in the courts. 

The Missouri and Dlinois studies employ the type of 
"annual cost" analysis which haa been used in the 
present report. The Oregon study, however, uses 
annual "highway requirements," .dafined as "those 
funds necessary to discharge debt service, administer, 
extend, reconstruct, and maintain highways • • •• '" 
It thus includes only interest actually paid, and brings 
in amortization through retirements of highway debt 

In mQ't. DO&ed tbal ..... CJlIbe ............... 10 aft bealD__ .. _.b7 .... __ ._ID~ 
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and replacements of facilities, A duplication of charges 
could thereby result. 

Two of the reports make direct use of the so-called. 
"pUblic utility" concept and such use may be infe1'l'ed 
in the case of the third.'· The present report recognizes 
that such a concept, properly used,has some validity in 
approaching the problem of assigning costs. However, 
it emphasizes the differences in treatment required 
when consideration is given to the relations of highways 
and streets to all who use or benefit by them. 

The differences between the two approaches take on 
two very practical forms." The Missouri report in
cludes an interest cnarge on the value of right-of-way 
underlying road and street improvements, as does the 
Dlinois study. in one of its alternative statements of 
oosts." The former admits that "right-of-way occu
pied by streets was compensated for in the original sale 
price of abutting property" and that, upon abandon
ment, the lands would revert to the abutting owners, 
but finds justification for setting up an interest charge 
on the "tremendous value {that] is represented in the 
hundreds of thousands of acres occupied by highways 
and streets" in the fact that these lands are "used as a 
foundation for the roadway of a public transportation 
system operating in competition with private trlJJl8-
portation systems." A capital vo.lue of nearly $84,000,-
000, derived from the values of adjacent lands, is thus 
set up against motor-vehicle users, This value is 

.. "The motor transportation system of the State is 8 great pUbllo oorporatfod 
• • " Each \lJabW&7 uacr t.lm! beCOlDeS a stookholder tIl the corporation. B. pur
chases atock by paying motor vehlole tees and gasollne tues. and nceives direct divl· 
donds In tile deareesed operatlDg costs of hI8 motor vehidJe. besides maDy other 10· 
dlAot _ftts." (OtegontGport. p.8.) . 

"A. modern highway system is a pubUo utWty. comparable both fD Jmportaoce and 
magnltude or Investment to a. privately OWDed raOway system. It Is perhaps more a 
matter or publio lnteroat tba1l ratlwa1'l. watetwaya. tole.phou systema. or POW6I' and 
Ught planl;s • • • the eoverelgpty • • • mppl1es faCUlties wb.icll ate all 
actual monopoly and which aretbel'efore ,ubJect to govenunental rogalatfons. • •• 
A pubJicly owned utility mtll!lt know It.8IlDuaI cost. determined fu the same manner 
18 lor. prlveteJy owned public pWitl".lD order that 1t m.,. determine II accurate1, 
II ~ble the proper annual ebarpa. • • ... (IUmoiJ report, pp. H.) 

AppUcatlou of the pabllo atWt,. COJloept to hlghwan appoan to derive from Icadlos 
mado b,. Dean.Anson Marston otlon State OoUege. (Bee. especially. The Engineer
ing Valuation of Highway Systems •• Problem In Pub1le Utll1tles Valuatioll. tn Pt1r 
ce&dlop, 18th annoal meeling, Highway Reeearob. Board. pp. fH7. He also ap
peared msappon of the State in the MtlJOuri tuIf.) Dean Muston regards highways 
as 10 all essential respect. pubUc atUUy enterpr1se8. with all the lmpuca.tlona In the 
WIly 01 ftndlDg lair value and 8 reaaoJl8bJe rate of raturD wh1ch that term connotes In 
privata IltWly unde:rt&ktngt. 'l'ha orlglnal 008t, 00Sl 0( teprodUctiOD DeW Ind leal 
deprec[ottoo (estimated at "spot" and "period" prioes), going OOD08I'Jl value. worttng 
capital, and aU the otber parapherna1J& 01 valuation ceohPIquo are brough&: Into his 
ItUdy. He woDld. however. lbntt the value or lands to 1&ndJ owned b, the Su.\e, 
ualacllng easements, which oonstltute mach tbe Jarger par&: of the total. 

The prooedore mggestecl b,. Dean Manton would not 001, entail large expanse. 
particularly U tbo 8tatel 1mPD98d OD tbemaelvea a degree 01 aaour&CJ oommoDl1 
ftltlu.lred of pubUc utilities, but also ralse.t mob dlmonlt questions IS ",ho would pay 
tor hlghwa.,.. U th6Ir reprodllotlon coat fell below tbeir orlglnal cost or why, U repr0-

duction oott were to rise above orlgiual OOIt. the I1J8l' IIbonld pay aD the higher Ocun~ 
No State wooId Klve up revenue under the tItst of thelle ctteumataooes, and probabl, 
DO court would IIlItaln. tees (f'atea.) under the IeOGl\d. The theorJ baa aD appeal t. 
lOme, but II 8 practical motter the 8te.tea would do weD to confine tb8lllJ81vee: to 
J'eoorded ooata. 

11 Further comment on the publlo utwC7 COIlcept appeaR a.t PI'. 21n-m. 
,. The valuaolrlgbtl-Of-wa,. wu not coDlidered In the......ued. t'basJo oost study" 

In "110 Dllnola: repon. 

not amortized; "it is a pure gratuity; the principal 
is never recovered; only the interest on the principal is 
charged in this study." II 

The Dlinois study employs substantially the same 
. reasoning and sets up a land value of $584,000,000 on 
which motor-vehicle users are to pay a return. It adds: 
"The purpose of demanding a return upon the capital 
invested in right-of-way is to compensate the Stllte for 
money permanently invested in land used for the speciol 
purpose of transportation. Without such 0. return, 
the State would have to furnish such right-of-way free 
of charge." If That the State has made an "invest
ment" in right-of-way, except where it has acquired 
lands by purchase, as for new motor roads or widening 
of existing ones, is not supportable. Most of the lands 
used for highway purposes have been dedicated to 
the State for public use Without direct compensation. 

Also, the two reports employ an erroneous premise 
lIB to what privately owned public utilities may do 
under similar circumstances. It is a well-recognized 
principle of valuation and rate-making that property 
owned by the publio and used by a publio utility may 
not enter the ro.te base and become a charge upon rate 
payers." Utilities may include in their investment 
account or rate base only the costs, of relatively minor 
importance, incurred in acquiring the right of use.'" 
lt is doubtful, therefore, whether the courts, given a 
case in which this matter was a specific issue, would 
sustain a schedule of road-use charges premised on a 
value of right-of-way dissociated from costs of acquisi
tion. Removal of this item would change the results 
of the two studies very materia1Iy. 

The other matter referred to above is the item of 
taxes. The present report does not inel ude taxes in 
computing public aid, for reasons indicated at page 52; 
it does, however, show what such a charge would 
amount to and thus permits those who wish to do so to 

U ReIJOl"tJ pp. 38-f1. 
l( Report, a.ppend:i" C, p. 6-
'1 It may be urged that there II an inOODSiateJlO}" ben with the aettJDg UP. &I pubUe 

aid, 01 • value t(lr rallroad oocopancy of pnbUo domaID. for wbleb PO payment 1t'8I 

mado (see voL IL pp .• "10), I.a. that no sI.ml1_ vAlue baa been ualped to the Ua& 

01 pubUo doJDaln ID motol'--.ehle)e operaUonl. particularJy U10Ie of ~ tyHL 

OD close uamlnaUon. bowever, JlO dlJrerence In treatment "W be round. Tbo 
value of $U8.000.000 set up In volume n for railroad usa at the DUbUc domain la, U 

sbown by lbe method m. whlcb It. "II derived,. meuura at esUmlte 01 Ute c!&m88eI 
a.ooruJ.na to propert., ownen and JIluu\dpa1it* wHhoo.t recompeD18. Tbe QJ8 made 
of line" by railroadl and that made by PI8I'I 01 awtomottve equipment C&DDOC be 
8QUltcd to. common basI& The use of IireettI Cor hlgbwaye) b, commerctallrueb. 
to car as OJ8&', alon6 Is tlOIKlIllned. II not difkftut. from WI& by ownus 01 prhaSe17 
operated bucks or of paaeIII!lI.I8I' tan. ADY dI1ferenUal GOd reqglrementlu behrlIeD 
dll!erenl; ela890II 01 UlOtor-vehlole tl8lD be .. beel1 cakeD eate olin the method 088d 
here1n. Any additional colli reqofremeDw necesalteted by railroad and other oubUc 
utility uae are reflected In tbe porcenlsgel of total anna.al cost uslped to other thaD 
mol(ll'-veh1cla uaera. The ftble JO' up lD the raUroa4 reP«' iboWd DO' be aonIuIe4 
wIth 8IlCh UlDual oosi usJpmeu:ta. It repl'8ll8DU aD etClIDate 01 the yaloo to the 
raUroadJ, ID88SI.lI'9d: by oostI Incun'ecl b, otherl. tA & QI8 comp1ete!, forelpl to &be 
Intended. ouroose of atneCa and bi&hwan. eompeD!l&tlon for .. bleb m tbe form 01 
daDlage payments wu overlooked by Indlvlduall or commDDl&iel deslrlDl &be nO 

""",-
IIa They lD8J' alIo, of course. eJw-ce operatlnl upeaa wltb o-vIn& aad ItmUar 

001;" IDomnc:lln the tue of publio facUltl .. 
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a.rgue the equities of the termilunder which motor 
transportation competes with other forms~ of 'trans-
portation. ' . 

Both the Missouri and Dlinois studies set up such a 
charge on unrunortized construction costs I and for, 
reasons simila.r to those used in justifying an'interest 
cha.rge. The former report adds, however: "Whether 
or not the State, as a matter of policy, should actually 
include such an item or should make a cha.rge against 
the private passenger automobile, or other classes of 
highway users, is not considered in this study. If the 
legislature elects to eliminate such items from those 
which it considers in fixing a use cha.rge for the high
ways, it is not the province of this study to adviae or 
to criticize * * *. Thia observation also applies 
to the item of interest as heretofore diacussed." • 

That an effort to collect' a "tax cha.rge of thia kind 
from the motoring public would be most vigorously 
resisted cannot be doubted. The question is, however, 
one of policy and ultimately for the courts to pass on. 
If an attempt were made to set up such a charge 
against only commercial users of the highways, it 
would appear that a basis would be laid for a strong 
charge of discrimination. In any event, it is not 
believed likely that any State would make an issue of 
a tax cha.rge on publicly owned facilities used prepon
derantly for other than ordinary commercial purposes. 
The Missouri report casts doubts on the wisdom' of 
such an attempt. 

The next important difference between the reports 
under review and the present study is found in the 
proportions in which the costs of roads and streets are 
assigned to motor-vehicle users as a class. It will be 
recalled that in thia study the following percentages 
have been used: State highways, 1932,80 percent; 1933-
37,83 percent; county and local roads, 1932, 31.S per
cent; 1933-37, 34 percent; city streets, 1932, 28.5 per
cent; 1933-37, 30 percent. 

The Oregon study uses 100 percent for the primary 
and secondary roads, but states that these matters 
~ "of grave import and affect the allocation of the 
motorist's dollar on the va.rious classes of roads in the 
State." It says: "There are many benefits that the 
general public and the adjacent property owners derive 
from highways. For instance, the benefits which 
accrue to urban centers and rural communities due to 
their being connected by a.rterial highways are material. 
Likewise, the benefits in rural diatricts for roads that 
merely serve the land mainly accrue to the adjacent 
owners of that land." Thia reasoning comports with 
that used in the present stndy and casts serious doubts 
OIl the validity of the conclusions reached in the Oregon 
report respecting the failure of heavy vehicles to bear 

• a. tlso p,. lIN. below. 'Re_ ..... __ Io_Ioo_Ibo __ _ 
• lowb&&Ibo __ oa_1IlIoIeoI. 

their share ,of the costs. The report leaves the matter, 
however, for further consideration upon ecimpletion of 
the Highway Planning Survey.· ' 

, The Missouri report concludes that 90 percent of the 
annual cost of Stat~ highways, 66 percent' of that of 
county and ,local roads, and so perCent of that of city 
streets are assignable to motor-vehicle users as a class. 
These ratios it regards as· minima. The subjeci 
receives !on!y brief diacussioni however, and the treat
ment presumably reflects the approach of an engineer. 
"There is," it is said in diacussing State highways, 
"the benefit to pedestrian traffic, to horse-drawn traffic, 
to utility companies which, by our statutes, are per
mitted to occupy portions of the right-of-way and 
indirectly pay for the privilege, to publicly owned 
vehicles exempt from tax, and to adjoining property. 
Social, spiritual, and economio benefits may accrue to 
the publio in general, the expense of which might not 
properly be cha.rged to the motor-vehicle user alone.'" 
Thia language agrees in part with that used in the 
present study, though a meaningless contrast is drawn 
between "sooial and comniunity" and "economic and 
commercial" uses. The important question is the 
values assigned. ' 

These values a.re derived by comparing the cost of an 
"average local road" before the motor era with the 
cost of roads now in use. The present 14,458 miles of 
State highways would have cost, it is said, $2,000 per 
mile, or a total of $26,916,000. Thia amount is 9.6 
percent of the actual cost of construoting the State 
highways now in use. Ten percent is used in the 
subsequent calculations. In the case of county and 
local roads, the "annual per capita expenditure since 
the advent of the motor vehicle has been three times 
the per capita expenditure prior to that time." Two
thirds of the cost of the present county and local road 
improvements is therefore assigned to motor-vehicle 
users. Similar reasoning applied to citY1!treet ex
penditures yields a ratio of 50 percent.tD 

The Illinois report reasons along the same lines to 
substantially the same conclusions. It concedes that 
State and county roads confer benefits on adjoining 
property and society in general, that township roads 
"are maintained primarily for the local land owner and 
communities," and that city streeta "serve a purpose 
similar to that of rural roads," though the greater 
degree of their improvement is said to justify a larger 
allocation of costs to motor-vehicle users. Much is 
said about the feeder:aspect of local roads and city 
'_pp.T.lI. AD_~ ___ """' __ 
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streets, and mention is made of the right which any 
motor-vehicle user has to take his vehicle over any 
available road.'1 Here, again, facts which seem to be 
of controlling importance are recited and then dismissed 
without adequate consideration of what they mean. 

The allocation in the cnse of State highways in the 
two studies does not differ materially from that made 
in the present study. The other allocations differ very 
substsntially and err through failure to give sufliciens 
consideration to the land-service and community uses 
made of highways and streets through relying too 
heavily on deductions drawn from an historical record 
of expenditures without consideration of its economic 
and social connotations. The reasoning employed in 
the present report comprehends more phases of this 
question of motor-vehicle user responsibility and em
ploys more extensive statistical evidence. The public
utility concept adopted by the writers of the two 
reports appears to have failed them in this instance, 
as it, along with the emphasis given the need for treat
ing all roads and streets as a unit, appears to require 
assignment of 100 percent responsibility to motor
vehicle users. 

Possibly the most significant consideration is whether 
Missouri and Illinois are prepared to raise by motor
vehicle taxation and devots to county and local roade 
and city streets motor-vehicle taxes commensurats 
with the responsibility assigned the motor-vehicle users 
and to reduce real estate and other taxes correspond
ingly. This practical phase of the matter has discon
certing possibilities. 

While there are many other points which could be 
discussed if space permitted, such as the propriety of 
the States' assessing cl1arges on investments made by 
the Federal Government," only three further matters 
can be discussed in any detail. These are, first, the 
service lives used in computing depreciation or amortiza
tion; second, the differential costs assigned to the larger 
vehicles; and third, the use of the "ton-mile" basis 13 
in allocating differential costs. 

U Report. pp. 16-17a 
U Missouri. Repon, p. 21. and Dllnob Report, p. 78. 
U The IlllDols Report 1IIeII both lUI "increment" and f'ton·mUe" basfa and bela 

that theyatva lODl8Wbat slmDar results. The Mlssoorl Report 1lIMlI the "ion-mOe" 
buts only and refers &0 the geD8lIl 8ImDarlty 01 results round iD the Dllnola Report. 

In oonneotiou with the asaIgnment of dIfferential oosts to heavier vehicles. it II of 
Intenst to note the opiDIon upreeaed by M1stourl8t&te highway engtneara In response 
to the questlonaaire circula&ed by the Washingtoo Slate Rll;bway Cost Commilllon 
(Repon, 1934, pp. InG-Itll). This oPin1o.n indicated. that If only baslo veblclel were 
to be oonsJdered in bulldlnl roada. DO roduotlOD.1n Costs arlslua: from width require
mants could be made. that concrete pavement ooata &IIOC1ated with lhIelmeMaould be 
reduced by onlf 8 to 10 percent, that: DO reduction ooold be made In uO&vatloD oosta. 
and that a 30 percent nducUon. oould be made In the oosts of ttructureL n WII aIIo 
atated that a recluctloD ID the COlts of fIesIb1e p&V8Dl8DU of eo to 70 p8nleDt could be 
made If retreads were used lnstead of portland cement concrete p&VUDeDta. ROOuOo 
tioDiID the COlt of malnttDallOG were ltated II .'uDkDown." On the basil of UleIe 
oplnionl and the distribution of MlsIIourt road CIOItII by elements, .t II dlIDcult to 
andentand bow the Uton_mlle" buJlappJJed to aU _til could be DI8d as a1DMDl 01 d.termfnfoa: cWf..."Ual __ ... 

No ftIpODIII 'WU made by the State of DllIloIs to the aforementioned Quell&lcmDalno~ 

Both studies present considerable detail as to the 
distribution of costs among the various elements of 
highways and streets and as to the average lives of these 
elements. However, only in the case of grading on 
State highways is salvage mentioned; the Illinois Re
port considers 10 percent of the costs assignable to 
grading to be salvaged. The precise manner in which 
allowance is made for this factor is, however, difficult 
to understand. Ii Both reports arrive at weighted lives 
for all elements on each of the three systems (primary 
roade, secondary-local roade, and city streets), and 
these lives are in turn converted into annual rates for 
ease of computation. Beyond this step, it is difficult 
to determine just what the authors of the respective 
reports had in mind. The annual rates (derived on a 
straight-line basis) are applied to remaining un
amortized construction costs at the beginning of each 
year in determining the annual amortization charge. 
That is, an annual rate which, applied to 100 percent 
of the construction costs to be amortized, would com
pletely remove such costs at the end of the assumed 
average life, has been applied as a constant percentage 
to a declining capital sum. The weighted average 
lives and the annual amortization rates used in the 
reports are shown at page 285 in juxtaposition with the 
effective average lives and annual rates as determined 
from th.ll last year presented in the computations in 
the respective reports. 

The longer the period from the base year the greater 
the effective lives would become. Theoretically, no 
expenditure would ever be completely eliminated. 11 

Use of this method results in an understatement of the 
yearly amortization charge. However, since the costs 
would remain on the books indefinitely, taxes, interest, 
and amortization charges would be computed for a 

Uln the computation of the welgbted anngel8n'1ce 1Ue Ihown III table .. p. 12 01 
the IllIDoJa Report. DO Bllowancehu heeD madefor' Ill..... A~ In thecomputalloD 
of the Utota1annaal fhed costs of prImary mad QlCemI," &be total CODIt.raccIoD. eoII& 
to be amortized is taken to be 100 percent, U08pt U DOted bela". 

11 All an uample of the effecC of mob a method eztended over along pertod of time, 
an Initial upe.ndlture of '100 may be followed tbrougb Ix 100 Jean. 1JIIDI11v. • 
determined. and the method. duaUy 1IIed In er.ah report. It will be aeeD that. after 
the number of )'MIl IndJoated, &be Collo1rtnc UDouotl lUll remalD .. 1lDaIIlOrtJfed 
hi Ihe hi_OBi .',)lmll" 

mlnolsstudy MIsIoarllltOdJ' 

Bndofyear 
S-Od ...... O'IY S-Odo.,.· City 

Pr\mIl')' local ....... I'rtmorJ' - ....... 
lOth ____________ 

$72.01 "L" ...... ',0.0 • -... ...... 
IOth __________ •• ..... ..... (0.31 ..... ..... ..... 
aoth ____ ~~ ____ . _ R'" M.1l ... 00 ... ., ..... ..... 
4Otb ____ •• _. ____ 2'.12 23." 16.49 31.48 ..... "l." CIOtb_~_ •• _______ II.M U.31 .... 17.40 0.00 0.00 
lOOtb _______ ~_~. Ul 2. .. ... U • L,. L,. 
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AI stated In reporta 

Weighted aVeragflllfe Annual amortlzailoD. 
8l'dem ( ..... ) rate (per ... ,,) 

MlIooDrI lIIIDoIJ 
. -

Prtm""' .•.••••••••••••. , .•••••.• SU 21.0 
Seoondary-local.M ••• __ • _0_. ______ 26.0 21.4 
Oitr.treelil... __ •••••••••• ________ 26.0 21.4 

MIsoourI lIlIools 

2." U8 
.. 00 4.67 
.. 00 80M 

Annual &mortiutlon 
rate (peroen\) 

ML_r1 IIIIDoIJ MIsoonrl IDlnoIs 

--------1---------
PrI.....,. ••••••••••••••••••••••••• 89.1 8&.8 2.52 2.79 

~.~.-:~:::::::::::::::::: 86.8 8U 2.7. 8.00 
... 0 8U 2.78 8.10 

PrlmlU'J' •• _._. ___ • ________ ••••• __ ••• __ •• _ ••••• __ ••••••• 

~=~~::::::::::::::::::::::::::::::::::::::: 

t:,'Jr.:;:iOOJ:::::::::::::::::::::::::::::::::::::: 
01&7 __ ••••• _ •••••••••• _ ••••••••• _ ••••••••••••• 

Oumulated CODItractloD. ..... 

1088 
1088 
1 .... 

For &hI DUnoli report the oorreapoudloa data an u followa: 

t:,'Jr.:;:i~::::::::::::::::::::::::::::::::::::::: 
01&7_ •••••••••••••••••••• _ •••••••••••••••• _ •• _ 

~iiOii::::::::::::::::::::::::::::::::::: 
01&7 __ •••••••••••••• _ •••••••••••••••••••• __ •• 

lOllS It.,. 
1881 

considerable period beyond the lives stated to have 
been used in the report .. The net result of the under
statement of amortization charges and the overstate
ment of interest and tax charges is an understatement 
of total annual fixed costs . 

Discussion of the second and third points mentioned 
above is found at pages 297-305, below, and in chap. XII. 

Report on IDghway Costs, by Breed, Older, and DoWDS 

Readers of this report, hereinafter referred to as the 
"railroad report," who have followed the text of the 
present study will have no difficulty in recognizing 
both the similarities and the differences. The simi
larities have been accounted for (see footnote 6, page 281). 
The differences remain for consideration. The major 
points of comparison, so far as the over-all picture is 
concerned, are indicated in table G-l, herewith. 

Total annual costs of $31,120,214,000 are found in 
the railroad report for ·the period 1921-37; the cor
responding costs developed in the present report aggre
gate $25,519,089,000, a difference of $5,601,125,000, 
or 22 percent. 

Tau8.-A large part of this difference is explained 
by the inclusion in the railroad report of taxes on the 
investment in roadway facilities. This item amounts 
to $2,202,448,000. For reasons indicated at page 52, 
above, taxes should not be included in the calculation 
of publio aid. They may, however, appropriately be 
considered in comparing the costs of an agency which 
pays taxes on all its facilities for the support of the 
general functions of Government with those of an 
agency which uses tax-free public facilities. Taxes 
in the amount of $1,950,225,000 are shown in table 
G-l, but are enclosed in parentheses to indicate the 
special treatment given them. The difference between 
this amount and that given in the railroad report comes 
about mainly from the higher unamortized costs which 
the latter uses, as explained below. The rate used is 
1.30 percent, or only a little more than that of 1.25 
percent used in the present study. (See page 52, 
above..) If taxes were included in the present report 
for other than reference purposes, the coats plus taxes 
shown in the two studies for the period 1921-37 would 
differ by $3,650,900,000, or 14 percent. 

T A.'" G-l.-C-pariaeR qf reoulIo obIaitud ito NJiIroad ...".m wiIA IAoN ,;.... i .. 1M ,......, ...".m wiIA NIpcd 10 IGIal _ual ..... qf 
IIitll_Wl ..... _."'" .....:,..a6IcIo-.o.\ic/e .......... .,..." ,..,-...... br/oucII ........ "" ""' __ ..... ,..,."..,-

[Nolo: ........ \aa\1CboIo ... __ lDellICIo_.hloIlba .. aot __ IOOI •• ,.. ... _&IDu._ual_orpablJe .. 4. __ _ 
, .............................. _1 

IAD ....... II .. ~ 

BIaII~ Ooom&7uod _.- 01&7-
~.n.-__ - --1--' --1--' --1--' --1--(1) ~ ~ (t) ~ (lI) t'I) (I) (I) 

1=:::::::::::-.:::::::::::: ~:::= 
To&aI ___ ._ •• ____ •••• t---::==t--:-==t----:--::::'::=-t--:-==t--:-='::::-t---:-==-f---::.::::'=-f---.. ::-... ::::-tJ1~ 

Boa_.taa4or_ 
""1~ 
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TABLE G-l.-C.mpari ..... j ruu/Ili .btained i .. railroad rep." with tho .. gi .... in lhe p .... nt rep.rt with r •• p.ct to total an .. ",,1 .. ot • • j 
h41htDayo and 81 ..... ... 1Ii as84/00b1e I. moloMl.hicle ... .,. as a claso. pal/menlo made bll ouch ....... and ,.,t 0fJ.,- or uade,payments-
Continued . 

[AD amounts in thoDl8D.dsl 

State highways County and local roads 01ty.treets Total, all roads and streobll 

Perlod 
RalJroad report I P"""",t report I Railroad report I ~ treport IRaUroadreportl ~treportl Railroad "'port I P ..... t reporl 

(I) (2) (3) (4) (8) (6) (7) (8) (.) 

B. INTEREST 

:~;~::::::::::::::::::::::::::::1--·-:~':~=",:::=5:,.111_-::":::""=+--:c::::'-:::'-1--:~"-::=-1'--:-':":'::":'::" ~I'~I "'27··&131 '1'''~1431 ~~~I 13.750."5 
.... 003 8M, 612 .... 84. 2,912,620 2,8&7,478 

1.&60,329 2,I<Do'" .. 643 .... 7,800.000 6,717,461 

~~I ( ..... 7 .. ) $1. 326, 38'1 ($\m:w.l ( ....... , 876,006 

664, 729· (777."'" 2,202,449 (1,9110,228) 
1921-82 ••••••••• ________ •• _____________ ... 
IV88-87 ________________________________ _ 

TOtal •• __ ... _______ .. _ ....... ____ I----="-::::-I-----==-=+---':~:-'-I--:-::::-~+-....:=.:=-

13, 179. 0071 13,964,881 18. m. 7'" 
1,261,473 1 1,768,000 4,019."77 

4,441.080 '.732,881 12 ..... 227 :~:~;::::::::::::::::::::::::::::II--:'::':..:::+--=-=::.:...:c:..I--~:'-':::.,+-..:.:..=-.::,c-.1---'::':':"-::=-1 
E. TOTAL ANNUAL OOST 

1921-32. ____________ . ___________________ 

~7""071 f S3'9\19· ... l _ooe.a45 f $5.06I· ... l ' ft. 130. 730 f ~:=:::) l $20.876,145 f '$16,527,100 ( .. "" .... 1) (6,""""') '(17 •• ns.~) lQ33-87 ~~M~ w W~ w w __ _ w_. w _ ________________ '8,933,169 2, 948,73li 8,041.554 2,,",,'" 8,289,84.6 
8,458, 739 10,244,068 8,01»1,980 

(3,33~841) (0, 767.588) (8, 701.638) (0,861,064) 

Total ____________________________ 
'11,682,240 { c:;~m)} 12,087.899 { (~~~} 11O,400,f1l6 { (:Y:~:)} 8~13l.31< ( f26,&lV,(18g 

f CD, W, 314) 

F. ANNUAL OOSTS ASSIGNABLE TO MOTOR-VEHIOLE USERS 

IV21-8:L _______________________________ 

.~ml ._ml .~m ! .m'_1 8,44f,M3 <::1:,1 ---I fO,010,761 
(3,~ (1.:ZSO~) • (0,472,813 

PerOBlli ofiotaJ annual COIla ___________ 89.U0 89.75 <UI 21_1 711.63 '3&.3 
(!nO) ~.I) (21.2) '(30.8) 11I8H7 _____ ._ .... _. __ .. _____ ...... _____ '8,562,750 2,447.451 '2,758,428 ~'/35 

'~m.'" 
1.037,621 7,8Vl, 820 U63 . ..,. (2,766,428) (940.931) (~126,'''') «.331,899) 

Percent of total annual COIts ___________ 110.. 33.0 110.. 84.0 ~11 
30.0 77.0 ,~. (33.0) (34.0) (ao.O) 1(49.0) 

Tota1 ______ •• _______ • __ ~ _________ 
7.832,132 f 5.647.164 l 10 ...... 841 f o,ooe.055 

5,017.706 f ... , ..... J 23,879.0'18 f '10.383,008 ( .... 9.1180) (2,221.800) (2,..,..1123) I (11, lOt, 712) 
PerCBl1t 01 total annual oem ••• ____ • ____ 110.. 81.8 110.0 27.' ~25 

23.9 '16.1 40 .• 
(81.8) (2'1.') (24,0) (ILl) 

G. MOTOR-VEHIOLE USER PAYMENTS' 

H. UNDER- OB OVERPAYMENT BY MOTOR-VEHIOLE USERS,(.-EXOESS OF PAYMENTS OVER OOSTS) 

11138-o37. __ •• _. ____ •• ___ •• _. _______ ~. ____ ____ • _______________________ • ___ ._. ________________ •• __ • ________________________________ ._______ a.otl,2G u (el~l~ 
I .. I .... -----------.----------.... --.... ~----.. ------.. -~-------.. ------ ..... ------------...... ----.. ---~ .. ----.. -.. ----~ .. ------------- .. (.l~:~) 

Total _________________________ .. ___ .. ______ .. ______ .... ______________ ............ ___ • ________ ... _ ......... ___ .. __ -............. --I--12,-~-I-87+{-.-(,...)-J....-OO-, :'=-1:-) 

m':uIn':V: r!ulodiDl=,=lbw~!!:::~b=~,..=:=::n~:r (see p_ ~~~~t;:r:=: =~:;tm":!'::?~~m::~~d~ 
Pr::~ for to O. but Ihould ~:.n:~~~3:n =d~:d::~.:s=aDB.Ia:: ~teg:~ :;.~ ad leCODdarJ'reeds und .. the 

Pi~-Jaa:!unonnt Riven. This ~ce resultl from the inclusion In oolwnn 14 of table 18 of amouDtI dJ«enn& from 
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Intere8'.~Interest charges differ by $643,000,000. 
Thll rates used in the present report were ca.nied into 
the l"a.iIroa.d report. The latter applies these rates to 
unlllIlortized costs which in the aggregate are higher 
than those used herein. 

Intle8tmenls in' road and sIred jaciluies and amorl';'" 
zation.-The principal difference between the two re
ports is found in the IIlIlOunts set up for lIlIlortization 
or depreciation: $9,907,993,000 in the railroa.d report 
and $5,852,411,000 in the present study. To explain 
this difference, consideration must be given to the 
investment figures used in the two reports and to the 
treatment of service lives and salvage values. 

(a) Intle8tmenls in jacililies MInded down in 19S0.
The investments used are substantially the SIIlIle, 
except with respect to the IIlIlOunts eomputed as having 
been invested in road and street fa.eilities at the opening 
of the period covered by the two reports. Here a very 
substantial difference is found, as shown below. 

Report ODd'tem 

BItlmated Innatment lD. roada ad streett .. or Deo. 31. U)3) (10. thoaaandl) 

AlII<lOd1 
and ....... 

---------1---1------

The estimates in the railroad report of the original 
cost of State highways and county and loeal roa.ds in 
existence in 1920,'· after omitting differences arising 
from the exelusion of lower type roads," exceed those 
used in the present report by $403,917,000 and $6,187,-
996,000, respectively. On the other hand, the carry
over eosts of the city streets of this period found in the 
present report are somewhat higher. The exact dif
ference cannot be stated." 

The difference of $403,917,000 in the case of State 
highways may be broken down as follows em thousands): 

R .. d~ ... -..-
~~:::::::::::::::::::::::::::t-:-"'-::""::-"-::m:+_--=,",,=-=ru::+_~=-==:::: 

ToIoI.. •• _ .......... _.................. 1,.,,011 ........ ",,1117 

II 8:&ale bJahwa:r 1:J$lemS.," ... 1lO& laid oat 'QIltO Int: nfInDoe aboft ... rI 
.... 110 U. nM:s bt. ..... 1D.1* .. hhb. 'ftIlt IDlD..,.".,.... 
, n a. ftIo&DoteI a tGd, or tabaIaUoD &bow. .... ___ • or &abuIt.doa. abol'L 

In both. reports the estimated eost of the vorioue 
types of roads is based upon average CQsts of Federal
aid roads constructed during the period 1917-24 and 
in both instances reductions hu.ve been made to reflect 
lower price levels and lower types of construction." 
However, the ra.iIroa.d report has mu.de insufficient 
allowance for these fu.ctors. Its deduction of only 25 
.percent from rou.d-building costs which were at an all
time peak for the past three deea.des is entirely insuffi
cient to eompensu.te for the lower price levels of earlier 
yea.rs and leaves nothing to reflect the lower standards 
of construction of Stste highways cOnstructed prior to 
1921 than of those built from 1917 to 1924. Thus, 
the annual report of the Bureau of Public Roads lor 
1920, page 2, commented on the high eonstruction 
costs prevailing in 1920 and made the following com
parisons of the costs of some -of the principal rou.d 
.types: 

Road_ 1017~ , IDa! 

Contributing to the above-mentioned major error 
is. the overststement in the ra.iIroa.d report of the 
mileage of portJand cement eoncrllte roads in existence 
on December 31, 1920. This excess arises from esti
mating roa.d mileages on a basis which is not as com
prehensive as thu.t used in the present report (see p. 57). 

Another important source of difference is found in 
the lIlIlortizu.tion charges set up for facilities in exist.
ence on December 31, 1920. This difference results 
from the eliminu.tion from the investment used in the 
present report of the cost of unimproved earth .. and 
partJy graded roads (with the exception of 28 percent 
estimated to represent the eost of structures and 
certain minor items pertaining to these rou.ds which 
are not replaced by yearly maintenance work). Inas
much as the only classifications of work recognized in 
the case of such roa.ds are gra.ding and structures 
(&side from the aforementioned minor items), any 
work not representing the latter classification must be 
the former. Therefore, any work which provided mere 
p&ss&bility. such as bla.ding or dragging, and which is 
genera.lly repeated yearly, would be capitalized in the 

h See pp. 17-58, above. 
·~_"''' __ '''~01''''ldob...,._ 

IIII'9QI .... tad aompcad wbol17 or wUb ~ 10CIl ~ tJI. &be aatonJ ...... d 01 .... _ Ira __ mu or mu ......... _ bIadad,.-
_ ............. III _'" oIIcmnoDI. _and _ .. _ ....... de8PI-

doa 01 ........ UI4 dnIDed IMIb. road.' aDCl OIl.bIab. "' ............ ... - .. __ ......... - .. -.-01 ... _-
............. IIIIlicCa. .. (B..-u 01 PubHe tto.ds. ~ 8anQ":u.... 
DDdu:al Na. _ No .... "!&!S)o. IlbHa SIppIied.J D ~ til'" aa&ed.1bI& &bII .... 
aIlioa .... -modIn"1dM ol_W ....... _ aDimpmwd...s. ID-u.r __ I ... mdI ...... ..." ... ~ ..... __ 



288 . .AIDs TO MOTOR VEmCLE TRANSPORTATION 

railroad report. This procedure results in charging 
amortization on "grading" and at the same time in 
the setting up of a yearly. charge for maintenance 
work, though such work would be substantially a 
repetition of the first cost. The costs of such roads 
have been capitalized in the railroad report at the 
unreasonably high figure of $2,000 per mile."' As 
these costs represent a fairly large item in the total, a 
significant overstatement results." 

As stated above, the original cost of county and local 
roads in existence on December 31, 1920, presented in 
the railroad report is $6,187,996,000 in excess of that 
used herein. No detailed explanation is given of how 
the estimated original cost of $7,719,472,000 shown in 
the railroad report was derived. It is stated that an 
estimated average cost of $2,973 per mile was used and 
that for other than earth roads a one-third reduction of 
the 1917-24 costs of Federal-aid roads would give costs 
which are representative of standards of construction 
of such roads. On these bases, an average cost of 
about $2,000 per mile apparently was applied to about 
2,300,000 miles of earth roads, of which about 2,100,000 
miles represented unimproved earth and partially 
graded and drained roads. When consideration is 
given to the generally much lower standards of con
struction of coun ty and local roads of the period prior 
to 1920 and to the fact that many of the more important 
county roads had been transferred to the State systems, 
the average cost per mile used is far too high. Many 
miles of county and local roads were little more than 
wagon tracks at that time, and in some cases probably 
existed on paper only." It is doubtful whether any 
capital costs have ever been ineurred on a substantial 
part of this system. The only expenditures incurred 
were those required to maintain the road in a paseable 
condition and in many cases even this much was not 
done. 

As in the case of State highways, only 28 percent of 
the cost of unimproved and partially graded roads has 
been included in the investment shown in the present 
report as carried into the period beginning with 1921. 
In addition, and for the same reasons, a similar percent
age of the costs of sand clay and top soil, and improved 
earth roads has been included in the costs to be amor
tized over subsequent years. Although such roads are 
of a higher type than unimproved roads, it is felt that 
the allowance of 28 percent used herein is adequate to 
reBect the costs of improvements which were not re
peated by yearly maintenance work. The entire 

It Beep. 287. 
• Buoh roadI reptNeDted approlimatel, 80 peraen1 or the total State bfchWQ' 

mOeap In u:IsteDoe OIl Deoembv It. 1931, bn& 1COOUD.ted. for onl, IUS percent or &he 
&ota1 eItlmated 00It of an State bfgbwaya pown lD the nUroad report. In tbe cue 
of oouutJ and local roadJ, however, failure to exclude eapltal ClOItI for roada 01 thII 
&ype Introduoel. awOl' error. 

• Thus, ill the mUeace lavenlor)' of 1021 aod 1822 (17. 8. Department 01 AgrIculture 
Bl1IIetla No. 1m, Rural Hlgbwa,. MJIeage, Incmne, BDd Espendltures, 108 and 1922 
p. 44) the mileage of OOUDty roads elV8Il tor Oklahoma. II Itated &0 lnclode '''boW: 
•• 000 mlleI of IeCUOD UDell dealarec1 pubUo hfah .. ,. b,.law hutDotpoenU, 1UBd. Of 

estimated original cost of these latter types of road has 
been included herein in the case of the State system for 
the reasons that grading quantities were much heavier 
on these more important roads and that in many 
instances these roads were only a step toward a higher 
type of improvement. 

The difference between the two reports in the 1920 
investment in city streets is somewhat less than would 
appear from a comparison of the figures presented at 
page 287. The explanation is given in footnote 5 of the 
tabulation on that page. The costs used in the railroad 
report cover only the period 1904 to 1920, whereas 

. those used herein are intended to cover a longer period 
and to include all expenditures for facilities which were 
useful in 1920. 

(6) InveBlmenf, 1921-37.-As noted previously, the 
investment figures for the period 1921-32 and 1933-37 
are generally the same in the two reports, except that 
in certain instances those used herein include some items 
which are not covered in the railroad report. The 
amounts used are compared below (in millions): 

Report ""d period To'" 

Rallroad report: 
$3,,," "'832 ........ 1921~ _________________________ ...... 1933-37 ___________________________ ..... OM .11 .. 401 

Total ••.•••••••••.•...••.••.••• I~ ".118 ..... 18. ... 

PrMent report: 
1,282 "SIT .3. ... 1921-32. __________________________ '8.843 1933-37 , _______________ • ________ • ,,481 .... 1 OW ..... 

Total. _________________________ ..... .. m 11,1.4 17.8U 

I AmotIDti gIveD represent Dei ooDStractlon a:pend1tures; t. 8., after refandl for 
OOnst.roctiOD work performed for othOl'lL 

• Includes 76 ~t of the upenditares by the J'ederaJ Govemmant on roadIlD 
p~bf!c3!~~~~~·COD!trtletIOD COItI reported by the Boreau 01 PobUe 
Roads tor IJl'ban eItensiona of State hlghwan and for secondary roadJ UDder 8tate 
oontrol are included hereio with cit,. .tree" and OOUDtJ and local roadI, relpecd't'elJ'. 

Considering the magnitude of the foregoing figures 
and the many estimates which were resorted to in the 
computation of certain of them, the data as used in the 
two reports are in reasonable agreement. The only 
difference of importance is in the amounts used for city 
streets in the period 1921-32. Those used herein are 
taken from a Department of Commerce publication, 
Construction Activity in the United States, 1915-32, 
and, upon check, were found to be reasonably reliable. 
(See p. 72.) 

(c) Salroge ool1U8.-Neither report recognizes salvage 
in the case of roads in existence prior to 1921. In the 
subsequent periods the railroad report allows 30 percent 
for salvage in the case of intermediate type pavements 
on all road and street systems, but it makes no allow
ance in the case of other pavement types. For use 
herein, salvage values of 25 percent and 40 percent were 
adopted for intermediate and high type pavements, 
respectively • 

Some engineers regard salvage as a "myth" and others 
are influenced in their opinion as to what it amounts to 
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by their own particular experience. Little published 
information of a national character is available. How
ever, such information will ultimately become available 
as a part of the highway planning surveys. In d8l'iving 
the estimates used herein, considerable use was made of 
opinions developed from preliminary results of this 
work," For this reason, it is believed that a much 
broader basis of estimate was available in the prepara
tion of this report than that used by the authors of the 
railroad report. 

(d) 8ervi.u liIl<!8.--8imiIar lives were used in each 
report in amortizing the carryover investment in State 
highways. Somewhat different lives were used in the 
case of county and local roads and city streets carried 
down in 1920, as shown below: 

Eleuuml 

~~:::::::::::::::::::::::: 

eou..., 
and local. 
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On the basis of the distribution of the original cost 
among the various elements of county and local roads 
set out at page 68, hSl'ein, an av8l'&ge age of 19.0 years 
would be obtained for the lives used in the railroad 
report, or about one-fifth lees tItan tltat used in the 
present report. The life of 20 years used for city 
streets is about 43 p8l'C8nt lees. 

A longer life tItan tltat used for State highways for 
grading (protected by a wearing course) on county and 
local roads is justified when the uses of such roads and 
tIteir leeser susceptibility to obsolescence are con
sidered. Although physical depreciation is greater on 
the type of struoture found on county and local roads 
tItan on. structures provided on State highways, the 
smaller infiuence of obsolescence justifies the life used 
of 25 years. 

The life of 20 years for city streets used in the rail
ro,ad rsport is not sufficient to cover surfacing, much 
lees .tIte more perman~t items of curbing, gutters, 
grading, and struotures. Furtltermore, tIte relative 
costs of tltese items were greatill' in tlta period prior to 
1921 than tltey have been in latlll' years. 
The~umptions as to tIte useful life remaining in 

tlte vanous elements of tlte oarry-over investment also 
~er. In each case, except tltat of city streets, tIte 
railroad report e.ssumes a 50-percent oondition as of 
Dsoemb8l' 31, 1920. Witlt tlte exception of surfacing 
and struotures on oounty and local roads, high8l' per
centages have been amumed in tlte present report.. 
Taken by itself, this difference has no effect upon tlte 
yearly amortization charge, but tlte higher percentage 
used hSl'ein spreads a large part of tlte estimated original 

-Seep.ea. 
-S.pp...uda. 

cost of such facilities over a greater numb8l' of years 
during the period beginning with 1921. 

The service lives used in tlte two reports for road and 
street improvements made between 1921 and 1937 are 
given below: 

8""';"" Ii ... .... d for road a"d .,,eel improoBfll6flla d"rill/1 u.. p"';"d 
1981-87, i" u.. railroad report and i,,'hI pruml rqorl . 

Elemeul 

8tata h1gbW8JB 

=- Present report =- Preaent =.. Present 
report IV2J.-32 1933-37 npmt repor& J;epoR repon 

-----1-:--· -----------
Bur_g: BIc1i_--____ ... '1IO .. 38 1IO .. 
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110 eo 66 .1IO .. 

A_--.----.- 119 {o'8 31.8 au 21_0 18 88 

Pa:~~t l1li.8 1V.2 88.1 11&1 8U l1li.8 77 

1 Includes bltnminoua macadam. 
• The Uvea given are thole assjgned to bltmn1noua macadam, waterbo1ll1d macadam 
~~ _ ... d grovel roadI, _ from top to bo'tom, "'_vo1>'. (Bee. 

to' G~ under 1lO~ roads, t,bb) IaDd-ola7 GI' 

r."lt 10 be ..... as used ior 8ta .. h1rb-
wan fa the perlod 1931-32. orl'8&lOmlDdlcate In rootnote table 68, no cban", 
was made in lhe Uvea of the varlolll elements on countJ' and ocaI roads tar tba Ja&er 
P8f~ ::':!v:pasV::&ed out at p.1O, lODger llVfJII GouJd be jusWled.. 

The weighted average livss shown above differ quite 
widely as between the two reports. The principal 
differencss lie in tIte livss assigned grading and struc
tures and in the treatment of grading on county and 
local roads, previously discussed (see above). Differ
ences in lives assigned surfacing are on the whole ra. 
latively minor, but those used in tIte railroad report are 
generally somewhat lower than those considered reason
able for use in the present report. 

The railroad report used a weighted av8l'&ge life for 
city streets which is 24 P8l'C8Dt lees than the 38 years 
used herein. Obsolescence in the case of the general 
run of city streets is of much lees importance than in 
the case of State highways. Street realignment is for 
obvious reasons practically impossible, and with the 
exception of possible express highways, street widening 
which ~ is restrioted, is tIte only remedy for trafIi~ 
congestion. On the other hand, long-lived elements 
such 88 grading and structures, have constituted ~ 
smaller portion of tIte construction costs of city streets 
than they do of the costs of State highways in recent 
years. All factors considered, the life of 29 years used 
in the railroad report is far too low. 

It may be noted, in this oonnection, tlta& the railroad 
report apparently has given very little weight to the 
effects of improved planning of highway improvements 
or to tIte higher types of construction of more recent 
years, as the lives assigned to grading and structures 
provided in the years 1921--37 are substantially the 
same as thMe used for improvements in existence on 



290 'AIDS TO MOTOR VEHICLE TRANSPORTATION 

December 31, 1920." Obsolescence ·and limiting eco
nomic life are the sole factors entering into the deter
minatio'l of the life of grading.'" In the case of struc
tures on State highways, obsolescence is also the prin
cipal factor where such structures are of more or less 
permanent construction. If grading and structures 
which were designed for speeds and traffic volumes 
far below those which influenced design between 1921 
and 1937, can be assigned lives of 50 and 25 years, 
respectively, much longer lives should be used in this 
later period." 

As indicated at pp. 61-63, considerable preliminary 
material gathered. in connection with the highway 
planning surveys was used in the final preparation of 
the present report. Although the greater part of this 
material related to the lives of surface types, some 
general opinions as to other elements were obtained. 
It is felt that the lives used in the present report arA 
reasonable. 

(a) Summary.-The total difference of slightly more 
than $4,000,000,000 in the amortization charges given 
in the two reports results from marked overstatement 
by the authors of the railroad report of the early invest
ment in rural roads, particularly county and local 
roads, from the failure to recognize salvage on certain 
types of road surfacing, and from the use of service 
lives for the various highway . and street elements 
which are generally too short. 

Mainta'1l.Qlll.Ce and operation expense.-The costs found 
in the present report for the period 1921-37 exceed 
those given in the railroad report by $1,309,207,000. 
Of this difference, $710,183,000 arises from the inclu
sion herein of the estimated cost of city traffic police 
for the period 1921-37, and of State highway patrols 
for the period 1933-37. These items were recognized 
in the railroad report as properly includible but were 
assumed to be largely offset by certain revenue pay
ments which were not included (see p. 51 of that 
report). This assumption is not justified. The greater 
part of the remaining difference arises from the manner 
in which maintenance and operation expenso has been 
estimated for cities of less than 30,000 population (see 
pp .. 44 and 46 of the railroad report and pp. 72-73 
herein), and from the treatment of relief expenditures 
in the period 1933-37 (see p. 101 of the railroad report 
and pp. 155-158 herein). 

• Grading on State highways and coUllty and local roads b .. been assigned the 
same We (60 yoan) and tbe life IWlrned st.ruotures on each of the 8:vstem1 hOI boon 
lDoreued 6 yearaover tbat Il8ed fot flCDltIes In e:r.:lstenOB on December 31,193). The 
IIf. assigned struotdl'el on county and 100aJ roads Is In reuGnable agreement with 
that uaod herelD. 

" It may be noted that In valuation proceedings heloro tbe Intentate Commorm 
Oommlsslon. the rallroadll strenuously urged that tbelr gradinc baa an lndeflnite 
tlte. ObsolMoence II relied upon to Justlty the lIO-year lite uaod lD lhenUroad report. 
( .... p .... ) 

"State hfabw671 onl,.. 

Annual cost8 assignable to motor-l!ehicle mar8.-Large 
differences are to be noted in the percentages of re
sponsibility for road and street costs used in the two 
reports." These differences are indicated in section F 
of table 0-1 and are summarized below. They are 
discussed further at pages 291-297. 

1 Exclusive ot wee. 

Percentage ot total 8DJ1ual coati
..,Igned to motor·veh1cle 11lIOI'I II 
• class. 1921-37 

State ~~o:. OItJ' Total 
h1gbwaJl roade Itreetl 

90.2 
81.3 

go. 0 48.215 '1G.l 
'D. 4 ZI.O to., 

These differences, together with the overstatement 
of annual costs previously discussed, produce costs 
assignable to motor-vehicle users which are $13,321,-
110,000 80 in excess of those found herein. This excess 
is distributed by road systems as follows: State high
ways, $2,184,968,000, county and local roads, $8,733,-
786,000, and city streets, $2,402,356,000. 

Motor-l!ehicle mer paymenf8.-The total motor-vehicle 
user payments found in the railroad report are $337,-
212,000 in excess of those used in the present report. 
Certain··omissions are stated to have been made in the 
railroad report because of lack of definite information; 
however, certain deductions made in the present report 
cause the payments found herein to be smaller. The 
principal items not included in the railroad report but 
which have been considered in the present report and 

It It may be userullD thlll connection to bavem summary form &be peroeotacee of 
motor·vehlde uaer responslbWty for road aod streets tound lD • Dumber of reportl. 
Use hal beeD made In part of table 1 of tho report of MetmL DUlmaD IUd other re
ferred to at p. 281. above.. 
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p i\eport OD Highway Costa. p. IX. 
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• CIOe p. 281, above) • 

: ~: ~~ ~~~ of Blah..,.,. Tal Structurel In 
Oregon • o. 10, pp. 112-113)_ 

There Is reuoubl,. dOle qreemenC In .. 01 tbe penentacel Ihowa for State 
h!gbwa,.; marked dUlereneea ut.t 1D the cue of &he r-. rural ~; tour of Cbe 
rcpor1ll agree OD flO peroent or tbereebouuln &be cue 01 city 1U'eOtI. the peroeoClp 
naed In the present report raIlIo. about midway between &he utremeL 

• PrIor to lDcloalOD 01125.000,000. tbe estimated aiel valne of surplDI war IDA"' 

terlats. or to other mlDor adjWltmeDla. (See p. 80. buelD.) 
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the page or table references to the present report are 
as follows: 

l1serJ>&Y
men .. 

DeduatlOD 
from .... -" --------~--------~----------

MIIooU .... UlB ......... C .. bleo28 .. d81) ••••••••••• t1u,!BO,OOO •••••••••••••• 

E:::~:U:tt, ~~r:h~~~-~~~-~~_ D, 157,000 • ___________ _ 
EIUm pro~ tues mcladecllD. nail-

rnp~ t~::::: :~j::.::-_::::::::: :::::::::::::: '=:m:= 
B"~~~.~............... 14J,8<2,000 

~~~cillierenoe:::::.::::::::::::::::::::::::::::: __ ~~~~_ --== 
In addition, several relatively minor sources of revenue, 
not considered as motor-vehicle user revenue, were 
excluded from the present report.81 

Under- or over-paymenl by motor-llehicle tiBerl.-The 
ra.ilroad report finds a net underpayment by motor
vehicle users of, $12,798,197,000 for the entire period 
1921-37, as compared with the net overpayment of 
$160,701,000 U found herein. If taxes be included, the 
overpayment as found in the present report becomes 
an underpayment of $760,443,000. The amounts firet 
given represent a difference of $12,958,898,000; if taxes 
were to be included in the present report, the two 
reports would differ by $12,037,754,000. 

These differences result from a combination of all of 
the items previously discussed, but principally from a 
marked overstatement in the ra.ilroad report of the 
responsibility of motor-vehicle users for road and street 
\IOats, use of costs far too high for rural roads in existence 
on December 31, 1920, and the inclusion of taxes as an 
element of highway and street \lOst. .Also contributing 
to the overstatement, but to a less important degree, 
are the use of service lives which are too short and failure 
to recognize salvage on certain types of road surfaces. 

Asrignmenl oj responribilily Jor road and atreet ooats.
The assignment of responsibility for road and street 
costs between motor-vehicle users and others and the 
inclusion of the interest and tax charges mentioned 

, earlier are made to rest, in the ra.ilroad report, on the 
so-called "publio utility concept." The reasoning em
ployed may be summed up as follows: 

, A publio utility is an enterprise which "functions as 
an agency of the State to perform a service to citizens 
of the State. Such an enterprise sells its services to the 
general publio in older to obtain the revenue for its 
support. Highways and streets fall clearly within this 
definition of a public utility," and have always been 
of this character. The early toll roads, the railroads, 
and the tramway and electrio streetcar have been proto-
·~ .......... _'CO<Ibo __ "'Ibo __ ........ _ 

Cd ___ ... OOO __ ... 'OOO_.o>_Ibo_"' ..... iD Il10'''''_ .. ., ..... 11'000, ____ ''' __ ... _ .. hhlbo_ .... _. ____ ~~ __ 

• Tbe amoaa.a ...... hi &be ~t nport aN DOIIIdJa:Md .. tIIbIIt.&8 1M ... ... - .. ~--- _pp. __ ....... OOJ 

types. Each provided its own facilities and users were 
charged for their support rather than the taxpayers. 
"When the motor vehicle appeared it was only another 
form of streetcar p08susing aU the commercial possibil
W8 oj the eleclric car" but differing only with respect to 
the character of the oW'I\ership. The motor vehicle 
needed "tracks." Cities had already provided such 
tracks, "largely Jor commercial'IJ'UTp08u/' but none that 
were adequate were available in rural 'areas. Free use 
of streets prevented the establishment of toll roads, as 
did the 817iall number oj vehicle8 and "a strong element 
of public opinion * * * opposed to the inconven
ience of such a method." Initially, reliance had to be 
placed on general taxes, but soon "public policy de
manded that highway financing follow the principles of 
the public utility concept." Special motor-vehicle 
taxes, "in effect, a form of toll/' were resorted to and 
"as the number of vehicles increased and their oommer
cial aspect8 became more clearly recognized, the charges 
were increased * * •. Taxpayers became more and 
more reluctant to furnish public money for highway im
provements, which were so clearly an economic or com
mercial enlerpri8e." (Report, pp. 1-2. Expressions 
italicized will be especially commented on later.) 

There are, however, "other reasons of an economic 
nature why the highways .Twuld 6e managed and 
financed as a public utility enterprise." (a) "* * * 
the capital invested * * • serves to produce 
wealth. This wealth benefits all the people but it does 
not distribute itself uniformly among the citizens or in 
proportions equitable with the payment of general 
taxes. It is distributed approximately in proportion to 
highway use or services rendered • * •. Conse
quently, the \lOst * * • should be paid for in pro
portion to highway service." (b) "Another economic 
reason" is that, unless the public utility concept is ap
plied, the several forms of transportation will not be 
on an equal footing. The result will be detrimental to 
the general welfare. (P. 3.) 

"The public utility _pt as applUd to liightDaY8 is 
widely accepted." (Pp. 3-4, 10.) 

Several "principles" flow from the public utility con
cept: (1) To avoid subsidy, ". • • the costs shall 
be paid for entirely by users"; (2) ". • • the costs 
shall be distributed among the users • • • on an 
equitable basis through the rates charged"; (3) ". • • 
the enterprise is a monopoly within its own field of 
service"; (4) ". • • the type and character of the 
facilities must be adjusted to the kinds of use which are 
ecanomically juatiJi«l"; that is, the facilities must be lim
ited to those which can be supported by the rates which 
can be borne by the users; and (5) "the publio utility 
shall be \IOnsidered as a system in which all parts work: 
together cooperatively for commOD service • • • 
in union there is strength. (p. 4.)" 

Physically, all highways and streets in. State belong 
to one system. The motol'-vehicle user l8COgIIizes no 
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political boundaries and is not concerned about the 
class of highway he uses. "He expects to use a.ll the 
roads when he so desires and hope8 to find them all serv
iceable." All roads and streets are dependent on one 
another; "trity street8 represent terminal, jacilities jor the 
trunk higlvwaY8 and the 8Uondary rural roads are branch 
lines or jeeder8 * * •. " Railroad trunk lines are 
similarly dependent on termina.l fa.eilities and feeder 
lines. A State is a separate lega.l entity and it a.lone 
must solve the problem of financing the highways. 
Politica.l subdivisions mean nothing in lega.l contempla.
tion; "aU oj these road reVen'IU8, except Federal aid, were 
determined by act8 oj tke State legialature." All roads in 
a State are in rea.lity State roads, a.ll should be treated 
a.e a single public utility, and a.ll revenues collected from 
motor-vehicle users must be set against the costs of a.ll 
parts of this public utility. Branch lines and termina.ls 
can not be expected to be separately self-supporting, 
"nor is the volume of traffic over a road, much less the 
origin of traffic, any criterion for the method of financ
ing such facilities!' Not only are "the so-ca.lled loca.l 
highways * • * important 'feeder' or 'termina.l 
fa.eilities' but their ready-to-serve va.lue to the motor 
vehicle is very rea.l * * *. The motor fJehicle has 
r6mooed the local use concept jrom these highwaY8 
* * •. Distinction between cla.eses of roads and even 
city streets and rura.l roads is fa.st disappearing. It is 
recognized that a.ll cla.sses of roads are essentia.l for the 
full service of the highway and street fa.eilities!' 
(pp.4-7.) 

"Highway improvements on all and any part of the 
pUblic utility are made 80lely jor transportation pur
P08es" and must be justified by the "transport bene
fits" to be derived from not only the particular im
provements but all other road and street facilities 
in the State. Such benefit8 are measured by what the 
tra.ffic will pay. However, despite the fact that more 
will be spent on some parts than on others, the cost, 
distributed on "some equitable unit such as a vehicle 
mile or a ton-mile" will be "much higher" on the less
used roads. However, the tota.l cost divided by tota.l 
traffic will give a unit cost which can be a.llocated among 
a.ll uses. "It follows, therefore, that if the highway 
management and finance are on a sound ba.sis, the traffic 
on any part of the public utility, paying rates equitably 
proportioned, will meet its full responsibility for a.ll 
the highway improvements on a.ll parts!' (Pp. 7-8.) 

The farmer should pay no land taxes for road pur
poses; he paY8 su.fficiently through special motor-1lehicle 
taus. Land may benefit by road improvements, but 
"justification for the improvements must depend upon 
the savings in transportation cost and not upon land 
production or increa.sed land va.lues • • *" (p. 8. 
See a.lso below.) 

"Of course, when a highway is improved for motor
vehicle traffic, the othe,. US88 represented by anima.l or 
foot traffic may continue and the general public, other 

than motor-vehicle owners, may thus profit by the im
prooemenl!' However, they may suffer inconvenience, 
as witness dangers inherent in mixed traffic and the 
burden put on those who place conduits under streets. 
"Light and air requirements within the cities have 
nothing to do with street improvements. They 
demand only space • * * an open field * * * 
or the open right-of-way." Paving in cities contributes 
to hea.lth, but "the motor-vehicle 11888 lhe pafJ6ment8, 
requires a.ll the facilities, and city dwellers receive no 
greater benefits from the paving than motor vehicles 
receive from the storm sewerage or drainage system 
for which they do not pay." (pp. 8-9.) 

"N ationa.l defense is no rea.son for highway improve
ments any more than it is a reason for building rail· 
roads, telegraph, telephone, electric, or any other 
public-utility service. In ca.se of necessity a.ll the 
nationa.l resources will be used for defense!' (P. 9.) 

Public vehicles (school busses, ambulances, police 
cars, fire trucks, etc.) "are instruments of socia.l use 
and as such their use of the highways justifies a charge 
against genera.l taxes for the support of highway 
facilities!' But such taxes should be merely propor
tionate to the number of such vehicles in relation to 
the tota.l of a.ll motor vehicles. "It is only a question 
of public policy whether the license fees and ga.soline 
taxes for such vehicles are to be paid directly into the 
public trea.sury or the amount credited to the highway 
transport industry!' Posta.l vehicles, usua.lly privately 
owned, pay motor-vehicle taxes in the same way as 
any other like vehicles and, if these taxes are pa.ssed 
on to the Government, the latter is paying as any user 
is. (p. 9.) 

"The question of special benefits to the owners of 
private property by reason of close proximity to high. 
way improvements admits of no consideration in the 
a.llocation of highway costs for rural roads!' The 
improvements are made to meet traffic requirements 
and not to benefit land. The same is true of rwoads. 
Private property is as often damaged a.e benefited by 
the close proximity of trunk highways. The benefits 
or damage do not affect the productivity of the land. 
If land va.lues are increa.sed, "it may be 8.SSumed that 
the extra use of the highways by vehicles engaged in 
transporting the products will pay their fair share of 
the highway costs!' If highway costs are charged 
against the land, then the costs of railroads and other 
public utilities should be similarly charged. (Pp.9-1O.) 

Use of genera.l taxes in the early days of motor 
vehicles and the continued use of such taxes for certain 
road purposes reflected a policy which "wa.e not in 
a.ecord with public utility finance and accounting. The 
problem iB now 10 place highway financing on II public 
utility /JCCOI.<nting basi8." The change in conditions 
wa.e gradua.l. "Those uses of the highways which 
existed before the motor vehicle appeared gradua.lly 
merged into the economic a.epects of the motor vehicle 
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and finally disappeared in the public utility concept, 
just 118 the old town pump disappeared when the modern 
water supply came into existence 118 a publio utility." 
Facilities provided "primarily for the benefit of motor 
vehicles" during this period of transition in many 
instances "constitute real values in the present high
way utility." All should be charged against motor
vehicle users except "the old rights-of-way, only, 
[which] constitute the government's real responsibility 
with respect to the costs of the present highway utility." 
These rights-of-way may be used by any publio utility 
enterprise (water, gas, motor-vehicle, etc.) and should 
be charged against such users according to the costs 
of the improvements which they respilctively require. 
"They also furnish accese to land, light, and air; and 
may, therefore, be claaeed 118 a common social require
ment." However, "all highway improvements such 118 

grading, drainage structures, bridges,· and surface ,hn
provements are essentially a motor-vehicle requirement 
[and] the motor vehicle should pay all the costs of such 
facilities." (Pp. 12-13.) 

Question remains 118 to when motor-vehicle responsi
bility began. The so-called Salter Report (1932) is 
citsd 118 having declared that the responsibility of motor
vehicle users for the aforementioned ''legacy from the 
Pll8t" WII8 oancelled by the "community uses" then 
made of the roads and streets of England and that all 
future road expenditures should be borne by the motor 
vehicle. The report of the special Royal Commission 
on Transportation of the Province of Ontario, Canada, 
rendered in 1938, is also cited as reflecting the public 
utility concept and 118 having used the year 1918 118 

the point at which motor-vehicle responsibility begins. 
This report rsoommends that $3 per capita be eet up 
as a charge against general taxes for the so-called 
"social neoessity value of roads and streets." (Pp.13"'" 14.) 

The railroad report adopts the "basic period plan." 
This plan "is to determine government expenditures 
for highway improvements on some equitable basis 
prior to the appearance of the automobile which is to 
be compared with expenditures for improvements there
after made to acoommodate it. If a period or a repre
sentative year oan be found which fairly marks the 
beginning of this transition, the expenditures of that 
time oan be used as fairly measuring the money value 
of those traditional uses of the highway before the 
motor vehicle became the predominant factor. Cer
tainly, all the costs beyond this amount are chargeable 
to the motor vehicle." (p. 14.) 

The improvements hrought down from the premotor 
period outweigh "any eo-calJ.ed traditional use that is 
not directly a motor-vehicle charge." .As these im
provements have decreased in value through depletion 
and obsolescence, ''so have the eo-calJ.ed traditional 
uses decreased due to the predominance of the motor 
vehicle. Consequently, there should come a time when 
the motor vehicle should properly be charged with all 

highway and street costs, excluding rights-of-way and 
sidewalks." However, owing to lack of data, it has not 
been possible to assign 100-percent responsibility even 
in 1937. The resulting "error benefits the motor 
vehicle at the expense of the taxpayer, because it leaves 
the highways still a subsidized public utility." This 
"major concession to those who contend that there are 
some highway costs which do not clearly benefit the 
motor vehicle" is made because "there is no way to 
isolate these costs if they do exist; nor is there any way 
to prove that all the so-called traditional uses which 
included important commercial uses, have been merged 
in the public utility I18pects of the present highway 
system." (Pp. 14-15.) 

Highway expenditures in several States and probably 
in the United States were for many years "quite uni
form in proportion. to population." The per-capita 
expenditure "did not increase appreciably for many 
years prior to the appearance of the motor vehicle. 
This per-capita expenditure before the motor-vshcile 
era may well be taken as the measure of so-called tradi
tionai.l uses, inaamuch 118 it represents lhe amounl which 
lhe people were 1UiUing 10 Bpefld for highway fruiJ,iIiea 
when Iller, tOO8 flO mol~ inj/:uenu." It is "futile 
to speculate 118 to what would be the highway costs 
today and who would pay for them if the motor vehicle 
had never existed. • • • The relation betwsen 
the average annual per capita highway expenditures in 
a period before the motor-vehicle era and that in a 
period of motor-vehicle operation may be assumed to 
represent the marim'llm proportion of the annual high
way coat for the later period that oan be charged to 
the so-called social or community requirements." 
(Italics in original.) The year 1904 satisfies the condi
tions stated and is used 118 the basic year. It is the 
first year for which data 118 to highway expenditures in 
the United States 118 a whole are available. There were 
only 55,000 motor vehicles in that year, but the in
crease thereafter WII8 rapid. "The reai.l signifioance, 
however, is not in the rapid rise of highway expendi
tures or in the rise of motor-vehicle registrations, but 
in the fact that men began to think of road and street 
improvements in terms of the motor vehicle, when this 
influence became a factor in the amount of money 
expended for highways and streets. • • • There 
is abundant evidence to prove that the motor vehicle 
had stimulated interest in road improvement before 
1904 and its effect on road expenditures after that date 
WII8 very marked. • • • The expenditures for 
1904 are, therefore, considered a generous measure of 
the monetary value of traditional uses and are acoepted 
• • • as representing the per-capita expenditure 
which the people were willing to make for highway and 
street facilities without motor vehicle influence." For 
rurai.l roads this per-capita figure was 97 centa or, 
rounded olf, $1. ... • • this method gives the 
highway users a free righ~-way, appraised in 19M at 
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$341,899,306, which increased in value with settle
ment and development of the country." (pp. 15-21.) 

Street expenditures of cities of 30,000 and greater 
population were $5.32 per capita in 1904, or much more 
than the 97 cents found above. This difference "leads 
to the conclusion that the higher degree of improve
ment of city streets which existed in 1904 offered 
facilities which were satisfactory for the use of the 
multiplying motor vehicles in the course of succeeding 
years. It was not until the highly intensified use of 
these facilities by motor vehicles and the increase of 
their unit weight within the period just preceding and 
following the World War had either greatly damaged 
them or rendered them inadequate and unsatisfactory 
that a rapid increase in per-capita expenditures 
occurred. For this reason a fair and reasonable con
clusion is that street facilities provided by a relatively 
stable per-capita expenditure in the pre-motor vehicle 
days were far beyond those defined here as community 
uses. * * * No doubt pre-automobile standard of 
street facilities extending into the period under con
sideration furnished services to motor-vehicle users for 
which they should pay a part of the cost. There is no 
feasible method, however, to reduce the per-capita 
expenditure in 1904 to a figure more truly representa
tive of the cost of facilities that community use alone 
would require. * * * Rather than assume an 
arbitrary division until better data are available, it is 
decided for this report to charge against the taxpayers 
all the per capita expenditures in 1904 as their obliga
tion." (pp. 21, 23-24.) 

No adjustment need be made for variations in price 
levels in the period subsequent to 1904 as such varia
tions "could have had little or no effect on the amount 
of money which was expended for highways. The 
best measure of the willingness of the public to provide 
highway facilities is the actual number of dollars 
appropriated or expended rather than the amount of 
work that was done." Also, "improvements made in 
the equipment used and in the art of roadbuilding, 
including better design, would tend to balance any 
increase in costs of labor or material." (Pp. 25-26.) 

This ·somewhat lengthy exposition of the reasoning 
of the three engineers has been necessary for a clear 
understanding of the issues presented. 

It will help, at the outset, to have a clear idea of how 
far the public utility concept advanced in this report 
has been accepted. The report states (p. vi) that it 
has been "approved by many authorities * * * 
and sustained by the courts as applicable to highway 
finance and to charges to users for highway service." 
The authorities cited (pp. 3-4) include Mr. Roy W. 
Crum, Director of the Highway Research Board, and 
Dean-Emeritus Anston Marston, of Iowa State College. 
It is true that these men have advocated this concept, 
but it is also true that it has gained little or no accept-

ance among highway engineers." Other authorities 
cited (p. 10) are W. S. Downs, himself an author of the 
railroad report; W. D. Ennie, whose report, as noted 
above (but not in the railroad report) was written for 
the Associated Railroads of New Jersey; the Werbitzky 
and Glover reports, written under the special con
ditions described at page 281; the decision. in BrlUJilearB 
v. Hughes, which was based on a record that admittedly 
was weak with respect to the evidence presented by the 
affected motor carriers and which therefore was not 
capable of appeal; the companion Missouri decision, 
which did not involve use of the underlying Werbitzky 
study; the Salter report, which, while directed primarily 
at bringing about an equalization of competitive con
ditions between rail and road transport and to that end 
seeking to impose costs on road users comparable to 
those borne by railroads, did in effect make a very sub
stantial allowance for "community uses," and which, 
by reason, among other things, of numerous protests 
occasioned by the failure of the committee to consult 
with road users other than motor-freight carriers and 
by the nature of the reasoning and conclusions, was not 
adopted by Parliament in revising motor-vehicle tax 
rates; and finally the report of the Royal Commission 
on Transportation of the Province of Ontario, which 
openly and in effect rejected the public utility concept." 

Studies which have not employed the public utility 
concept are not cited in the railroad report. 

Therefore, the statement (p. 10) that "whenever 
studies have been made to alloc.ate highway costs, the 
public utility concept has appeared and its principles 
have been followed," is misleading and erroneous. 

There appears in this connection one of several incon
sistencies or confusions of statement which make it 
difficult to appraise the report. In one place the writers 
state that soon after the appearance of the motor vehi-

II Comment on Dean Manton', view appean at p. 282, above. 
.. "It was tlrIed on bebaU of the RaUwsJ' ADoc1&tJOD of ClUlada that the hlgbwa,. 

,ystem of tbe Province aboold be considered and treated &18 pabUc utJUty would be 
treated It prlvatel,. operated. and fiDaDoed UJ)OD tbe UJUaI bull of pubUe-utUU,. 
accoUDUng. Thla would Involve charging the pubUe1,·owoed utlUty with tues, 
wltblnterest on ICSoUCStaDdinr: lavestmant COlt to dace and wtthlUCh lDDual amouD" 
&!II wouJd reUre tbe varfoDl Items 01 invtBtment cost duriD&' the estimated Uretlme 01 
tbe works conatmoted with each lacrement of I.ovestment. OD t.be other band. It 
was urged on bebaIf 01 tbe Automotive Trauspon A-.claUOD of Ontario that the 
provtsJon of blghwa,.. fa a fundamental obUI8Uon 01 government, and tbat the 
users 01 the blghwa,. shou1d not be directly charged. with aD7101D1 wbleb the Gov· 
ernment had to assume In order to provide the hIgbW8J&. 

"The CommlBslon does Dot accept either of tbese vlewpolDts. It doel, boW'ever. 
accept tbe principle lbat tben .. aD obllptlon on &be pubUa ... wbole to IDPplJ' 
Itsell wltb B bGsto qstem of roadJ and that such ObUga,t10D ... local D8CfI8Idt,. for die 
aoclal needs of restricted areas. Accord1ogJy ... II pointed out In chapter XU!" the 
COlt 01 IBtlJfylq theee wholll' local needB abould be IIBWD8d b7 tbe leal COlDIIID
Ditl'." (Repor&, p. 198.) 

"Whatever tbe lIDDuai COIl of the roads of tbe ProriDoe mal' be, It ...... Ident tbaC: 
lOme share of It abould be borne bJ' the public II ."bole. Every eltlseII. wbetber 
be penonaUJ' matea use of motor veh1_ 01' not, hal lID 1Dtere8l In the provision 
and maintenance of hlgbwaJ'lo wblcb .. UIOOlaIed with &be oomforIlUld coDnnfmoI 
of lIvtna: and the gen.allDClal weU·belDI 01 the communlt,.. Tbe combined IDtAnIt 
of all the memben of tbe oommWlltJ ID tbb reprd .. .baN called &.be 'IOClal-neoe.It, 
vaJue.·.. (Report, p. 112.) 

There lolla ... aD Itemisation 01 the "beDellts to aommDD81llfe dorded b, pabUa 
