DISCUSSION ON FLEXIBLE SURFACES

Pror. W. S. HouseL, Unwersity of
Michigan: As has been previously stated
by several investigators, the design of a
flexible surface 1s no different than the
design of any other structure and consists
of two essential parts. first, determination
of the stresses resulting from the loads
whnch are to be carned; and second, cor-
relation of these stresses with the resist-
ances which may be furnished by the
matenals of which the structure 1s built.

While this general statement holds, the
problem at hand 1s comphecated 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
equilibrium, a flexible surface involves
stresses In an indefinite mass and the
equiibrium of elements of mass which
must be so selected as to properly repre-
sent the dimensional effects that are
involved Second, nstead of homoge-
neous materials to which the normal laws
of elasticity may be apphed the soil and
so1l mixtures used in the structure are not
elastic, and most of all they involve defi-
nite discontinuity of stress relationships
which prevent the logical application of
the laws of elastic behavior in any but
qualitative terms. Qualtative similarty
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.

Considering 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-
mining 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 measuring 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
Distribution 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. ft.
This subgrade was placed mm a concrete
b on a 6-mn. layer of coarse gravel and
was 2.5 ft. thick. Three types of surfaces
were used 1n the reported expermments
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 indicate what
might be anticipated from the procedure
used, that the subgrade was relatively
rigid and pressure distribution curves are
qualitatively similar to those obtamed
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 expermmental
difficulties were encountered with the car-
bon stack measuring devices. The pro-
tection of these carbon stacks by rubber
packing is open to serious 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 light on
the experimental difficulties which must
be overcome in order to obtamn authentic
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data on the piressures acting at the con-
tact plane of the flexible sutface and sub-
grade. One 1s also forced to agreec with
the authois that the apphcation of these
data to actual ficld conditions 15 not
possible

In this connection the wiiter would like
to emphasize several statements by the
authois that have been 1ecogmzed by
other 1nvestigators but not gencially
1ecognized by the profession as a whole
In the intioductory discussion 1t 1s stated,
“the 1elative stiffiness of a pavement and
1ts subgtade 1s onc of the 1casons why
final studies of subgrade stresses should
be made on actual pavement stiuctures
1n the ficld 1ather than depending wholly
upon laboratory studies where 1t 1s impos-
sihle to duphecate actual subgirade and
base cowsc conditions ”’  “In general 1t
seems probable that the less stiff the sub-
grade 1n relation to the basc course, the
wider will be the subgrade stiess distiibu-
tion and the lower the maximum stiess at
the subgrade surface directly beneath the
load ”

The extent to which these statements
may be true was cleaily demonstrated to
the wniter mn a series of load tests made
n the field on gravel bases and o1l aggre-
gate surfaces built over both plastic clay
and sand subgrades Thesc tests were
conducted by the Michigan State High-
way Department and have been reported
1 a prelminary way ! There scems little
necessity for duplicating the discussion
referred to, and 1t 1s sufhcient to say that
in most cases mn this series of tests the
mats wete sufhciently rigid 1n relation to
the subgrade to 1everse the usual sequence
of stress reactions It was found that the
load tiansmitted to the subgrade imme-
diately under the bearng area was a mini-
mum and did not reach maximum values
until loaded areas had punched thiough
the base This disturbing bchavior has
been under study but final conclusions

1 Supenor figures refer to hist of 1eferences
on page 324
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have been delayed largely because of time
consumung woik on related laboratory
resistance tests

Howevelr, these tests confimed the
wnter’s long-maintamed position on load
tests and beaiing capacity of foundations
in genetal, namely, that 1t was impossible
to duplicate field conditions adequately 1n
the laboratory and impractical to find a
substitute until we had identified the
1esponsible factors of 1esistance moie
completely than 15 geneially the case
today

Thetc arc sevcral other statements and
tentative conclusions made by Spangler
and Ustiud that might be discussed with
profit  Atter having recognized the pos-
sible effect of 1clative ngidity of pavement
and subgrade the authois piocecded to
make tests under hmited conditions of
relative ngicdity and diaw some conclu-
sions which wete general cien though
tentative

This statement applies to conclusions 1,
2 and 4 given 1n the paper The wuter
defimitely questions the gencial vahdity
of the statcment “the maximum pressure
occuis on a relatn ely small area directly
beneath the contact aieca’” 1n the hight of
the authors’ previous statement and some
experimental evidence cited above. To
go further and cven suggest a tentative
formula for the maximum pressuie 1elat-
ing pavement thickness and giving con-
stants for different total loads obtained
under the limited test conditions scems
like a dangcrous procedure It 15 tiue
that the tentative conclusions aie pref-
aced by a concise statement of then limi-
tations, but the temptation for the unni-
tiated to usc the formula may \erv casily
be too great

With respeet to the fust conclusion and
the applicabihty of the Boussinesq solu-
tion and Gnfhth’s concentiation factor
there 1s much to be said and a giecat deal
has been said in teports of previous i es-
tigations and 1cviews on pressute distribu-
tion  This question may be discussed n
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conjunction with some of the introductory
remarks in the authors’ discussion. After
referring 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
It 1s 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 expermmental background. