
DISCUSSION ON FLEXIBLE SURFACES 

PROF. W . S. HOUSEL, University of 
Michigan: As has been previously stated 
by several investigators, the design of a 
flexible surface is no different than the 
design of any other structure and consists 
of two essential parts, first, determmation 
of the stresses resulting from the loads 
which are to be earned; and second, cor­
relation of these stresses with the resist­
ances which may be furnished by the 
matenals of which the structure is built. 

While this general statement holds, the 
problem at hand is complicated by two 
special conditions. First, instead of an 
articulated structure made up of an as­
sembly of structural members which may 
be rather easily isolated and placed in 
equihbnum, a flexible surface involves 
stresses in an indefimte mass and the 
equihbnum of elements of mass which 
must be so selected as to properly repre­
sent the dimensional effects that are 
involved Second, instead of homoge­
neous matenals to which the normal laws 
of elasticity may be apphed the soil and 
soil mixtures used in the structure are not 
elastic, and most of all they involve defi-
mte discontmuity of stress relationships 
which prevent the logical apphcation of 
the laws of elastic behavior in any but 
qualitative terms. Quahtative similanty 
has some value but a rational design is 
impossible unless stress and resistance can 
be correlated in quantitative terms meas­
urable by available test procedures. 

Considenng the two major subdivisions 
of structural design the six papers pre­
sented make up an exceptionally well 
balanced program. Two of the papers, 
the one by Spangler and Ustrud and the 
other by Benkelman and Lancaster, deal 
with stresses imposed on the flexible sur­
face and subgrade or methods of deter-
minmg those stresses. Two more of the 
papers, the one by Palmer and Barber and 
the other by Burggraf, are concerned with 
available resistance of the materials in the 

structure and methods of measunng and 
integrating this resistance. The remain­
ing two papers by Hubbard and Field and 
by Goldbeck are a direct attack on the 
problem of design of the complete struc­
ture and suggest methods of evaluating 
the combined resistance of surface and 
subgrade. 

WHEEL LOAD STRESS DISTRIBUTION 

In the paper on "Wheel Load Stress 
Distnbution beneath Flexible Type Sur­
faces," Spangler and Ustrud have re­
ported results of a preliminary series of 
tests performed in the laboratory on a dry 
clay subgrade compacted to an approxi­
mate dry density of 114 lb. per cu. f t . 
This subgrade was placed m a concrete 
bin on a 6-in. layer of coarse gravel and 
was 2.5 f t . thick. Three types of surfaces 
were used in the reported expenments 
consisting of two well graded gravel base 
courses 3 and 4 in. thick and a well graded 
sand-clay base course 5 in thick. 

The results of the tests mdicate what 
might be anticipated from the procedure 
used, that the subgrade was relatively 
rigid and pressure distribution curves are 
qualitatively similar to those obtained 
from numerous series of such experiments 
that have been conducted since the first 
recorded work by Kick and Steiner in 
1879. Spangler and Ustrud indicate 
that quantitatively the results are not 
entirely adequate as some expenmental 
difficulties were encountered with the car­
bon stack measuring devices. The pro­
tection of these carbon stacks by rubber 
packing is open to senous question as a 
source of differential deformation which 
would concentrate pressure on the more 
rigid carbon plates. 

One is forced to agree with Spangler 
that the results presented represent a 
progress report and throw some hght on 
the experimental difficulties which must 
be overcome in order to obtam authentic 
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data on the picssurcs acting at the con­
tact plane of the flexible suiface and sub-
giade. One is also foiced to agi-ec with 
the authois that the apphcation of these 
data to actual field conditions is not 
possible 

In this connection the wiitci would hke 
to emphasize sevcial statements by the 
authois that have been lecognizcd by 
othci invcstigatoi-s but not gencially 
lecognizcd by the piofcssion as a whole 
In the intioductoiy discussion it is stated, 
"the lelative stiffness of a pavement and 
its subgiade is one of the icasons why 
final studies of subgrade stresses should 
be made on actual pavement stiuctures 
in the field lathei than depending w holly 
upon laboratoiy studies where it is impos­
sible to duplicate actual subgiade and 
base couise conditions " " In gencial i t 
seems piobable that the less stiff the sub-
grade in relation to the base course, the 
wider will be the subgrade stiess distubu-
tion and the lower the maximum stiess at 
the subgrade surface directly beneath the 
load " 

The extent to which these statements 
may be ti-ue was cleailj'^ demonstrated to 
the writer in a series of load tests made 
in the field on gravel bases and oil aggre­
gate surfaces built ovei both plastic clay 
and sand subgrades These tests were 
conducted by the Michigan State High­
way Department and have been lepoited 
in a preliminaiy waj"̂  * There seems little 
necessity for duplicating the discussion 
refciied to, and it is sufficient to say that 
in most cases m this seiies of tests the 
mats weie sufficiently rigid in relation to 
the subgrade to leverse the usual sequence 
of stress reactions I t w as found that the 
load tiansmitted to the subgrade imme-
diatety under the bcaiing area w as a mini­
mum and did not reach maximum values 
until loaded areas had punched thiough 
the base This disturbing behavior has 
been undei study but final conclusions 

' Supeiior figuies refer to list of lefeienccs 
on page 324 

have been delayed laigely because of time 
consuming woik on related laboiatory 
resistance tests 

Howcvei, these tests confiimed the 
wliter's long-maintained position on load 
tests and bcaiing capacity of foundations 
in gencial, namely, that it was impossible 
to duplicate field conditions adequately in 
the laboratoiy and impiactical to find a 
substitute until we had identified the 
lesponsible factois of lesistancc moie 
completely than is gcncialK the case 
today 

Thcie aic sc\cial other statements and 
tentative conclusions made by Spanglci 
and Ustiud that might be discussed with 
piofit After having lecognizcd the pos­
sible effect of relative I igiditj of pavement 
and subgrade the authois piocccdcd to 
make tests undci limited conditions of 
relative rigiditv and diaw some conclu­
sions which were gencial c\cn though 
tentative 

This statement applies to conclusions 1, 
2 and 4 given in the paper The wiiter 
definitely questions the geneial validity 
of the statement "the maximum pressure 
occuis on a relatl^ ely small area directly 
beneath the contact area" in the light of 
the authore' previous statement and some 
experimental evidence cited above. To 
go furthei and even suggest a tentative 
formula foi the maximum pressure relat­
ing pavement thickness and giving con­
stants for different total loads obtained 
under the limited test conditions seems 
like a dangeious pioccduie I t is tiue 
that the tentative conclusions are pref­
aced by a concise statement of then limi­
tations, but the temptation foi the unini­
tiated to use the formula maj' v ci v easily 
be too great 

With respect to the hist conclusion and 
the applicability of the Boussmcsq solu­
tion and Giiffith's conccntiation factor 
there is much to be said and a great deal 
has been said m icpoits of previous imcs-
tigations and i evicw s on picssui c distribu­
tion This question may be discussed m 
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conjunction with some of the introductory 
remarks in the authors' discussion. After 
referrmg to a number of previous at­
tempts to formulate a design procedure 
for flexible surfaces they state, "these sug­
gestions need not be discussed here 
I t IS sufficient to say that all of these sug­
gested formulae are based on speculative 
concepts of flexible pavement perform­
ance and that none of them has an ade­
quate expenmental background. Very 
little expenmental work has been done 
in the field. A few pertinent data were 
published by Goldbeck in 1923, Older in 
1924, Spangler in 1930 and 1940, and 
Goldbeck m 1937 and 1940 " 

This rather sweepmg dismissal of pre­
vious attempts seems to be wholly unjus­
tified particularly when i t is considered 
that the present mvestigation itself is 
limited to the restncted phase of pressure 
distribution which probably has the most 
complete expenmental and theoretical 
background of any problem m soil me­
chanics. Undoubtedly there is a defimte 
need for additional expenmental data 
under the specialized conditions of a pave­
ment surface supported b j ' a plastic sub-
grade, but i t appears that this need will 
only be met by the introduction of a con­
siderable range of variation in the relative 
rigidity of the component parts and not 
by the repetition of experiments which 
have been quite adequately covered by 
previous investigations. 

Excellent reviews of both experimental 
work and theoretical developments of 
pressure distnbution have been made 
available by Kogler and Scheidig' and by 
Cummings.^ A long list of names which 
are associated with pressure distribution 
studies could be added to those given by 
the authors but suffice i t to say that the re­
peated venfication of results qualitatively 
and quantitatively establish the adequacy 
of the expenmental background for pres­
sure distribution under idealized condi­
tions. When special conditions are 
selected as they usually have been, i t ap­

pears that the various elastic equations 
including the original Boussinesq formula 
and all extensions of that solution repro­
duce the results of observation with quite 
remarkable accuracy. 

The problem of interpreting this knowl­
edge and extending i t to more practical 
conditions has been discussed at length, 
and a number of important conclusions 
have been generally recogmzed. Cum-
mings states the two most important con­
clusions as, "(1) the manner in which the 
pressure is distributed over the contact 
area must be considered and (2) the equa­
tions of the theory of elasticity must be 
modified before they can be applied to 
soil." I t IS generally recogmzed that the 
elastic equations become inadequate at 
pomts close to the load application which 
IS particularly sigmficant because i t is in 
this disturbed zone that the soil is over-
stressed and the limit of load carrying 
capacity is estabhshed. 

I t IS also generally admitted that the 
basic assumptions of the theory of elas­
ticity are all violated in the critical region 
of stress Under these important prac­
tical conditions the soil is not elastic and 
definite discontinuity of stress-stram rela­
tionships have been recognized since the 
early work of Strochschneider. Cum-
mings notes two general methods of fur­
ther progress m calculatmg stress dis­
tnbution in soils under these conditions. 
The first is to retain the general frame­
work of elastic theory introducing addi­
tional constants which alter the elastic 
equations. The second is to eliminate 
the elastic theory as the method of attack 
and proceed on a "rational" basis which 
recognizes the failure of the basic as­
sumptions. 

In a discussion of this subject the 
writer supported the latter method and 
expressed the opinion that the value of 
elastic theoiy had been exhausted.'' The 
imperfections m elastic theory are too 
deep-seated when applied to a plastic 
medium subjected to discontmuities of 
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stiess and stiain to permit further exten­
sion The wiitci still holds this opinion 
and believes the cuticism \ alid even w hen 
applied to altciation of elastic equations 
bv stiess conccntiation factois such as 
proposed by Giiffith and Fioclich 

The writei's viewpoint A\as piesentcd 
m some detail m a discussion of the Cum-
mmgs papei and the essential elements of 
a iJi-oposcd method of piessuic distribu­
tion have been incorpoiatedin a method of 
design of flexible sui faces ^ Thci c should 
be little need to duplicate this de\clop-
mcnt heic as the objcctne of this discus­
sion IS simply to establish the fact that 
piessure distnbution icpicsentmg the fiist 
phase of the problem of designing a pave­
ment stiucture docs have a well de\ eloped 
expeiimental backgtound A caicful 
studv of this backgiound ic\-caK data 
which indicate the vaiiations which may 
be anticipated under the special condi­
tions of flexible surfaces and moic flexible 
subgrades While moie expeiimental 
data are unquestionably needed, a\ ailable 
information points the way to future 
investigation which will contiibute the 
greatest progress 

In this connection the authois of the 
paper under discussion appeal to be in 
agiecment with a geneial concensus that 
the most productive reseaich will be that 
made in the field under natuial conditions 
which aie difficult if not impossible to 
duplicate in the laboiatory. I t is not fan-
to assume without some investigation 
that no expeiimental evidence of this 
charactei is available Rcfeience to one 
such investigation has been made in the 
present discussion but a complete leport 
of these tests has not been published. 
Theic may be other such expeiimental 
piojects completed or in progress that are 
not yet available to the piofession, and 
while they ser\-e no immediate purpose 
the progress in this direction should be 
noted. 

On the other hand, there is a consider­
able amount of valuable expeiimental 

data on load tests made for the purpose of 
evaluating the bearing capacitj' of foun­
dations which have been published and 
which aie a souice of infoimation capable 
of intcipietation m teims applicable to 
flexible surfaces During the past tw cl\ e 
yeais the wiitei has conducted appioxi-
mately 20 complete series of load tests 
undci a wide vauety of soil conditions and 
used these data m the design of suifacc 
stiucturcs Most of these tests have 
been icpoitcd m publications in this coun-
t r j ' and abroad and :t is believed that they 
do supplj' expeiimental information ap­
plicable to the design of flexible sur­
faces 6.6,7.8,9,10,11 One such series of 
tests was peifoimed undei conditions 
which simulate quite closely the elements 
of a flexible suiface A complete analysis 
of this seiics of tests is piesented in the 
paper on flexible sui faces previously men­
tioned and appeals to verifj'^ the suggested 
formula foi thickness within leasonable 
limits * 

The analyses of load test data and the 
application to substiucturc design lepie-
sents a direct expeiimental appioach that 
diffei-s mateiially from that suggested by 
the authois of most of the papeis on the 
piesent program Instead of attempting 
to measuie subgrade piessures duectiv 
and evaluate piessuie distnbution by con­
ventional equations oi approximations of 
these equations, the stress reactions of the 
soil mass aie evaluated from the vaiiation 
in beaiing capacity of diffeient sizes of 
beanng aiea This variation has been 
expressed bj-̂  a linear equation for beanng 
capacity m teims of stiess leactions, 
peimietei sheai and developed piessuie, 
which are the integrated result of the 
vanable resistances mobilized in the dis­
turbed zone of the soil mass These sti ess 
reactions have been con elated with pres­
sure distnbution as formulated in the 
investigations previously cited and limit­
ing values have also been correlated with 
soil resistance measurable by available 
test procedures. 
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The methods developed have been the 
source of considerable controversy but the 
fact remains that structures of some mag­
nitude have been designed on the basis of 
these methods, and the settlement of the 
structures has been predicted f rom the 
test results wi thin close limits without a 
single notable exception. While there are 
some complicating features in the case of 
flexible surfaces there has been no evi­
dence produced up to this time to mdicate 
that the same method of approach wi l l 
not prove equally valuable in pavement 
design. 

While being a proponent of one method 
of approach to the design of flexible sur­
faces,' the writer fu l ly recognizes the value 
of other methods of attacking the prob­
lem. When pressure distnbution at the 
contact plane of the pavement surface 
and subgrade is measured under condi­
tions properly reproducing field behavior, 
the results should prove most enlighten­
ing. Unfortunately the expenmental dif­
ficulties appear to be even greater than 
in the interpretation of the load tests. 

SOIL P R E S S U R E C E L L S 

The careful and complete study of "The 
Design and Use of Soil Pressure Cells" 
by Benkehnan and Lancaster is a case i n 
point. The wnter did not have a copy of 
this paper available for study but the 
results presented at the meeting were 
extremely interesting and illustrated the 
possibility for considerable variation 
which may be present in the cells them­
selves or i n the installation of the cells. 
Certainly the data presented demonstrate 
the necessity for elimmating or control­
ling variations in the pressure cells before 
attempting to obtain authentic data on 
actual pressures under a flexible surface. 

F I E L D T E S T S 

The second phase of the design of 
flexible surfaces is that having to do wi th 
resistance developed by the subgrade soil 

in conjunction wi th the pavement surface. 
M r . Burggraf presented'a paper on a field 
test to evaluate the sheanng resistance of 
subgrade soils and the pavement surface 
both separately and in combmation. 
Copies of this paper were not available 
for general distribution but the presenta­
t ion at the meetmg and famil iar i ty w i t h 
the development of the test through the 
past several years furnishes some basis for 
comment. I n the first place, the test is 
designed to measure physical properties 
under field conditions not reproducible m 
the laboratory. I n this respect the pro­
cedure conforms to the concensus that 
future progress lies m taking the labora­
tory into the field. 

M r . Burggraf has covered a great deal 
of territory in the past several years con­
ducting tests where road surfaces have 
failed and accumulating the most vi ta l 
information on l imiting design conditions 
which are usually quickly buried by the 
necessity of immediate correction. He 
has presented a number of interesting and 
valuable correlations between road sur­
face failures and test data using the spe­
cial device described in the paper. 
Among other things these data bring out 
the importance of relative rigidity of the 
surface and subgrade which is admittedly 
a primary consideration. 

Up to the present time correlation of 
test data has necessarily been empirical 
but nevertheless has shown great promise. 
I n attemptmg to evaluate Burggraf's re­
sults f rom the viewpomt of a rational 
design the writer is somewhat confused 
as to whether loadmg of the surface and 
subgrade soil i n a horizontal direction is 
sufiiciently representative of the stress 
conditions under vertical load. I t is 
desirable, of course, to measure resistance 
in quantitative terms which may be used 
directly in a formula for thickness. I t 
may be that continued investigation wil l 
show that results f rom such a test may be 
applicable, and i f this proves to be the 
case, the device and procedure wi l l be an 
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extremely practical and valuable wDik­
ing tool 

SOIL DISPLACEMENT 

The paper by Palmer and Baibei on 
"Soil Displacement under a Loaded Cir-
culai Area" is an attempt to integrate 
soil resistance in tei-ms of the mathemati­
cal theoiy of elasticity bv con elating 
sticss and dofoimation m the disturbed 
zone. The writer rcmaiked at the time 
of the meeting that this mathematical 
development led to the same basic lela-
tionships which had been accepted as a 
self-evident fact f rom the variation in 
bearing capacity on loaded aieas of dif-
f ei cnt size and shape The mathematical 
tieatment does supply a missing link 
between theoiy and experiment and the 
fact that i t leads to the same qualitative 
results should be reassuring f i om both 
viewpoints 

Conflict arises, howevei, when the for­
mulae based on elastic theoiy are ex­
tended into the realm of quantitative 
measurement I n this phase i t is the 
wiitei 's opinion, as previously stated, 
that elastic theoiy bieaks down I t is 
the purpose of this discussion to point out 
the similarity of geneial leiationships and 
demonstrate the failure of elastic theory 
to provide foi obsei-ved behavior when 
discontinuities of stress and strain are 
cncounteied at boundaries of the loaded 
elements 

The authors' mathematical develop­
ment leads to an equation fo i settlement 
which is a special case of the general equa­
tion foi settlement of a loaded area de­
veloped f rom load test analysis* 

REDUCTION O F G E N E R A L EQUATION TO 
S P E C I A L CASE 

A = 
Wh 

I{¥ + brh) 

I = modulus of incompressibihty 
b = width oi diametci 
r = slope for anj ' angle of distribution 
h = anj-^ depth 

Ki = coefficient of settlement 
p = applied picssuie 

Kt = stress-reaction coefficient 

- = perimetei-area latio 

„ A „ rh Ki rl Kr _ -, - - , - - -

When h is taken infinitely laige and for a 
ciicle of radius o the general equation 
reduces to 

P = 2ira 
A = ira? 

A = •p _ 2 pa 
~ r T 

2 A 

(1) 

A = settlement 
W = total load 

Palmer and Barber Equation (2) 

Eqs 1 and 2 are identical, wi th one 
exception to be elaboiated on later, inas­
much as A and &l both denote settlement 
or deformation and / and C aie the same 
by defimtion and take the place of modu­
lus of elasticity in compression 

The one exception involves different 
methods of evaluating those quantities 
which depend upon the physical propei-
ties of the soil Even here the same gen­
eial relationships aie involved though 
couched in diffeient teims and measured 
by diffcient tests Palmei and Baibei, 
aftei using an infinite depth, h, which pro­
duces the special case of an infinitesimal 
bearing aica, evaluate a settlement factor, 
¥ , in teims of Poisson's ratio and the 
principal stress difference which varies 
wi th the depth, z, but is subject to a maxi­
mum value equal to twice the shearing 
resistance of the soil The solution is 
further limited to dealing wi th vertical 
pressures computed only for the vertical 
axis and does not provide fo i vanation in 
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pressure distribution over the entire bear­
ing area. The modulus of deformation, 
C, IS evaluated f rom stabilometer tests by 
the use of a secant modulus which is a 
stress-strain ratio averaged f rom tests at 
different lateral pressures. 

I n the writer's general equation f rom 
load tests there are three factors, r, h, and 
/ , which depend upon the materia and 
which must be evaluated although they 
are not subject to direct measurement 
under practical conditions by any method 
other than an actual load application 
which measures their combined and inte­
grated effect. 

I n this solution there are introduced 
two soil resistance coefficients Ki, coeffi­
cient of settlement, and K2, stress-reac­
tion coefficient where Palmer and Barber 
introduced a settlement factor, F. The 
relationship between Ki and Kt and the 
stress reactions, m and n, measured by 

load tests has been given. 

K2 Ki is also related to the 

modulus of incompressibility being pro­
portional to J and thus includes the au­
thors' C. Kiis & factor which provides 
for treatmg pressure over the loaded area 
as a whole by including the boundary 
stress concentration in the average beaiv 
ing capacity by adding i t to the developed 
pressure arising f rom the principal pres­
sures developed as the maximum stress 
difference and including static head. De­
veloped pressure which is triaxial com­
pression IS independent of the size of the 
area and is the stress reaction supposedly 
duphcated by the stabilometer test. 

Palmer and Barber evaluate these 
pnncipal pressures in terms of assumed 
values of Poisson's ratio to obtain the 
effect of lateral pressures, combined wi th 

the depth function, - , to obtain decreased 

pressures wi th the depth. The writer has 
used a similar method of pressure dis­

tribution wi th a linear approximation for 
the decrease in pressure ordinates wi th the 
depth. This has been referred to as an 
"assiuned cone of pressure" but i t should 
be pointed out that the cone of pressure 
IS not an assumption but a name given to 
a stress variation that is deduced directly 
f rom all of the mathematical and expen-
mental investigations of pressure distribu­
t ion that are now on record. Any as­
sumptions involved have to do wi th 
values assigned to the angle of distribu­
tion. I n the development of the general 
equation for settlement f rom load tests 
no specific value has been given to this 
angle, and i t remains as one of the factors 
to be measured as an integrated effect. 

Poisson's ratio has not been used d i ­
rectly i n the writer's analysis of load tests 
and the impression sometimes exists that 
i t has not been considered. This is incor­
rect as the pressure developed under the 
beanng area is a direct function of the 
supporting lateral pressure, a relation 
which is implied m the general equation. 
When developed pressure is segregated 
f rom the boundary stresses and evaluated 
by direct load tests, the manner in which 
lateral pressure comes into play reflects 
the actual stresses that are developed in 
the disturbed zone and is more accurately 
portrayed than when i t is evaluated in 
terms of assumed values of Poisson's ratio. 
There has been a great deal of intelligent 
guessing as to the proper value of Pois­
son's ratio for soils but so far as the wnter 
is aware there have been no actual meas­
urements for this ratio in terms of lateral 
deformation which would be applicable 
to the complex conditions of pressure con­
centration beneath a loaded area. 

The relation of Poisson's ratio to stress 
reactions evaluated f rom the analysis of 
load tests has been developed m another 
publicat ion ' I n the generalized treat­
ment of soil resistance the following equa­
tion relating the modulus of incompres­
sibility, / , and modulus of rigidity, R, 
indicates the replacement of Poisson's 
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ratio by a ratio of measured stress re­
actions. 

From elastic theoiy the relation be­
tween the modulus of elasticity, E, and 
the modulus of rigidity, E„ is given by 
the equation 

E = 2E. (1 + X) 
X = Poisson's Ratio 

The 1 elation between modulus of in-
compressibility and modulus of ngidity 
developed f rom soil mechanics is similar 
to that given for elastic solids, except that 
the ratio of total force carried by devel­
oped pressure to total force earned by 
perimetei shear replaces Poisson's ratio 
in the elastic equation. Poisson's ratio 
IS defined as the ratio of lateral deforma­
tion to deformation in direction of the 
apphed load. The total load earned by 
developed pressure represents the amount 
of lateral resistance developed and the 
ratio of this force to the load carried by 
perimeter shear is the ratio of lateral 
resistance to resistance in direction of the 
apphed load However, i t is expressed 
m terms of foice rather than deformation, 
and includes factoi-s which express the 
boundary conditions. I f i t is accepted 
that stress is proportional to strain, the 
ratio of resistance is strictly comparable 
to Poisson's ratio providing further that 
the boundary conditions are not to be 
Ignored 

The separation of boundary stresses 
f rom developed pressure exposes the man­
ner in which lateral pressure is actually 
developed and may be illustrated as 
shown by the typical stress reaction 
curves in Figure 1. I n this chart settle­
ment, ^, IS plotted horizontally and the 
stress reactions, m and n, vertically as 
shown by the typical m and n curves. 
The major portion of the applied load 
may be earned by penmeter shear at 
small settlements and pressure is de­
veloped gradually after some settlement 

due to lateral yielding and compression 
of the soil. The writer has always main­
tained that the sequence wi th which these 
stress reactions are developed in the 
ground cannot be satisfactorily lepro-
duced in the laboratorj-^ under artificial 
conditions. The manner m which soils 
develop pressure wi th respect to lelative 
deformation vanes through a wide lange 
for diffeient types of soil. I t is hai-d to 
conceive how this vaiiat ion could ever be 
reproduced by assumed values of Poi-s-
son's ratio. 

n c U f l V I T 
uavi 
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SCTTLCICNT IN IHCHCS 

Figure 1 

As an illustration of this veiy impor­
tant point one need only lefer to the 
sequence wi th which the stress reactions, 
perimeter shear and developed picssure, 
arc mobihzed as .shown in Figuie 1 I n 
several of the series of load tests the de­
veloped pressure curves sw ing dow n into 
negative values for low settlements as 
.shown by Curve 2 There is a perfectly 
logical explanation for this in compres­
sible soils which develop a large elastic 
depression. I n the low er range of load, if 
the relative rigidity of the bearing plate 
or a pavement surface is great w i th re­
spect to the subgrade, theie is a tendencj' 
to develop resistance at the boundaiy of 
the loaded area and bridge the i datively 
large clastic depression in the suppoiting 
mass As shown in Figure 2 bearing is 
developed first around the boundaries and 
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the central portion is pulled down by 
vertical components of load emanatmg 
f rom the penmeter Thus tension or 
negative developed pressure is reflected in 
abnormally high boundary stresses and 
compensating negative pressure ordinates 

This behavior, which is quite marked 
under the proper combination of relative 
rigidity of the loaded surface and sup­
porting soil, illustrates how completely 
assumed values of Poisson's ratio would 
fa i l to reproduce the actual lateral com­
ponents developed in the soil mass. Pois­

son's ratio ( ^ ) 
would in this case have 

to be negative. I t also illustrates the 
necessity for considering the pressures 

Figure 2 

over the whole bearing area rather than 
just the theoretical pressures on the cen­
t ra l vertical axis which in this case would 
also be negative. 

The series of tests which have pre­
viously been referred to as simulating the 
action of a flexible surface provide another 
excellent illustration*-^ As shown by 
the developed pressure curve in this senes 
of tests, there are certain stages of loading 
in which there is no increase and even a 
slight recession i n the developed pressure 
and equivalent lateral pressure. Such 
variation would require that Poisson's 
ratio be zero or negative i n this range. 
Some might assume that results which 
are so far out of agreement wi th the usual 
theoretical conception of Poisson's ratio 
must be seriously in error. I t may be 
pointed out, however, that m this par­

ticular instance the footings for a large 
grade separation were designed on the 
basis of these unusual results for a pre­
dicted settlement of approximately 0 15 
in . and that the measured settlements on 
this structure after a period of some years 
are remarkably close to the prediction. 

Referring agam to Figure 1 there is 
another interesting similarity between 
treatment used by Palmer and Barber and 
the criteria developed by the wnter. The 
authors have used a secant modulus based 
upon a load deformation diagram f rom 
the triaxial compression test. The settle­
ment coefficient, Ki, used as a criterion in 
load tests makes use of the developed 
pressure curve but is identical, however, 
wi th the secant modulus referred to 
above. The mimmum value of Ki which 
establishes the ultimate bearing capacity 
corresponding to the maximum stress dif­
ference on the loaded element is the cotan­
gent of the angle between the horizontal 
axis and the secant line drawn f rom the 
origin to the designated point on the 
developed pressure curve. 

There is one other statement in the 
paper under discussion which further 
illustrates the failure of elastic theory ade­
quately to describe the behavior observed 
in the load tests. The authors state that 
the shape of the loaded area has httle 
effect on settlement and cite as authority 
for this statement deflections computed 
by Timoshenko by application of the 
equations of elasticity to different shapes 
of bearing areas. There can be httle 
question of the correctness of the mathe­
matics which may be unusually rigorous. 
Bu t one has only to review the results 
of actual tests on different shapes of bear­
ing area to f ind a wide variation due to 
shape which is, however, quite adequately 
described by dimensional effects of the 
areas. I n the final analysis the problem 
clearly 'reduces itself to a case of definite 
confhct between fact and an apphcation 
of theory which latter, i n the writer's 
opinion, has been extended beyond the 
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limitations of the assumptions on which 
i t is based 

DESIGN METHODS 

Goldbeck follows the moie or less con­
ventional method of appioach, and while 
he iccognizes the relative rigidity of the 
pavement surface as a factoi to be con­
sidered, this recognition is not incorpo­
rated in the design proccduie in any way 
that would piovide for such phenomena 
as have been obser\'ed in load tests in 
the field The pressure distnbution 
cui-vcs obtained in his tests confoim to 
those obtained by other investigators and 
he makes use of an aveiage pressuie dis­
tribution at a 45-deg line as i n com­
parable design formulae by Harger and 
Bonney, and Gray 

I n passing i t may be noted that the use 
of an average pressure distribution has 
been quite generally rejected as inade­
quate m any problem involving a direct 
correlation between the pressure trans­
mitted and soil bearing value, particularly 
under conditions which involve concen­
tration of pressure in the vicinity of the 
loaded area. Even when provision for a 
varying angle of distribution is made as 
in Haw thorn's design formula, such aver­
age distribution is incompatible wi th the 
conditions of static equihbnum outside 
of the elastic range.* 

Goldbeck introduces a ratio, k, of the 
maximum subgrade pressure measured by 
pressure cells to the average pressure f rom 
load applications on synthetic subgrades 
buil t up in the laboratory. The direct 
experimental determination of k might 
establish val idi ty of method i f three con­
ditions were satisfied Firat, the type of 
pressure distribution should be a conven­
tional type wi th maximum pressure on 
the veitical axis Second, as stated by 
the author, the correct value for k should 
be known for each particular combination 
of surface and subgrade. Third , and 
most important, the bearing capacity of 

the subgrade must be measured in com­
parable terms. 

I t would appear to the writer that the 
third condition touches on the weakest 
point i n Goldbeck's pioposed method. 
The use of a single size of bearing aiea to 
measure beaiing capacitj-^ provides no 
basis for measuring a propertj-^ which 
varies as a function of the size The use 
of 100 sq in , w hich is approximatelj- an 
average size of the tue contact aiea, pai-
tially compensates for the inadequacy of 
a single test but allows no opportunity to 
adjust the design for other sizes. The 
selection of a change m the cui^vatuie of 
the load-settlement diagram and the shoit 
time interval used in the tests also makes 
the beaiing value a very uncertain detei-
mination. 

The method proposed by Hubbaid and 
Field embodies the direct experimental 
approach in which the wnter has long 
been mteiested as an investigatoi. As 
stated by the authois, "the natuieand dis­
tribution of stresses within the pavement 
and wi thm the soil, as well as i n the 
mechanism of stress distribution of the 
s o i l . . . may then be eliminated f rom con­
sideration insofar as the present problem 
is concerned " 

I n discussing this statement i t is logical 
to consider the results of the authois' tests 
and their present conclusions in the na­
ture of a progress report which is complete 
as far as i t goes but has not yet reached its 
ultimate objective. The wi i te i regards 
the results of these carefully controlled 
tests as a convincing demonstration of the 
validity of load-area lelationships and an 
independent verification of an experi­
mental technique which has been the 
mam subject of the preceding discussion 
They also demonstrate that these rela­
tions can be extended to the special condi­
tions of a pavement surface on a relatively 
plastic subgrade 

However, the proposed method as­
sumes that the ultimate objective is 
achieved by conducting load tests on sub-
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stantially the same type and size of pave­
ment structure that wi l l be built i n the 
field. I t has always been the wnter's 
hope that the stresses imposed on the 
surface and subgrade could be isolated 
and correlated wi th resistance of the 
materials involved so that relatively 
simple resistance tests could be incorpo­
rated in the design procedure. For exam­
ple, the bearing capacity of the subgrade 
might be evaluated in terms of shearing 
resistance measured by a test such as 
proposed by Burggraf, by a penetration 
method, or by a simple transverse shear 
test such as proposed by the wnter ." -" 
The abihty of the surface to distnbute the 
concentrated load over the subgrade 
might also be evaluated by a transverse 
shear test on samples prepared in the 
laboratory to the same density produced 
by ordinary compaction procedure m the 
field and may reproduce the resistance to 
punching shear observed by Hubbard and 
Field. 

I t is along this line that the laboratory 
research of the Michigan State Highway 
Department and the University of Michi ­
gan has been directed dunng the past 
several years. The results of these 
studies appear promising and i t is hoped 
that the results may be reported within 
the next year. I n the present discussion 
i t may be pointed out that i f this type of 
design procedure is the ultimate objective 
i t IS necessary that the nature of stresses 
within the pavement and within the soil 
be known for the various conditions of 
relative ngidity of subgrade and surface 
that wi l l be encountered in the field. The 
limitations of reproducing actual pave­
ment surfaces in the laboratory have been 
recognized by all investigators including 
Hubbard and Field, and i t seems that the 
effort to develop more practicable test 
procedures should be continued. 

There is another phase of the investiga­
t ion by Hubbard and Field which should 
be discussed and that is the selection of 
the deflection of 0.5 in . as representative 

of the allowable load to be carried by the 
pavement. The fact that the same cr i t i ­
cal settlement was observed regardless of 
the size of the bearmg plates is in sub­
stantial agreement wi th load test observa­
tions which indicate that the settlement 
coefficient, Ki, is constant for all sizes of 
bearing area. However, Hubbard and 
Field did not demonstrate that the mini­
mum value of Ki which establishes the 
ultimate capacity of the subgrade or yield 
value of the soil coincided wi th the settle­
ment of 0.5 in . Due to the short time 
interval between load increments, the 
question may be raised as to whether or 
not the lateral yielding of the subgrade 
soil was completely evaluated. I t might 
well be that a longer tune interval would 
have produced failure i n punching shear 
at a lower intensity of load. 

The variation in Ki and the determina­
tion of its minimum value identifies the 
jdeld value of the soil. The determina­
tion of linear equations for the entire 
range of settlement and analysis of the 
corresponding variations i n perimeter 
shear, m, and developed pressure, n, is 
the only positive basis for evaluating the 
critical load. I t may very well be that 
a settlement of 0.5 in . under the test con­
ditions used IS beyond the ultimate capac­
i t y of the subgrade. While actual wheel 
loads may be apphed for only short 
penods of time the accumulation of in ­
finitesimal but permanent displacements 
caused by instantaneous subgrade stress 
in excess of the yield value may eventu­
ally lead to failure of the surface. I t is 
to be hoped that Hubbard and Field may 
extend their analysis of the present tests 
to determine the criterion mentioned and 
verify the selection of the specific settle­
ment used as a basis for design. 
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M R L a P A L M E R , Public Roads Acl-
mimstration, Discussion on Intei relation­
ship of Load, Loaded Area, Stress and De­
formation of Soil- Assuming a linear 
stress-dcfoimation lelationship, the fo l ­
lowing device .sci ves to illustiate the effect 
of aiea and load on deflection 

W i t h refeience to Figuie 1, consider the 
same unit load, p, on the same soil and on 
two diflfeient circular aieas having radii, 
o, case 1 and Na, case 2, N being greater 
than uni tv The points A i and As on the 
axes of symmetiy and at depths o in case 1 

I I I 1 i i i i j 
a 

z 

- A ' f l — j 

m i l l 1 l l l l f 
Na 

L 
z 

CASE I CASE 2 

Figure 1 

and Na i n case 2 aie homologous points. 
The vertical stress, p,, is the same at Ax 
as i t IS at At. I n each case, 

p . = p (1 - cosW (1) 

and since j3 m the figure is 45° in each case, 

^8-
= 0.65p. 

A n element of eaith at A i is stressed to 
the same extent as the homologous cle­
ment at Ai But there aie AT times as 
manj'^ elements between the load and A 2 
as thcie aie between the load and A i 
Hence, the deflection along the axis in 
case 2 IS iV times the corresponding deflec­
t ion in case 1 

I f the same total load is on each circulai 
area, Figure 2, cases 1 and 2, then the unit 
load, p i , of case 1 exceeds the unit load, 

p 

P2, of case 2. I n case 1, p i = — j and 

p 
in case 2, pi = Then 

Pi = N^2 (2) 



326 DESIGN 

The vertical pressures at Ai and At are 
expressed then by the relations, 

A t Ai, p , = p i ( l - cos'jS) 
= i V X l - cos'iS). 

A t Ai, p , = p 2 ( l - cosW 

The pressure at Ai is times that at the 
homologous point, A2. But there are 
st i l l N times as many elements between 
the load and At as there are between the 
load and A1. Apparently then the defiec-

t ion on the axis i n case 1 is = N times 

the corresponding deflection in case 2. 

or 

CASE I CASE 2 
Figure 2 

Summarizing and remembering that a 
linear stress-deformation relationship is 
assumed, 

1. For the same unit load, the deflec­
t ion increases in direct proportion to the 
diameter of the loaded circular area. 

2. For the same total load, the deflec­
t ion is inversely proportional to the 
diameter of the loaded circular area. 

Suppose, for example, that iV = 2. 
Denote the deflections by &i. (1) i n case 1 
and JSL (2) in case 2. Then for the same 
unit load, 

_ 1 _ 1 
&(2) iV 2 

or 

-Si(2) = 2 iSi(i) 

whereas, for the same total load, 

_ ^ _ 2 
SL(2) 1 

5ie) = \ &L(X). 
I t IS not necessary that the load dis­

tr ibution over the circular areas be uni­
form for these relationships to hold The 
only requirement is that the load distribu­
t ion be symmetrical and of the same shape 
in both cases. 

I n 1929, J. H . Griffith^ derived stress 
equations involving a parameter, n, which 
may be adjusted to fit the behavior of 
materials other than the elastic isotropic 
solids. For the latter materials, n = 3, 
and Gnffith 's expressions for stresses 
reduce in this case to those of Boussinesq. 
For a parabohc load distribution over a 
circular area of radius o, the vertical pres­
sure, p „ at a depth z on the axis is 

For » = 3, 

p . = 2po (3) 

For n = 4, 

For n = 5, 

(4) 

For n = 6, 

where po is the average pressure over the 
loaded surface, that is, the average con­
tact pressure. 

I t IS interesting to compare the values 
for vertical pressures reported by M . G. 
Spangler wi th those computed f rom the 

' J H Griffith, "Pressures Under Sub­
structures," EngvMenng and, CorUracitng, 
March 1929, pp 113-119 
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above equations The values computed 
by equation (5) aie in fair agreement 
with the lepoitcd obseived values 
Values computed by equations (3), (4) 
and (6) deviate considerably f rom the 
obseived values 

Aside f rom this theoretical considera­
tion, M A Biot'' showed that the pres­
ence of solid rock below a soil lavci loaded 
at the surface tended to conccntiatc the 
stresses in the neighboihood of the axis 
of symmetry This deduction has no 

T . \ B L l i 1 
O B S E R V E D \ N D COMPUTED V V L U E S OF p, ON 

C E N T E R L I X E U X D E R A W H E E L L O A D 
OP 3000 LB 

Computed values 
of Pf 

Area 
of 

con­
tact 

Equiva­
lent 

radius, 
a 

Depth 
to pres­
sure cell 

Observed 
P< Para­

bolic 
loading, 

n = 5 

Values 
com­

puted 
by 

equB-
Uon (1) 

and 
multi­
plied 
by 1 7 

sq tn in tn Ui per 
sg tn 

26 per 
aq tn 

lb per 
tq in 

55 3 4 20 3 67 80 74 
60 4 4 38 3 67 75 70 
60 8 4 71 3 65 68 62 
60 4 4 38 4 59 61 58 
60 4 4 38 5 50 50 48 
60 4 4 38 6 37 41 40 
60 4 4 38 8 25 28 28 
60 4 4 38 10 19 20 19 

lelation whatsoevei to Griffith's con-
centiation factoi , n, applicable to the 
case of soil of infinite depth Biot 
assumed two possibilities, (a) perfect 
f i ic t ion between overlj'ing soil and lock 
and (b) no fr ict ion between these two 
materials Foi his case (b), the veitical 
pressure at the lock surface and on the 
axis of loading is show n to be 1 7 times 

A Biot, "Effect of Cei tain Discontinu­
ities on the Pressure Distribution in a Loaded 
Soil," Physics, December 1935 

its value at the same spot if the lock were 
not there This comparison is, howe\ei, 
for a point load and not foi a load dis­
tributed ovei a cucular aiea 

I f the values of Pz as computed by 
equation (1) for a uni fo im load are each 
multiplied b}' 1 7, the lesults compare 
favoiabh' also wi th Spanglcr's observed 
values These results are shown 
Table 1. 

in 

Figure 3 

The fact that i t is possible to leconcile 
theoretical and obseived pressures by 
multiphcation of theoretical values by a 
constant factor is of paiticular inteicst 
This same piinciple wi l l most likely hold 
when theoretical and actual deflections 
under wheel loads are compared 

Foi a uni fo im load on a ciicular area 
special theoiy is requued for computing 
the veitical piessures at points lemoved 
f i o m the axis of symmetiy W i t h refer­
ence to Figuie 3, the value of p^ at the 
point Q IS computed as follow s 

p ( dw \ (7) 



328 DESIGN 

where 
w = solid angle subtended at Q by 

the loaded circular area 
2 = the depth of Q below the ground 

surface. 

p = uni t load on the circular area. 

To evaluate w and — at any point Q, 

the following relations are used: 

= 2 7 r - 2 f l - - P i (cos9) 
.a 

- ^ ( f ) " p . ( « » . ) + | ( f ) V . ( c o s , ) 

w 

- g ( f j p , ( c o s . ) ; . (8) 

and 

- | ( fJp.(cos . ) + ^ ( f ) ' f t ( c o „ ) 

For the case, iZ < a, where R = 
OQ, Figure 3 

For the case, R > a, the expressions 
are: 

w = 2K-2n l - l ( | Jp , ( cose ) 

+ | ( |JP . (C0S. ) - | ( | )V. (C0S. ) 

+ 3iUiy^'^-^)]'''' 
and 

- | ( | ) ' p . ( o « « 

+ :^(|)V.(cos.); 

Taking only the first significant terms in 
the infinite series, the Legendnan Coeffi­
cients are evaluated f rom the following 
relations: 

Po (cos e) = 1 
P i (cos 6) = cos e 
Pi (cos e) = i (3 cos 2 - I - 1) 
Ps (cos fl) = I (5 cos 3 e -h 3 cos B) 
P 4 (cos 0) = TJV (35 cos 4 -1- 20 cos 

2tf + 9) 
Pi (cos e) = 1^ (63 cos 5 -H 35 

cos 3 9 - I - 30 cos e) 
Pi (cos e) = Tsi-^ (231 cos 6 fl -H 126 

cos 4 e -H 105 cos 2 d 
+ 50) 

P 7 (cos e) = (429 cos 7 - I - 231 
cos 5 0 -h 189 cos 3 9 - f 
175 cos e). 

W i t h w and ^ thus evaluated and the 
az 

depth z at the point known, p. is deter­
mined f rom equation (7). 

T A B L E 2 

V E R T I C A L PRESSUIUES UNDER A U N I F O R M L Y 
C I R C U L A R A R E A ( S E E F I G 3) 

R in terms e Sl B in terms e PM 
of a DegrecB V of a Degrees P 

R = 2a/3 0 0 79 R=y/2a 0 0 48 
CC 30 0 84 tt 30 0 40 
It 45 0 86 tt 45 0 34 
tl 60 0 91 tt 60 0 21 
It 80 0 99 tt 80 0 04 
It 90 1 00 tt 90 zero 

R " a 0 0 65 /2 = 3a 0 0 15 
il 30 0 63 tt 30 0 11 
tt 45 0 61 tt 45 0 06 
tt 60 0 58 tt 60 0 03 
tt 80 0 53 tt 80 0 002 
tt 90 0 50 tt 90 zero 

R = 2a 0 0 28 = 4a 0 0 09 
It 30 0 22 If 30 0 06 
It 45 0 16 II 45 0 03 
" 1 75 0 02 II 60 0 02 
It 90 zero II 80 0 001 

It 90 zero 

(11) Table 2 contains some values of p . in 
terms of p for various points under a 
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uniformly loaded circular area. These 
values have been published more com­
pletely by S D Carotheis ' 

C. A . HoGENTOGLER, J R . , Unwersity of 
Maryland' By including a stiffness factor 
wi th formula 6, of Palmer's and Baiber's 
excellent approach, an expiession for 
pavement thickness is obtained as fo l ­
lows* 

(2rC5) — a .(1) 

in which, 
P = wheel load 

Cp = modulus of deformation of pave­
ment 

C = modulus of deformation of soil 
S = assumed settlement of pavement 
a = radius of the assumed aiea of 

tue contact 
For assumed conditions of load, settle­

ment and pavement and subgrade moduli 
of deformation values of pavement thick­
ness may be obtained as show n in Table 1 

For an assumed pavement thickness of 
6 inches, subbase thickness may be com­
puted f rom the following formula. 

< . - « - 6 ) ^ 

in which, 
t, = thickness of sub-base 

C, = modulus of deformation of sub-
base 

Resulting values are shown in Table 2. 
Before values thus computed can be 

u.scd with confidence m design, additional 
infoimation is needed as follows: 

1. Comprehensive data on values of the 
modulus of deformation for the 

' S D Carothers, "Test Loads on Founda­
tions as Affected by Scale of Tested Area," 
Proceedings, International Mathematical Con­
gress, Toronto 1924, pp 527-549 

range of soils met in airport con­
struction 

2. The range of permissible pavement 
settlements 

3. Accurate information on the effect 
of stiffness of pavements. 

4. Data on the val idi ty of theory. 

T A B L E 1 

T H I C K N E S S OF P A V E M E N T WITH C , = 4,000,000 

s 
Wheel Loads, lb Wheel Loads, lb 

s 8,000 15,000 30,000 8.000 15,000 30,000 
a-5 6 a-7 76 a-IIO a-5 6 a-7 75 a- l l 0 

in in in in in in . 

Subgrade c = Subgrade c = 
100,000 lb per 500,000 lb per 

sq ft sq ft 

0 1 14 26 51 4 8 17 
0 2 7 13 26 — — 7 
0 3 4 8 17 — 
0 4 3 6 13 — 
0 5 2 5 10 — — — 

Subgrade C = Subgrade C = 
200,000 lb per 600,000 lb per 

sq ft sq ft 

0 1 8 16 32 3 6 15 
0 2 4 8 16 — 5 
0 3 — 4 10 
0 4 — 3 7 
0 5 — — 5 — — — 

Subgrade C = Subgrade C = 
300,000 lb per 700,000 lb per 

sq ft sq ft 

0 1 6 12 24 6 13 
0 2 — 3 11 3 
0 3 — — 7 
0 4 — — 4 
0 5 

Subgrade C = Subgrade C = 
400,000 lb per 900,000 lb per 

sq ft sq ft 

0 1 5 10 20 10 
0 2 — 4 9 — 
0 3 — — 5 
0 4 
0 5 
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T A B L E 2 

T H I C K N E S S OF S U B - B A S E F O B P A V E M E N T 6 I N . 
T H I C K 

C, = 4,000,000 C, = 2,000,000 

Wheel Loads, lb Wheel Loads, lb. 
s s 

8,000 U,000 30,000 8,000 15,000 30,000 

Subgrade ( Subgrade C = 
100,000 lb per 500,000 lb per 

sq ft sq ft 

0 1 10 25 54 — 3 14 
0 2 1 8 25 — — 2 
0 3 — 3 14 — — — 
0 4 — — 9 — — — 
0 5 — — 5 — — — 

Subgrade C = Subgrade C = 
200,000 lb. per 600,000 lb. per 

sq ft sq. ft 

0 1 3 13 33 — 1 11 
0 2 — 2 12 — — — 
0 3 — — 5 — — — 
0 4 — — 1 — — — 
0 5 

Subgrade C = Subgrade C •= 
300,000 lb per 700,000 lb per 

sq ft sq ft 

0 1 8 23 — — 9 
0 2 — — 7 — — — 

0.3 — — 1 — — — 
0 4 
0 5 

Subgrade C = Subgrade < 
400,000 lb per 900,000 lb per 

sq ft sq ft 

0 1 5 18 — — 5 
0 2 — — 4 — — — 
0 3 
0 4 
0 5 

M R . E . S . B A H B E B , Aidhor'a closure, 
Comments on Discussion by C. A. Hogen-
togler, Jr.: To estimate 'the displacement 
under the center of a loaded circular 
area on a semirigid pavement which rests 
on a subgrade, the pavement thickness 
may be considered as equivalent to a 

thickness of subgrade of the .same stiff­
ness. Thus 

wherein 
tj, and t, = thickness of pavement 

and subgrade equiv­
alent 

Cp and C, = stress-strain moduli of 
the pavement and sub-
grade corresponding to 
magmtude and dura­
t ion of imposed load 

ijip and n, = Poisson's ratio for pave­
ment and subgrade. 