roads, aUogether aparl from the right to opente motor YehlcleI 011 tbem.... Local 
IUPport of rum! roadl and dtJ'ttreeCI on the bull 0113 IB' capita, wall maeated. 

NeI&b .. lhII report DOl' the 8aJ&er report lDoIuded &ani OIl &be hfab .... ,ID~C 
with road coN. 



APPENDIX 295 

ele public policy ,demanded "that highway financing motor vehicle appeared gradually merged into the 
follow the p~iples of the public utility concept." economic aspects of the motor vehicle and -finally 
However, a few pages on the report indicates that the disappeared in the public-utility concept." It pre
concept has not been used in the framing of State high- sumably means that hors9-drawn vehicles were gradually 
way plans and policies. "The problem," it is said, "is displaced by motor vehicles and that, owing to the 
now to :place highway' financing on a public utility greater mobility of the latter, the uses made of roads 
accounting basis." (Italics supplied.) No way of and streets were so broadened as to crllate a new con
reconciling these statements is apparent, and yet the ception of responsibility for costs. So interpreted, the 
first of the two is necessary if the conclusions as to statement is partially true. If, however, it signifieS 
subsidy are to be sustained. It is true that highway- that all such uses became economic in character, it is 
user ta.xes came to bear a large part of the cost of the in error. While the word "economic" is not defined 
highways, but these taxes were trivial in amount in 1912, and may suggest a variety of things, it can be inferred 
8 years after 1904, the year from which the calculations to refer to transportation uses and more specifically to 
in the report are dated, and did not begin to yield transportation that is competitive with other agencies 
large revenues until after the War. Also, for many of transportation (railroads or street railways). Clearly, 
years these ta.xes were used exclusively on the State however, a vast amount of the use of motor-vehicles 
system and they are now so used in large part. County has been created by the availability of such vehicles 
and local roads and city streets continued to be financed or is merely a substitute for local-movements which had 
wholly by general ta.xation and special assessments to occur by horse-drawn vehicles if they were to take 
until recently and they are still largely so financed.·' place at all. It is therefore erroneous in a high degree 
Taxpayers as such may have been reluctant, as the to assert that county and local roads are merely feeders 
engineers state, to pay ta.xes for road and street pur- of and city streets terminal facilities for the trunk 
poses, but the big job of building the inain highways highways. They do have these functions, just as they 
had to be disposed of before 1l10tor-vehicle ta.xes could served the railroads when horse-drawn vehicles were in 
be used in these other ways. The city resident and the use, but substantially half of all the mileage of motor 
farmer, surveying the street or road before his house, vehicles is made in local operations which in very large 
most certa.inly never conceived of it as "clearly an part are not competitive with any preexisting or 
Bonomio or commercial enterprise." presently existing form of transportation. The high-

The best test of the foregoing remarks and in fact of way planning surveys have abundantly shown that 
the major conclusion of the railroad report is to ask such is the case ... • Therefore, the effort made in the 
whether it would have been possible to have raised railroad report to build up the conception that all roads 
nearly $10,000,000,000 of additional revenue (the sub- and streets, from the busy main highway or street 
sidy figure given in the report) from motor-vehicle users down to the md de Ball or the dirt road used by oue or 
in the period 1921-32. The answer elearlyis "no." two farm families, are a unit must undergo serious 
In other words, roads and streets of the kind provided revision. The detailed analysis of road and street 
in this period could not have been afforded if their uses presented in chapter nI, above, need not be re
major purpose had been that of serving motor-vehicle peated here, even in summary form. It, however, 
operations and if motor-vehicle users had had to pay reflects the realities of road and street use and the 
a much larger bill. The functions of these facilities degrees to which it is possible to identify such use with 
were broader, as was their support... While the report the land served. There has been no fundamental 
states, and properly, that changes in the methods of change in this respect since the motor vehicle displaced 
road financing were gradual, it fails to reflect this the horse. Roads and streets are generally better 
trend in the conclusions'drawn as to the responsibility than they were then, but there still are tens of thousands 
for road costs over the period in question. As appli- of miles of country roads which no motor-vehicle user 
eation of the railroads' publio utility concept therefore would drive over unless he were identified in some way 
would have been self-defeating, the concept itself lacks with the farms or other property which lie alongside. 
the validity ascribed to it. Mere physical interconnection signifies little so far as 

Also diffioult to understand is the statement that the great body of motor-vehicle users is concerned. 
"those uses of the highways which existed before the . If, then, as the railroad report urges, the distinction 

• See 77-'/8. between classes of roads and streets is breaking down 
• T ... P!u....s .. pori 1 __ Boo 10 _lOot ....... " ...... tballoll_.... (and BUch is the case to only a minor degree), it is be-
::!::.o..~,=,:,,,:==:-~_~:.:::; ca~ of continu~ ~jeotion of the public ntility 
Is _ ...... 01 tba _I0Il_ 01 ibis -'>117 1S .. 1DdkioUo>D oItba -'07 01 pnnmple as conC8lved m that report. The end result 
::.::~.=~':.~::.!:.~:'...::: wowd be to place on motor-vehicle users lIB a class the 
IlIaDl' bad bwa &unled. rrnr \0 tM Sates or local ClDIJUIlUDiU_", aupport from. "Tbeawerqe1eoctboftriplmadeb,.1:raebwbicb traftlClldSidt'oIclbUm.l:tsIl 
..... Ia1: rtftllu-.. abou' II miles.. 
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burden of providing all the highways and byways of the 
nation. If such an attempt were made, motor-vehicle 
taxes would either have to rise to prohibitive heights or 
a vast mileage of roads and streets would have to be 
abandoned. Nothing is gained by discussing a problem 
of this kind in impractical terms. It requires no powers 
of prediction to state that the State and its subdivisions 
will not look upon their facilities as something whose 
services are for sale under a schedule of rates. Such 
procedure would carry the benefit basis of taxation to 
an extreme that no one else has had the temerity to 
discuss. Streets and roads are too closely knit in with 
the everyday life of the people to be pulled apart from 
other socislly-provided facilities, though certain streets 
and roads, viz, those which are essentially a general 
transportation medium, may be and in fact have such 
distinctive characteristics as to be treated in large 
part on such" a basis. 

It should be clear, from various of the foregoing re
marks, that the test for road and street improvements 
laid down in the ro.ilroad report is far too narrow a one. 
The report states that such improvements are made 
solely for transportation purposes and their justifica
tion is found only in transportation benefits. These 
benefits are, it is said, to be measured by savings in 
motor-vehicle transportation costs and all roads and 
streets are to be thrown together in computing such 
costs and savings. The answer to this reasoning is 
found in chapter III. Road facilities confer benefits 
not associated with motor-vehicle users as such, and 
society may devote funds to road purposes where the 
savings in transportation charges are negligible in 
proportion to the benefits expected to follow from the 

" expenditures, as, for example, by the removal of isola-" 
tion or sectional backwardness. There may be "sub
sidy" in such latter cases but it is not "subsidy" to 
motor-vehicle users as such. Thus, recent Federal 
road expenditures in less-favored areas are not and 
should not be financed by motor-vehicle users, except 
to the extent that they use the facilities. (See p. 27, 
above.) Considered alone, the nonmotor-vehicle uses 
of road and street facilities are of larger p.roportions 
than the railroad engineers appear willing to concede 
and they are not to be minimized by considerations of 
inconvenience, any more than the responsibility of the 
motor-vehicle user is to be lessened by the mere fact 
of his sharing a facility with pedestria,ns, bicyclists, 
or telephone poles. Furthermore, these uses which do 
not arise out of motor-vehicle operations are not going 
to vanish to a point where they can be considered 
compensated for by a "free" right-of-way. They are 
in every way as vital as motor-vehicle use and would 
remain if such use were to cease. They do not, to be 
sure, require as high a degree of improvement as that 
to which roads and streets have been carried under 
volume traffic, a fact which has been allowed for in the 
present report, but they cannot be submerged and ulti
mately eliminated without causing all business and 

social intercourse to cease. Streets and highways are 
to be supported 100 percent by their users, as the rail
road report states, but the users comp~e all of society 
and their relations to the State are far broader thaD 
those which arise out of motor-vehicle operation. 
These facts seem so self-evident as not to require serious 
explanation. 

Confusion exists also as to the treatment which the 
railroads intended to give the facilities handed down 
from the period before motor vehicles became numerous. 
At one place it is asserted that only the cost of the bare 
right-of-way so brought down is to be taken out of the 
motor-vehicle user's bill; elsewhere it appears that the 
cost of all improvements so brought down are so to be 
treated and that, as these wear out, there is left only 
the old right-of-way as a residue of "government" 
responsibility. The point is not important quantita
tively, but it leads the writers of the report to the con
clusion that, in not charging motor vehicles with 100 
percent of the responsibility for roads and streets in 
1937 (the last year covered in the report), a major con
cession is made to those who do not think all the costs 
should be borne by the motor vehicle. The amount so 
conceded is, nevertheless, labelled "subsidy." Here 
there is failure to let the reasoning used lead to its own 
conclusion. If a share of the cost should be borne by 
others, it.should be removed from the picture entirely. 

All of the foregoing remarks have laid a basis for ap
praisiug the reasoning and statistical computations from 
which the specific percentages of motor-vehicle responsi
bility presented in the report are derived. The pro
cedure there used is to find out what was being spent on 
roads before the motor vehicle made its appearance, to 
consider this amount the measure of "so-called tradi
tional uses" of roads, to convert it to a per capita basis, 
to find the percentage rise in per capita expenditures 
thereafter, and to consider such rise a measure of the 
road costs that are attributable to motor-vehicle users. 

Needless to say, this procedure largely discards th& 
reasoning hitherto employed in the railroad report. On 
this basis, motor-vehicle users Dever would assume 
complete responsibility for road costs. 

The present report employs the same reasoning in 
part. However, it does not find that 1904 is a good 
year from which to start. There were only 55,00() 
motor vehicles at that time and their use was largely 
confined to streets. The "good roads" movement was 
not even then in full swing. As late as 1912, there were 
only 312,000 motor vehicles, few of which were owned 
on farms or made much use of rural roads. Special 
taxes collected from their owners aggregated the insig
nificant sum of $1,000,000. Roads were still being 
designed principally for horse-drawn vehicles, as witness 
the destruction which was subsequently wrought by 
faster moving, rubber-tired motor vehicles. Possibly 
aware of the weakness of their initial year (which in 
fact was selected because of the availability of data), 
the authors of the railroad report state that more 
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signifiea.nt than the rise in per capita. expenditures 
a.fter 1904 was the fact that men began to think in 
terms of motor vehicles. This new means of tra.ns
portation, it is said, had in fact stimulated interest in 
roadbuilding before 1904. Therefore, it is stated 
further, it is generous to set up even 1904 expenditures 
as the measure of the "traditional uses." 

There is no denying that cross-country runs, tests of 
the endurance of both car and driver, created an interest 
in better roads around the turn of the century. How
ever, fanners had very few cars and substantially no 
trucks in 1904 and were no keener about paying for 
roads for the "city motorist" than they had been 
before about Inaking the trips of city bicyclists Inore 
pleasant." The real test was what city owners were 
being asked to pay for rural roads and the answer is 
that they paid substantially nothing in 19M, or as 
late as 1912. It is also very important to note that, 
when city Inoney began to flow in volUlne into rural 
road channels, it was the Inain highways that got all 
the Inoney for Inany years. To forget this fact and 
assign like responsibility for all rural roads is distinctly 
not in accord with what was actually transpiring. 

It is necessary, if use is to be Inade of the "basic year" 
Inethod, to start with a Inuoh later year than 1904. 
The year 1915 is used in the present report." Even 
this year is not entirely satisfactory, as there is every 
reason to believe that per-capita. road costs would have 
gone on increasing without motor-vehicle influence." 

Application of the reasoning elnployed in assigning 
responsibility for rural roads led to serious diffioulties 
when the authors came to city streets, for here an ex
penditure of $5.32 in 1904 stubbornly refused to advance 
for 10 to 15 years. In this dilelnma, it is reasoned that 
the expenditures which had been Inade on streets be
fore 1904 provided improvelnents which "wers far 
beyond those defined hers as community uses." The 
figure of $5.32 mould, it is said, be out back to give 
what the cities should have spent had they been mind
ful of what their real oommunity needs were. How
ever, lacking a statistical basis for such a reduction, 

'the 1904 expenditures are used as a measure of the 
so-called traditional uses. 

Comment is hardly necessary. Suffice it to say that 
improvelnents of city streets were far from adequate 
in 1904 and that, without Inotor-vehicle influence, 
they would have increased steadily as health and 
other community standards rose.-

There are other points, such as the failure to adjust 
per capita costs for changes in price levels, which could 
be mentioned if space perlnitted. Already, however, 
more consideration has been given the railroad report 
than it appears to merit. 

• a.p.t ..... .... • n ........ __ • ___ ... __ .. -...Iho --... pp. ........ 
·Soop. .. 0110 ... 

In using the public-utility concept the railroad engi
neers were seeking to place on users of roads and streets 
the same kinds of costs that are incurred in the private 
provision of right-of-way facilities: This objective has 
not been discussed on its merits, as it goes to questions 
of tax policy rather than to those of costs and public 
aid with which this .report is concerned. .It may be 
noted, however, that consideration has been given to 
the pUblic-utility concept in chapters III and IV, above, 
mainly as a means of orientation as to the nature of 
road costs and uses. The interest charge and the per
centage of motor-vehicle responsibility for State high
ways which the railroad report adduces from this con
cept accord substantially with the treatment given these 
items in the present report. Divergence becomes 
marked in the treatment of taxes and of responsibility 
for the costs of county and local roads and city streets. 
This divergence results from the failure of the railroad 
report to reflect the realities of road and street use' and 
to give suffioient weight to trends appearing in the period 
after 1921. The result is oVerelnphasis of motor-vehicle 

'use of streets afid roads, of the unity of all streets and 
roads; and of distant as compared With short-haul uses 
of these facilities. The statistical delnonstration of the 
extent of motor-vehicle responsibility does not follow 
out the adopted pUblic-utility concept consistently 
and is in itself open to serious criticism. 

Other aspecte of the railroad report now require 
consideration. 

Oompariaoo oj methods 1UIea in 1M present report and 
in 1M railroad report in allocating cosls 10 grouPIl oj 
molor lIekicles.-Tables G-2 and G-3 present, the latter 
in the form of multiples, the general methods followed 
in the present report" and in the railroad report in 
allocating the assignable annual costs of all highways 
and streets for 1932. Also presented in table G-3 are 
multiples derived from Glover's use of the increment 
method." A comparison cannot be presented for each 
of the detailed elelnents, owing to di1ferences in the 
methods used in the several reports. Thus, in the 
present report construction costs of flexible pavelnents 
and excavation are allocated in a eingle step, while in 
the railroad report the costs represented by the latter 
elelnent are allocated with those of structures.- Also, 
in the present report costs arising from the additional 
width requirelnents of vehicles other than basic vehicles 
.T ... malllple_ ... Iho __ ..... __ (I)TboS .. _ 

1ho_0I .......... ___ ... _ .. 1ho __ _ 

.. 1ho_0I ........... _· __ <-pp._.-(J)_ .. _ ... _01 __ .. _ ...... ____ ___ 

(Soo ...... cw_pp.lIIl-l6S). T ... _Io_la_lH ... dlHl 
• -.mmod:IfIed.- and the ..... MmodIIIecL· 

·SOOp. ... __ .... __ .. ____ _ 
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have been treated with the elements affected; i. e., addi
tional pavement widths with pavement costs, etc., 
whereas the railroad report disposes of all additional re
quirements as one item. The comparison is therefore 
confined to the two major cost elements (construction, 
maintenance and operation) and to total costs. Owing 
to the large differences in the costs assigned in the re
spective reports to motor-vehicle users as a class in 
1932," a direct comparison of costs would indicate to a 
large extent differences arising from the basic amounts 
to be allocated. Therefore, the comparison is presented 
on a relative basis only. The multiples are based on 
costs assigned to the basic vehicle as l. 
. An over-all comparison of the costs allocated to the 
several vehicle groups is presented in columns 2-5 of table 
G-3. In the case of annual costs represented by con
struction, the largest charge assigned to any vehicle 
in the present report (over 5-ton combinations) is 
33.8 times (37.1 times as unmodified) the cost assigned 
the basic vehicle, while in the railroad report the over 
5-ton for-hire combination is charged 85 times the 
amount assigned the basic vehicle. Glover made no 
distinction, in assigning costs, between private and for
hire vehicles. The maximum assignment of costs in 
that report is to the group of largest trucks designated 
X (those greater than 5 tons rated capacity) and 
amounts to 33.3 times the cost assigned to the basic 
vehicle. Maintenance and operations in each of the 
reports varied between smaller limits. Thus, in the 
present report the maximum charge is 5.3 times (over 
5-ton for-hire combinations) that against the basic 
vehicle (column 6), whereas the maximum multiple 
found in the railroad report is 36.6 for the same type 
vehicle (column 7). Similarly, in the Glover report 
the group of largest vehicles is assigned costs approxi
mately 15.2 times those set up against the basic vehicle 
(column 8). 

On the basis of total annual costs; i. e., the sum of 
the foregoing construction costs and maintenance and 
operations expense, the maximum charge in each in
stance is to the group of largest for-hire trucks and 
amounts to the following multiples of basic vehicle 
charges: 20.8 (21.3 unmodified), 65.0, and 28.1 for the 
present report, the railroad report, and the Glover 
report, respectively (columns 9-12). 

The multiples given above depend not only on the 
method used in allocating the individual elements of 
cost but also on the number of vehicles or vehicle-miles 
entering into the allocation, and the relative importance 
in the total assignable costs of each individual element 
(rigid pavement, etc.). Differences in method have 
been illustrated in table G-2 and are discussed in more 
detail in the following pages. Little difference exists 
between the railroad and present report as to the 
number and mileage of vehicles or as to the relative 
distribution of costs of all road and street systems 

.. Bee table 0-1. 

between elements. However, owing to the fact that 
it is confined to a single State, substantial differences 
exist between the Glover report and the present report. 
Even if all other variables were the same, these dif
ferences would exert considerable influence on the 
multiples of over-all costs. 

The following tabulation indicates the distribution 
of total assignable costs to the principal cost elements 
used in each of the reports: 
P .. centag. of d88ignable a .... ual coal. arioing from Ih. pri .. cipal 

elements oj road and 8tre~ co.ta til used in thB preaent fepm1, 
the railroad raporl, and Ih. Glo ... raporl 

CapItal aosta arls1Da: from-

MaiDte-
Roport Dance Total 

coall I-_P_._v..,..men_t __ 1 Grading ~= 
Rlgfd l"Iexlblo 

-----1---1---1---1-----
Present.______________ 18.2 
RaUroad.u___________ 18.' G1ovu. ______________ • 81.1 

118 
11.7 
2.8 

17.2 
21.15 
03.3 

1114 
11.6 
I ... 

41.' 100.0 
8ft. 7 lin 0 
26.1 100.0 

The extensive mileage of rigid pavements in D1inois 
accounts for the larger percentage of the costs that is 
ascribed to this element in the Glover report. 

The results of the various methods used in each 
report in the allocation to vehicle groups of the costs of 
the several elements" are indicated in the following 
comparison of the percentage of the total charge per 
vehicle arising from each of the elements. 
P .. unt of Iotal com por vehicle d8 found in the pr.....t raport, tho 

railroad raporl, and lhe Glovor reporl for .meted .. hicZe IVpu 
arioing from the ..... al.z.m.m. of co.1 

Capital ail 

Vehicle Cype and repoR PavemeDl Oradlns 
1--.,---1 (lnda'· 

Blold _":~ 
-----~--I--II--I-----

11.2 
9.6 ... 
L3 

17.0 
12.8 
".0 
28.1 

.... 
U 
.. 0 
<.1 

lLa 
12.. 
1&4 
18.4 

u 
U 
2.8 
2.8 

".8 .... 
... 2 
28.8 

1L7 
118 .... ,.., 

JOO.O 
IIno 
IIno 
100.0 

100.0 
100.0 
IIno 
IIno 

The effect of the Glover distribution of basic costs is 
apparent in the percentages here given; i. e., costs aris
ing from rigid pavement are much higher for the basic 
vehicle, etc. However, the greater part of the difference 
between the railroad report and the present report 
arises from differences in method of allocation to vehicle 
types. 

&I Wltb allowance. of ooune. for &be fact thal ID the Olov« 1'8poR u.. NlaU .. 
dJatribattoD of costa II somell'bal dlft't'l'l!oC from that roand ID the pnaDt repon and 
the railroad report. 
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TABLII G-2.-Compariltm oj melhodo oj 4lloeolill/l .... 10 /0 fII"OUp. oj mo/or oehie/u ... od in ''''' radroad repore with u.o. .... od in 1M 1"""" 
report, includill/l a compariltm with ''''' incr.m"" melhoa .... a in GIo!Jer repore ( ... p. '81) 

Governing factor In cost 
Method employed In-

TnJO of 0001 and Highway or street aUocatloD and prino1pa1 
road or atree\ eJemen' vehicle or oUler char-- P ... p ... - _ UIBOOD.I1dered IIaIkoad .. port ref ... 

PreeeD, _ "" ... ...,. ODOO 

capital 00It1: 
Bural roads. ___ P ........ t:RlgId. Tblabl",: Wbeo1loada ••• 00 Dl 
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TABLB G-2.-ComparUOJI 0' .... ,Iu>do 0' allocaling co.18 10 group. 0' molor ~ •• hicle8 w.d in 1M railroad reporl ";Ih 11u>,. Uled in IhI pr .. ..., 
reporl, including a compa .... OJI with Ih. incr_ moIIUld wed in Glooer reporl ( ... p • .eBl)-Contlnued 

Type of cost and 
road or stree* ....... Highwa7 or street 

element 

Method employed In-

~~~~~~~ �------------------------r--,-------------------------r---
vehicle or other 

characteristics oonstdered lIal1roadreport 
Pap Page 
refer· Present report refer .. .... . ... 

-----------1-----------1--------------1----------------------1 ~----------------------I 
Oapltal coste-OOD. 

Rural roBdI ____ Pavement: Flex· 
Ible (noept 
eartb). 

Earth roads ____ • ______ • ____ • _____ ._ 

Thickness: 
W beel load (raIIrood 

report). 
Pressure lnteDllty. 

=gac:e'hrct:-l:a~ 
(p ...... tr.port). 

Gradlng _______ • ____________________ All: Use made of, aDd ad-

ditional requirements or 
various vebtcle 1f00P'. 

structl1l'8L ______ • ________________ ._ Width and weight: v. 

:'~fo:ter~~ 
inI characCerbtlc:a. 

Relative thfcJmess requirements of 
varloOl vehicle groUpI derived .ID a 
manoer aIm1lat to that wed for rigid 
pavements, except tbat raUM ot tbe 
square roots ot tbe wbee110ads are I18t 
lortb Instead ot tbeoretlcal thicknea 

tbickne83e1 are 
Index on tbe as
nt of tbe costa of 

den Ie pavement vary with tblekn_ 
and tbe rema1n1n.g 10 percent are con· """' .. [Glover bas fonowed tbe Mme method, 

::ele~,:~=~}nt has been 

Same .. eart.b roads. The additional 
008ts lIISigned to vehicles witb greater 
reqolrem .... thaD '"- of thO bu'. 
veblcle are as II6l lorth onder rigid 
pavementa-wldtb-c1van above. No 
8lIow8noe II made lor auy apoo1do ele
ment, IUob 88 gradIng, ete.; however, 

:rJe~;~Tctu!~r~~~~:: 
anoe lor suell lacton 11 12 percent. 

~~~~==,!arederlvodOD 
(Olover: Bame .. above, ucapt that 

widUl requJrements speel4cally dec&
loS gradlns are set fonh separately. 
See rigid paV8ID8Dl-wtdtb.l 
rd:~ above._ ... ___ ._ .. _ •• __ ..... 

OltJ:.treetl,alL ____________________ AD: Sameururalroadl_ Same.rorruralroadll.coeptthatnoq. 
algnmeut ot 009tI to othso than bMlc 
vehlcl. tor additional width nqau. 
manti bu been made. 

[010 ............. 1 

71 01 &he total OOIds. 05.2381 perormt h .. bGeD 
..peel to all vtblel. and tbe rem.mlDl 
'-7618 peroent to vehicles with roqa'" 

bi:~ 'f:,:::m~: :::Ie~id"': 
and othan have been MSamed to be tbe 
I8ID8 at pavement widtb requiremenLl. 
No adjustment bas baeD made loroonslaat 
_II. 

88 Same • lor rural roadI .......... _. ___ ........ • 

03 

111 

111 
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TAllLII G-2.-Compa";.on 0' IftIIIhod. 0' tJl/oool'ng ... 1o 10 group. 0' molor re1r.U:la ... ed'n I1u! railroad rlporl wilA lhoa • ... ed ... I1u! pr ..... , 
rlporl, .ncluding a comp"""o,, wilA I1u! ....... mmI m.tJood Uled ... G/oIJIr rlporl ( ... p. '81)-Continued 

Governing raotor In oost Method employed.ln-
~ O!, 0::.--:4 BJah~..!!!:me' allooatlon and prJnctpal page Page 

Ql&em ~ • ~u: ~~end BaUroadrepor& refer- PreleDt report refer-

__ --------�r---------�--------------I--------------------~~,~---------------------~~~ 
)laID&8DaDoe OOIIts: 

R ........... aU. •••••••••••••••••••• 

OoDstracIIou _ 

8'1 

taU 
total W'e&I' 0DmPl,l 

from the produc& of total tracUn pull at 
road aurt'aoe. diameter 01 tire aontaet area 
and &ramo volume 011 ODUDtr u4 local ....... 

In DO case hal tba method. used .bared tile 
costs 8SIIlgnable to any given UOUP with 
those of any other lfOuP, aslll the case or 
capltaloom. 

Sam:e ., tor rural roads. 8l'fI6pt II the 00II&1 
treated aboft on Ihe basil of k'81!lo volume ... _ .. ~t .. 01&7_ 

MIIDteDatleI and operatlou ........ ToIaI_ 

I-:::-PnlooD=:;::;'r"'3port~~llIaII"'ad 01..... PnlooD, Railroad Olover ~D'''port 
Unmod!· Modioo report; nport.l repod report repon' tJ"nm.od1. ModJ.. - Olo'fV ....... ........ 

lied. lied' fled • 6&d • 

LO LO 
1.7 ... 
604 U 

~~=~=~~b ... ~.~=.=.:-:-::-::-:-~~~~::-::-:-::-::-:.-::-::-::-::-::-:-::~~~;t~,<~~~;~~!'~-(~~~t~,+:~~:~~~~~~::-::-::+-~(~~ir:~.~~ro~t~!·h:~~~r7~:-::-::-:'--~~n~~o~~r.r-~rn~~~-
00D~ ,=:':'.~~.: ............. _.......... u 1.7 t.O •• _ •••• -'... Lf U ••••••••••.• 

(It) (12) ... ',0. ... .... 
I.t 

•• 11) ......... __ ....... ___ ............................ _....... 1.0 1.0 '1.8 ~~~_________ Lf, ,"0 __________ _ 
Ofti' lID I. 8 a. 8 lL I ___________ L 6 I. f, __________ .. " 

°oa;mu' ~~_~~~:~~~~~~~~~~~~~:~~~~ . 'I.' a. 6 1.1 __________ .. _ ~ 0 a. f, __________ .. _ 
lto8) 8.1 8.1 af, ___ .... _______ t.f, IL7 _________ _ 

Tlus..~lir:::::::::::::::::::::::::::::::::::::: JU u "8.1 •••••••••••• .., .JU •••••••••••• 

Prifttetrueb: Pvm tructa. .. _ .... __ .. ________ .. _ .... _______ _ 

01her private: 
La LO .•.... - .•... 
"I ... b~ ~K":diiiiibU-i:----~ ...... -.. -· 

~biDatiOii=:::::~::::::::::: tl lZ t¥ t:~= 
Iud latI Uaull: E:tl::: _Je............................ I.. 1.1 IILI E-LL-ComblnatlOlll .. __ .. __ .. _________ I.f, &8 18.' P-&L __ _ 
a.1InIle ~.---.. --.. -____ .... _______ 1& 'I 17.8 AI 0_111. __ 

t::..m&::b1DUlODL. .. -----~ .. -----.. ----.... - no 18..1 4&' 1::1::: 
81 ..... _ •••••••••• _ •• _.......... 10.. 11.. If. 0 

... hbo: ComblualioDa................... ...8 10.0 00.0 

lI'.:l\.~iiOiiiWil:··· ... ·.···...... ... u I.' 
___ •••.•••••••••••••••..•.•••••. '0.0 U U 

.0Dd~~...................... ...1 U U 
=~------------ ...... ---- ~~: It: ::~ ~aboft

~:;._..;iOOO'::::::::::::::::::::::: It: :: ::: 

.1 

LI 

U 
I.T 

t.7 ... 
La 
La ... 
1.1 ... ... 
La 

1.1 ... ... 
u 

.7 _ •• _ ••••. 

1.1 

... 
1 ... 
12.7 1'" 
.U 
"'8 

U 

7.1 .... 
'1.1 
• 604 .... .... '*_. 

LO La I.l 
1.7 1.7 U ... ... La ... U U 
U U 1&1 
'.1 7.t ILl 

LI .8 .1 

U .. 0 1.1 

U ... 604 
U .. 0 U ... 1.7 '1.1 
LI ... .... 

lo.t lo.t .... 
11.1 IL, .... 
11.0 11.0 .... 
1604 1'" .... 
1.1 ... ... 
1.7 ... ... 
1.1 ... ... 

18.. ... .... ... U ,1.4 
17.1 17.4 .... 
... 0 17.t .. .. 

=..-.u ... : .... ::::::::::::::::. ::t It: :u &.8 '.1 ft.1 lR.O ... 
.. I.. :lL1....1 

A-U. 
B-I.L 
O_L7 .. 
D-'-'. 
B-6.8... 
P_7.& 
O_ILI. 
H-lfL8. 
X_&L 

!&--



302 AIDS TO MOTOR VEHICLE TRANSPORTATION 

Many individual points of difference are indicated in 
the comparisons presented in table G-2, which in vary
ing degrees contribute to the markedly different results 
presented above' and in table G-3. The more impor
tant of these differences have been discussed at pages 
147-149, and are considered in more detail in the pages 
following. However, before discussing these matters, 
attention needs to be directed to one factor which, 
though common to practically all of the steps taken in 
making an allocation 'to vehicle groups, is in some re
spect used in a different manner in each of the three 
reports. 

The present report and the railroad report, after the 
assignment of increments of cost (see table G-2) to 
vehicle groups, reduce these increments to a per
vehicle charge on the basis of vehicle-miles or appear
ances in traffic. On the other hand, Glover's increment 
basis uses solely the number of vehicles. In each report 
the unit of measurement (either vehicle-miles or number 
of vehicles) is used in a manner which makes each group 
share in costs considered to be specifically assignable to 
it and in all costs of groups with lesser requirements. 
It would appear that the number of appearances in 
traffic, measuring as it does the extent of use of a facility, 
is the more appropriate basis. There is, however, one 
rather important difference between the railroad report 
and the present report in the use of vehicle-miles. 
The former considers the costs and travel of all systems 
together, while the latter treats such items by systems. 
The differences in the results thus obtained reflect the 
importance of the costs of a given system and the dis
tribution of its traffic between vehicle groups. The 
cost per vehicle of rigid pavement assigned on the basis 
of use is approximately the same computed by either 
method in the case of passenger cars. However, on the 
basis used herein the for-hire 5-ton combination is 
assigned rigid pavement costs amounting to approxi
mately $303, with which may be compared costs of 
about $260 that would result if all systems are con
sidered as a unit. 

While different measures of vehicle use (vehicle-miles. 
or ton-miles) have been used in allocating other capital 
or maintenance costs, the costs and allocation factors 
in the railroad and Glover reports have been treated 
without regard to system, whereas, with minor excep
tions," all costs in the present report have been allocated 
by systems. Owing to the fact that there are substan
tial differences in the relative use of the several systems 
by each vehicle type, it is believed that the basis of 
allocation used herein, which reflects the variations in 
the cost and the use made of the respective systems by 
vehicle type, gives more reasonable results. 

(a) Rigid palJemenJs.-A substantial part· of the 
total charge against heavier vehicles represents rigid 

.. In the cue 01 .. ralatlvel, minor proportion of malntenanoe DOlt. allocated on the 
bull of ftIIPOWbUity for wear arising lrom ven.loalloadtDp, (Bee table p~. oolamlll 
SandO.) 

pavement costs. Thus, of a total charge of $545 ($518 
unmodified) against for-hire combinations of greater 
than 5 tons capacity found in the present report, ap
proximately $355, or 65 percent, is ascribable to this 
factor." In the railroad and Glover reports such 
charges against the heaviest vehicles, exclusive of addi
tional width requirements on rigid pavement, account 
for 37 and 68 percent, respectively, of the total. Ad
justed to include the costs arising from additional 
width requirements, these percentages become 42 and 
69, respectively. 

Comparison of the methods used in the present re
port and the railroad report in the allocation of the 
various elements of cost has been presented in table 56 
on a basis similar to that used in table G-3. The 
greatest charge against any vehicle group found in the 
present report occurs in the case of over 5-ton for-hire 
combinations and amounts to 91.9 times the cost as
signed the basic vehicle. Exclusive of additional 
width requirements, the railroad report finds charges for 
the heaviest for-hire combinations ($1,019.03) which 
are 272 times those found for the basic vehicle. Ad
justed to include the additional width requirements, to 
secure comparability with the multiple given above for 
the present report, this figure becomes 310. The charge 
against the heaviest vehicle group as found by Glover, 
similarly adjusted, is approximately 86 times that 
against the basic vehicle. 

The Glover report, with the exception of two impor
tant steps, follows generally the same method as the 
railroad report. The two steps are Glover's assump
tion of a minimum thickness of rigid pavement necessi
tated by the basic vehicle above the computed theoreti
cal thickness," and the detarmination of per-vehicle 
costs, as previously noted, on the basis of number of 
vehicles only. 

The failure of the railroad report to recognize a 
practical minimum thickness produces a relative tbick
ness requirement for the heaviest vehicle 3.16 times 
that of the basic vehicle. This relative thickness re
quirement compares with a ratio of 1.58 in the present 
report and of 2 in the Glover report. Previous state
ments by the authors of the railroad report, as set forth 
at page 84 herein, indicate that these engineers 
would not consider practical thicknesses as small as 
those used in their allocation. As indicative of the 
impracticability of the minimum thickness of 2.6 inches 
adopted for the basic vehicle, their qualifying state
ment that "the thicknesses • • • were deter
mined solely for the purpose of reaching a ratio of thick
ness which is translated into a ratio of cost," is illumi-

t7 This amount re8eots tbe additional requlmnenCi of vehIeIee I11'III' thaD the bute 
vehicle. Tbe raJJro..d and OlovlI' zeporta treat such requ1mDentlal*8te!7. 

" Glover dotennlued that. theoretloaJ center tblctn_ of 2 ioeb¥ wu required bJ' 
tbe basic vth1clelUld. 8laohu fOl' &he h.vttltlfOUP 01 veIIlcleI. 80 ...... hlsaeluaa 
aenter Ihlckn8S1 W8I obtalDed bJ' Ilddlnc. ooostant &bIcm .. of 21nobe11o all tbel). 
~tJcal tblckD:8IS6I. dYing" IDeb. u that D8CellltaLed b, &be hulc nltl. IUd 8 
IDabel for the heavIeR poop. All es:pJanathm 01' &be DIe 01 tbtl CIOIDdaD.& &blctoee 
of 2Incb_l, not 11'ftD. 
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nating. If, as stated by engine8l'S of the Bureau of 
Publie Roads (see p. 84, above), a 4-inch center thick
ness represents the thinnest pavement which would be 
constructed. by them under practieo.l conditions and 
then under only the most favorable cireumstances, the 
ratio of thickness developed in the railroad report would 
m.ea.nthat pavements in excess of 12 inches would be 
necessary to maintain such a ratio for the heaviest 
vehicles. The mere fact that the results are to .be used 
for a "ratio of cost" would not diminish this praetical 
effect. 

The assumption in the railroad report, through use 
of the "corner formula," that the pavement thickness 
requirements of various vehicles are in proportion to 
the square roots of their respective wheel loads assumes 
loadiug at a point and completely disregards tire con
tact areas and unit pressure intensities, thereby result
ing in an overstatement of the maximum thickness re
quired by heavier vehicles. Thus, the fact that the 
heavy wheel load of a large vehicle is distributed over 
a much greater tire area than that of the basie vehicle 
is not considered. The Westergaard formula used in 
the present report, in addition to compensating for 
variations in unit pressure intensities, encompasses 
other faotors not covered by the "corner formula." A 
oomplete disoussion of both formulas appears in chapter 
VI and appendix B. 

The thicknesses as found in the various reports have 
been tro.nelated into a cost index. Owing to adjust
ment for oonstant costs, the resulting multiples of 
aggregate pavement cost requirements would be some
what less than the multiples of thiokness indicated 
above. 

(b) Fkr:ibla pall6fllw8.-Flexible pavement costs 
account for a much smaller part o( the toto.l costs 
a.'lsigned to various vehicle groups in the railroad and 
Glover reports than do rigid pavement costs. On the 
other hand, owing to the use in the present report of 
pressure intensities as the basis of allocation (unmodi~ 
lied method)," the upward trend of charges with 
inoreasing size and wheel load, found in the ease of 
rigid pavements, is diminished considerably. In sev
eral instances, notably farm trucks and other small 
units with high pressure intensities, the charge for 
lI.exible pavements oonstitutes a substantiol part of the 
totol.Thus, on the unmodified basis given in the 
present report, the charge against the heaviest for-hire 
combination constitutes only 5.9 percent of the totol 
cost of $518, whereas, in the case of the farm truck if; 
amounts to approximately 24.9 percent of the totol." 
Asboth the ra.ilroad report and the Glover report have 
used the square root of the wheel load as the basis of 
allocation, the heaviest; charges fall upon the heaviest 
vehicle. 

• Bee .. bIt ao Ul4 pp.. ... -'l'ho_bllbo __ ODiho _____ _ 

Uld eraclhW: wWa Ilu:lble,........... HOWl,..., &be I*WUaIII att- ........... -_II. 

In : the railroad report 26.8 percent of the toto.l Cost 
assigned thllheaviest for-hire combination arises from 
lI.exible pavemElnt costs. The comparable percentage 
as' found by Glover .for the heaviest group is 8.6 per
cent." Naturally, the smoll percentage of lI.exible s~ 
face roads in Illinois, as 'compared with the nationo.l 
percentage, is of controlling importance in this instanoe. 

On a relative basis, the· railro!\d report charges the 
hea.viest for-hire vehicle, in the oase of lI.exible pave
J;D,ents, 308"· times the amount' found for· the ba.sie 
vehicle and Glover 194 times. On the unmodified 
basis given in the present report, the maximum assign
ment is to the for-hire combination of over 1M and less 
than 3 tons and represents 19.4 times the charge against 
the basic vehicle; The charge against the heaviest 
for-hire combination is 13.3 times- that to the basic 
vehicle. In fact, if vehicle-miles were Dot used in the 
allocation, the heaviest charges' would generolly be 
against the smallest trucks, since their pressure intensi
ties are as a rule much greater than those of the larger 
trucks. 

The modification of the method of allocating costs of 
lI.exible pavement finolly adopted (see table 57 and pp. 
150-155) changes substantially the distribution of costs 
presented above. The adopted costs increase with 
weight and mileage, and the maximum charge against 
the heaviest for-hire combination is. 22.8 times that 
against the basic vehicle. The costs assigned to the 
farm truck by this method are only 1.3 times the 
charge to the basic vehicle, as compared with a similar 
multiple of 3.2 obtained on the unmodified basis. 

Fundamentally, the railroad report follows the same 
method that is used in the ollocation of rigid pavement 
costs. With the exception of the adjustments made to 
establish a minimum thickness for rigid pavements and 
to compensate for constant costs, Glover o.lso has 
followed a similar method." The principal difference 
between the railroad and Glover reports is that the 
former uses vehicle-miles in its allocation, whereas the 
latter uses number of vehicles only. 

The adjustment for constant costs made in the 
allocation of rigid pavement costs in the three reports 
has been directly made in the case of lI.exible pavements 
only in the railroad report. No adjustment for con
stant costs has been made in the present report, for the 
reason that the method of ollocation used is largely 
independent of this factor." 

While the costs of lI.exible pavements are not the most 
important element to be allocated in a highway cost 
study, their allocation represents one of the most diffi
cult problems. However, it is believed that. judged 
solely from the viewpoint of theoretical responsibility 

Aillclodes"adl_ .... _ wldlb ___ _ 
....... .... __ bl_., ... _ ........ __ 

.,,~1oo&Dote. Abo_&abIII a. p. 1ft • 
• Tbe9l1IIQuslmeIda atbIsam~ ~t ... U. dUIaa:a Ia tt.1IIIaUY8" _ ....... __ bllbo .... ., ___ .. _L .... _ 

"' ___ III .. _ ... _'bIo .. _ 
.8etpp. ..... 
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for costs (see p. 150), the present method gives more 
reasonable results than any heretofore presented and in 
particular that designated as the square root of the 
wheel load. This view is substantiated by the Bureau 
of Public Roads. (See p. 148.) 

On the other hand, it has been recognized, in use of 
the final modified method, that the square root of the 
wheel load has exerted abme influence on the design of 
roads as they were constructed during the period under 
consideration (1921-32) and particularly in the earlier 
part. However, on the basis of data presented at 
pages 150-152, a substantial modification of the method 
used in the railroad and Glover reports has been 
adopted for use herein. There appears to be no sup
portable evidence that the costs of flexible pavements 
were increased 1.5 times to accommodate vehicles 
heavier than passenger cars, as is claimed in the railroad 
report." The portion of the costs of flexible pavements 
(one-third) allocated on the "modified square root of 
the wheel load" basis adopted is assigned 70 percent to 
passenger cars and 30 percent to other vehicles, the 
latter amount being distributed to the various vehicle 
groups in proportion to the square root of their impact 
wheel loads. On the basis of available information, it 
is believed that this method provides a more reasonable 
approach than that used in the railroad or Glover report. 

(c) Grading (including earth roads).-Grading costs, 
including those of earth roads, have been allocated in 
the present report (unmodified basis) with flexible pave
ment costs and in the railroad and Glover reports with 
those for structures. The modified basis used herein 
in the allocation of grading treats this item separately. 
In the comparisons which follow, using data provided 
by the unmodified method, the element of grading has 
been segregated in each case. 

In the present report (modified basis), the maximum 
charge for grading has been assigned to the for-hire 
over 1~- and less than 3-ton combination and represents 
23~7 percent of the total costs assignable to that vehicle 
type. The charge to the heaviest fOl,:-hire vehicle con
stitutes only 6.8 percent of its total assigned costs. 
The method employed in the railroad and Glover re
ports in the allocation of grading costs is on the basis of 
vehicle-miles. In the former report, the greatest 
assignment is to the largest common-carrier bus and 
represents 10.5 percent" of the total cost assigned to 
that type vehicle. The total charge to the heaviest 
truck combination is slightly less, but on a percentage 
basis is much smaller. It is of interest to note that the 
charge to these two vehicle types for additional width 
requirements is greater than their share of the basic 

II Glover ftndl that mcb 00ItI were Inereued 2 UmeI to lOCODlIDodate lb_ ame 
vehicles. Allowing (or additional reqnfremonta81 to width. etc .• the Increase In 00ItI 
UIOlDed (or other than pasl81lP1' can becomes 1.0 and :1.1 tor the raIJroad and Glover 
ftlportl.l'08pectlvely. 

road costs."' Glover's maximum assignment of costs is 
to the heaviest group of trucks and constitutes 4.1 per
cent of the total charge to that group. 

The comparison of maximum charges with those 
assigned the basic vehicle produces relative charges of 
8.3, 11.5, and 4.1 for the present report, the railroad 
report and the Glover report, respectively." As indi
cated above, these maximum charges apply to over 1~
and less. than 3-ton for-hire combination, largest com
mon-ca.rrier bus," and heaviest truck groups, respec
tively. 

The unmodified method used in the present report 
("pressure-intensity vehicle-miles") results in relative 
maximum charges which are midway between those 
found in the other two reports. 

On the unmodified basis, all grading costs are 
allocated solely according to the "pressure intensity
vehicle-mile" method. Owing to the fact that pressure 
intensities of the smaller trucks and busses are generally 
greater than those of the heavier vehicles, the use of this 
factor in combination with vehicle-miles, though it 
generally produces higher charges for the heavier 
vehicles, has eliminated any large variations between 
light and heavy trucks. However, the heaviest charge 
by this unmodified basis is against the for-hire com
bination of over 1~ and less than 3 tons capacity and 
amounts to 32.6 percent of the total costs assigned to 
this group. The costs so assigned for grading are 21.7 
times those of the basic vehicles. The charge against 
the heaviest for-hire vehicle amounts to 8.9 percent of 
the total assignable costs by this method and is 14.8 
times the charge to the basic vehicle. 

While the range in maximum costs for grading is 
higher in the present report than in the other two re
ports, it is believed that the latter, through use of 
vehicle-miles as the sole basis of allocation, have failed 
to allow for differential cost requirements of the several 
vehicle groups, particularly those arising from unpro
tected surfaces. 

(d) Structuru.-Costs of structures in the railroad 
and Glover reports are allocated on the eame basis as 
grading; i. e., in proportion to the total vehicle mileage 
of any group and the number of vehicles in that group. 
In the present report, 95.238 percent of the cost of 
structures has been assigned to all vehicles and the 
remainder to those with additional width requirements. 
This cost element, when allocated to the several groups, 
generally produces smaller charges than those arising 
from any other element and represents in the case of 

II Includea coati ufsl.aa from addltlcma1 width nqulnmeDtL 
., ThDJ. the largest oommon-carrt .. baa .. oharpd. .1.22 for Jl'ldlDc OD the bulo 

road and m.lIl for adcUUcmal w1dth reqolremeDte. LIkewIIe. &he _vIeR trIlCIc 
combination II ob:.arged .J.U and S7L7I. re.pea&lftI7. 

• The oharp to &he beavl.t truck aomblDatJOD lD the nDrc&d repoR II ~ 
allabUy below that to the ...... commo.....mer bus. 
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the heaviest group only 4.2 percent of !.he total assigned 
costs. Likewise, the charge against the heaviest groupe 
in the railroad and Glover reports accounts for 2.8 
and 2.9 percent, respectively, of the total costs. On a 
basis relative to the charge against the basic vehicle 
multiples of 7.8, 11.8, and 4.2 are found for the heav~ 
est vehicles in the present report, the railroad report 
and the Glover report, respectively. ' 

(e) Maimmance and op/ll"ationB expense.-Thls ex
pense group, as is indiea.ted in table G-2, is alloea.ted in 
each of the reports by a combination of several methods. 
The railroad and Glover reports allocate these costs on 
the vehicle-mile basis and on the ton-mile basis. The 
present report has used three methods; viz, vehicle
miles, pressure intensity-vehicle-miles, and a basis 
intended to take care of abrasion and raveling,1t which 
represents a combination of several factors. 
. In each of the reports those maintenance and opera

tions costs not related to the traveled way or to tra.flio 
wear and tear have been alloea.ted on the basis of each 
group's contribution to the total vehicle mileage. Of 
the total maintenance and operations expense, 71.6, 
30.1, and 44.6 percent have been 80 alloea.ted in the 
present. report, the railroadreport and the Glover report, 
respeotively. Except for minor dilferences resulting 
from slightly dilferent annual mileages and numbers of 
vehicles, the maximum multiples of basic vehicle 
charges as found in each of the reports are in substantial 
~ent. Thus, the maximum multiple of the basio 
vehicle charges is 5.2 for ths heaviest for-hire combina.
tion in the present report, 5.0 for ths same unit in the 
railroad report 00 and 3.3 for the heaviest group in the 
Glover report. 

The remaining maintenance and operations expense 
has been alloeated in a manner which in each report is 
assumed to measure each vehicle's contribution to wear 
and tear. The railroad and Glover reports have 
adopted gross ton-miles as such .. measure. As indi
ea.ted in table G-2, wear from vertioal loa.dings, and 
abrasion and raveling have been handled separately in 
ths present report. The result of the assignment of 
expenses arising from wear and tear pla.ces II maximum 
charge against the heaviest vehicle which is 56 times !.he 
charge against the basio vehicle in the case of the rail
road report and 27.8 times in the case of the Glover 
report." The combination method used in the present 
report rssults in a maximum assignment to the heaviest 

.800 .... '-" • - __ ..... 110 .... __ 10_~ 
::..:-..:::"".....::" boo_ -.. ..... ___ 110 .... __ • 
·-___ .. _110 .... ____ .... _ • __ mIIoo&o ____ ....... boo __ 

for-hire group which is 5.6 times that to the basic 
vehicle.1t 

The railroad and Glover reports consider too large a 
part of !.he total costs of maintenance to arise from wear 
and tear associated with vehicle characteristics. Also 
it is believed that there is little basis for the assum; 
tion that !.he responsibility for such costs varies accord
ing to gross ton mileage. 

REPORT ON mGHWAY TAXATION, FINANCE, AND 
ADMINISTRATION BY NATIONAL mGHWAY USERS 
CONFERENCE 

A few comments may be made, by way of contrast 
with the foregoing, on a report on Highway Taxation 
Finance, and Administration, prepared by represen~ 
tives of member associations of the National Highway 
Users Conference and released by the conference in 
December 1938, shortly before the appearance of the 
Breed-Older-Downs report. The two reports serve to 
emphasize how far apart the railroad and highway 
groups, as thus represented, are on essential points. 

The highway group advances a fivefold classifiea.
tion of roads and streets.- The several classes and 
the methods of support recommended for each are as 
follows: . 

1. Main trunk interstate highways: ThosQ which 
connect the principal centers of population and on 
which "ths tra.flio is predominantly general," to be 
constructed and maintained jointly by the Federal 
Government and motor-vehicle users. 

2. Main ~ State highways: Those which connect 
!.he principal population centers in each State (includ
ing connecting streets) "on which tra.flic is predominant
!y·general but does not include !.he major portion of 
m~tate • movement," to be supported mainly by 
motor-vehicle users but, because of their effect on the 
general welfArs, entitled to Federal support. 

3. Intermediate highways: Those which "constitute 
the principaJ. feeders (mcluding farm-to-market roads) 
to the main trunk highway systems • • • • and 
to railroads and waterways, on which the tra.flio is 
predominantly intrastate in character • • • and 
which, to the extent they serve agriculture and the 

• T ... _-" 10"" __ """_"11.1"-"",, -----_ ...... -.. _--__ u_.b7 ... __ ftd_ .... _ .. _paD ...... 
___ ...... Il10 __ ... __ .. _--
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general welfare of the State, may be regarded as roads 
of general motor use," to be supported by motor
vehicle users to the extent of such general motor use, 
by the Federal Government to the extent they afl'ect 
the general welfare, and by general revenue of counties 
or· comparable local subdivisions to the extent they 
contribute to local welfare. 

4. Land service roads: Those which connect with 
roads of the foregoing three classes, "the principal 
service of which is that of giving access to the land 
traversed or penetrated by them, and on which the 
traffic is predominantly a movement originating at or 
destined to properties immediately served by them," 
to be supported exclusively from the revenues of the 
counties and comparable subdivisions other than special 
motor vehicle imposts. 

5. City streets: (a) Arterial highways, which carry 
through traffic and connect with roads of classes 1 and 
2, to be supported to the extent of their general use by 
motor-vehicle users and the Federal Government and 
otherwise from the general revenues of the city; and 
(6) all other streets, predominantly local in their use, 
to be supported from local revenues other than special 
motor vehicle imposts. 

Traffic surveys intended to show the nature and 
extent of the use are the only means suggested for the 
placing of a given road or street in its proper class. 
The criteria given are very general in character, in 
contrast with the definiteness that characterizes the 
conclusions of the railroad report and also those of 
the present study. Thus, there is no indication of 
the extent of the assumed Federal responsibility for 
all except land-service roads and streets, though on 
the other hand there is a clearly expressed declaration 
that the Government should cease collecting special 
excise taxes on motor vehicles, tires, accessories or 
motor fuel."' Federal sharing of the cost of maintain
ing all roads and streets, except those noted, would be 
a distinct innovation, except as relief .expenditures 
may have shown that there is justification for per
manently breaking down the established doctrine that 
maintenance is strictly a State and local matter. Fail
ure to provide for any use of general State revenues also 
is objectionable, in view, among other things, of the 
merit of State-aid under some circumstances. The 
emphasis on the "predominantly general" character 
of the traffic on roads of classes 1 and 2 is also question
able in view of the findings of the highway planning 
surveys as to the preponderantly local character of 
motor-vehicle operations. 

.. EUmlDatloD or th8lOIIIclJea I, Just18ed OD the ground of the Government', oblIga
tion to carry the maD and provide tor tbe national defense. Tbeae oblfgaltoDl ap
pear. howover. to bave been Invoked. too laeUely. (See pp. 22-23. 27 and M-65, above.) 

It Ie of interest to recall \hat bUIs were Introduced in COngreBI and paad the 
BOIUe 1D the period JOlt before the Federal Aid Act was passed lD IDle. which wouJd 
have eauaed. Federol Bid to have taken the form of P8yme,nta (or the privUege 01 
oslng the roads In dellvering the mall. PaymenLi were to be on • mlieap basil od 
to vary with the type of road. Back of thIs propoaal wall the dll1re to protect Statal' 
rllb .. and local autonomy. with empbul! on the type of IoeaJ road that W8I believed 
to be of most lDlerest to the farmer. (A. P. MacDonald, Pederal AJd-A Stud, of 
the AmerlcaD Submd, System, pp. ff1 ft.) 

Also to be noted is the emphasis given to State . 
planning. For this purpose, all roads and streets in a 
St.ate are to be treated as an organic whole and from 
such a planned highway program "there should be 
developed an annual budget of funds needed for high
ways." The practical difficulties which would be en
countered in dovetailing Federal, State, and local 
budgetary provisions for roads and streets are much 
greater than the report appears to have assumed. 

The Cost elements recognized differ from those used 
in the railroad report and also from those used in the 
present study. Taxes are excluded, and properly, but 
interest is limited to that on actually outstanding debt 
incurred for highways of general use, and no provision 
is made for amortization except as highway debt has 
been incurred and is written down from year to year. 
The budget is to include the first cost of new highways 
and of improvements. Such a provision presumably 
would preclude further borrowing for highways and 
streets and make future construction or improvement 
work largely dependent on what residue of funds re
mains after the necessary costs of existing roads have 
been provided for. 

It is further stated that the annual budget "should 
not exceed the economic return from resulting road 
service," that new roads "must in every instance be 
predicatJed on traffic needs," and that the program of 
development of a State "must be consistent with and 
measured by the taxpayer's ability to pay." Measure
ment of the "economic return," if that term can be 
given definite meaning, is most difficult; traffic needs 
alone cannot determine whether a given road should 
be provided; and the "taxpayer's ability to pay" is 
somewhat indeterminate, particularly when Federal 
contributions are considered. If the language quoted 
is intended merely to recommend that conservatism 
in road expenditures is desirable, no serious objection 
can be taken to it. 

Special motor imposts, it is said, should be used 
solely for highway purposes; no diverson would be 
permitted. However, as indicated at pages 54-55. 
there are conditions under which diversion is both 
appropriate and desirable. 

All special motor imposts should ''be reasonable and 
equitable in amount and incidence;" they should "tend 
to encourage the use of motor vehicles" and "should be 
determined in harmony with basic technical and 
economic analyses as the science of highway transport 
advances." These general precepts are coupled with 
statements as to the forms the taxes should take: A 
motor fuel tax in all. cases and a registration fee, the 
latter "graduated according to weight or horsepower" 
in the case of passenger cars, "based on mileage operated 
and graduated according to seating capacity" in the 
case of busses, and "graduated so that it will increase 
more than directly with weight" in the case of truc~. 
A weight-mile basis is recommended, therefore, only m 
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· the co.se of busses and no specific indication is given of 
the extent to which the truck fee should "increase 
more. than directly with weight." 

All in all, the report is so very general that it does not 
contribute greatly to the solutiop. of the problems it 
discusses. 

Comments could also be offered on the studies of 
methods of determining road costs which were made Ii. 
number-of years ago by members of the committee on 
transportation economics of the Highway Research 
Board, a. division of the Na.tional Research Council." 

II See Proooedt.nIIt BlahwaJ' Research Board, 8th meetlDa, 1929, pp. BOO-68; 10th 
meetlDl'. 1930. pp. ~: 12th meetinl. 1932. Pp. 2IH&; and 13th meeUDg, 1933. 
partlaularl,. pp. '10-116. The name of the oommlttee varied. In thJI period. Deaa 
T. R. All. of Iowa State Oollep, W8I CIha1rmau ill eaob of the 7earB lnd1clted until 
1982, wbeD Proreuar 1\. L. Morrison. of the trnivemlt:v of MlobIgan, began IotIDS lD 
&hat oapacdty. A brlet aummary of the IOveral reports Is given by W. L. OI11IJl,. 
Dtrector of tho Board.. tn BDIf,neerlDg Newe-Record.lllD129.1uly IS and 18. 1m 

These reports are of particular interest beca.use of 
the attention given to the problem of determining the 
costs of individual roads or stretches of road: That 
the methods recommended in the papers given· were 
not always accepted by members of the Board is 
indiCated by the discussion that followed the offering 
of the reports. Points of criticism, suggested by the 
analyses developed in the present report, include the 
use of present value of righ~f-way eo.sements in 
determining wha.t WILS designated "cost of construction" 
and the fa.ilure to consider any deduction from costs to 
reflect reSponsibilities other than those of motor
vehicle users as such. As these and other points of 
difference can be readily discerned by those who are 
fa.miliar with the reports, no further discussion appears 
necessary here. 
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