Taking Poisson's ratio as for sim­
plicity and because i t has a minor effect 
in this problem, the above formula may 
be combined wi th equation 6 to obtain a 
formula for pavement thickness. Thus 

T A B L E 1 

P/9 VCp/fl)' - 1 VP/9— 1 

1 0 0 
2 1 73 0 41 
3 2 83 0 73 
4 3 87 1 00 
5 4 90 1 24 

10 9 95 2 16 
20 19 97 3 47 

wherein 
C.S 

= allowable bearing pressure « = 1.5o 
on subgrade 

iS = allowable displacement of sub-
grade 

a = radius of circular loaded area 
p = average pressure on loaded area. 
This formula is quite similar to one 

derived f r o m more direct assumptions 
used by G. E. Hawthorn, W. S. Housel, 
B . E. Gray, and others. That is 

' ' = t ^ / ^ - l ) - -
wherein 0 = angle of pressure distribu­
t ion m pavement which is a measure of 
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the stiffness of the pavement. The 
functions of p/q have a fau ly constant 
la t io as indicated by Table 1. 

The chief difference between the ap­
proaches to foimulas 1 and 2, is in the 
method of detei mining the soil factors 

I f the value foimula 1, is 

equal to approximately foui times tan 
B, formula 2, resulting values of tj, would 
be comparable This would be tnie for 
a Cp = 6,400,000 lb per sq. f t , a C. = 
100,000 lb pel sq f t and an angle of 
pressure distnbution, 6 = 45° I f the 

value becomes less than about 

four times tan 0, the thickness of pave­
ment accoiding to foimula 1 becomes 
proportionately greater than that in­
dicated by foimula 2 

M R L A P A L M E R , Author's Closure 
Professoi Houscl, in claiming agreement 
between the foimula 

(!) 
and the theoretical expression 

SL = (2) 

apparently ovei looks the fact that the 
authois use C as a "modulus of deforma­
t ion" , a te im that implies that strict 
adherence to the theoiy of elasticity is 
not the authois' procedure 

Professor Housel has published vc iy 
useful test data and the cntiie profession 
I S indebted to h im for this valuable con-
t i ibut ion I n considenng merely the 
piinciples of mechanics f rom the theo­
retical standpoint, the authors did not feel 
that there was occasion for reference to 
these 01 to other load test data 

As pointed out by Piofessor Housel i n 
his bulletin (Ref. 6 of the discussion) 
the expression, 

f rom which equation (1) is dcuved, was 
presented by Piofessor C C. Williams 

as a discussion' of a paper by Terzaghi^ 
appearing in the Proceedings of the Amei-
ican Society of Civi l Engineers, in 1927 

Since laboratoiy tests may be made 
wi th all soil conditions known and con­
trolled, the authors feel that much bene­
fit may be derived by adapting equation 
(2) to various practical field conditions 
For example. Table 2 of the paper shows 
an interesting relationship between soil 
density and moisture and settlements 
which cannot be disclosed by loading tests 
per se Loading tests supplemented by 
laboratoiy data could provide this in­
formation but loading tests alone cannot. 

There is no doubt a similarity in fo im 
between equations (2) and (1). How­
ever, r IS not i n any sense identical to F, 
which IS a function of depth, and a, as 
well as Poisson's latio Clearlj-, ? is 
independent of h and a, accoi-ding to 
Professor Williams' derivation. I t would 
be exticmety difficult to establish the 
true relationship between the moduli, 
I and C 

I n paper E-3, "Tangential Sticsses 
Undei a Spread Foundation", volume 1, 
page 63, Proceedings of the Intel national 
Conference on Soil Mechanics and Foun­
dation Engineeiing, D P Kiynine has 
shown that a straight hne prcssuie dis­
tribution is possible only fo i a point load. 
Hence, for all piactical purposes, r is 
not a constant but vanes with depth 
If one IS inclined to reject the piinciplcs 
of mechanics, he can ignoie complicated 
intei relationships and set up vanous 
empincal expressions that account for 
any given set of data obtained under more 
or less limited conditions The objection 
to this procedure is that there is then 
likely to be as many different empirical 
expressions as there are vaiied conditions 
A rational expression, deiivable l i o m 
sound principles of mechanics has more 

' Williams, "The Science of Foundations", 
Discussion, Proceedings A S C E , Febru­
ary, 1928 

' Terzaghi, "The Science of Foundations-
Its Present and Future", Pioceedings A S. 
C E , November, 1927 
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general u t i l i ty than an empirical one. 
However, the rational expression usually 
must be modified and adapted to apply 
to actual conditions that most often are 
far f r o m the ideal ones that are assumed. 
The whole point is that i t is always well 
to begin wi th the principles of mechamcs 
but not to stop there. These principles 
suggest methods of experimentation that 
otherwise would not be considered. 

I t is apparent f rom both equations 
(2) and (1) that the settlement increases 
as the radius a increas9S. The reason 
for this is shown in the author's discussion 
of the paper by Spangler and Ustrud. 
This relationship is experimentally true 
when the unit load is well below the sup­
porting power of the soil and i t is a re­
lationship that has been observed by 
various engineers. 

P R E V O S T H U B B A R D AND F . C . F I E L D , 
Author^ closure: I n reviewing Professor 
Housel's discussion of the paper by Hub­
bard and Field i t appears that the authors 
may not have adequately explained their 
conception of the u t i l i ty of the method 
which they have followed. This method 
is not suggested as a means of evaluating 
the inherent load bearing capacity of 
any given soil nor of its inherent ability 
to cany loads transmitted through over­
lying pavement structures of different 
thicknesses. I t is quite possible that the 
dimensional effects of the soil box or con­
tainer may influence test results so as not 
to represent the load bearing capacity of 
the same soil as determined by field tests. 
This is immaterial, however, provided 
laboratory tests show normal relationship 
to field tests insofar as characteristic soil 
behavior is concerned. 

Thus, for a given bearing area the 
laboratory test might rate a given soil 
wi th a 30 psi value, although the same 
soil i n the field might by test develop only 
a 20 psi value for the same bearing area. 

I t is apparent that necessary pavement 
thickness for that particular soil, as 
determined by laboratory test, would be 
inadequate for field use. However, i t 
seems reasonable to assume that neces­
sary pavement thickness indicated by 
laboratory tests for a soil w i th a labora^ 
t o i y rating of 20 psi would be applicable 
to the soil w i th the same psi value as 
determined in the field. The method 
therefore is suggested only for the accum­
ulation of laboratory data which may be 
applied to soil ratings determined i n the 
field. Such rating can be made by load 
settlement tests i n the field or quite 
possibly by other tests, such as suggested 
by Professor Housel, provided the matter 
of critical deflection is taken into account. 

W i t h this understanding i t seems un­
necessary to take into account, in the 
accumulation of laboratory data by 
means of this test, any demonstration as 
suggested by Professor Housel that "the 
minimum value of Ki which establishes 
the ultimate capacity of the subgrade or 
yield value of the soil coincides wi th a 
settlement of 0.5 in . Whether or not 
ultimate settlement has occurred in the 
laboratory test i t seems unnecessary to 
attempt to detennme accurately. How-
fever, in the laboratory procedure rela­
tively small load increments are slowly 
apphed wi th a three-minute load main­
tenance period for each, and tests so far 
conducted have indicated l i t t le or no 
further settlement for each increment. 

I f the method proves reliable for the 
accumulation of sufficient data to de­
velop diagrams of required pavement 
thickness for soils of different ratings the 
method itself wi l l have served its purpose 
and may thereafter be abandoned. Of 
course, i t w i l l be highly desirable even­
tually to correlate the laboratory method 
wi th a sufficient number of full-scale 
field tests to demonstrate its degree of 
accuracy. 




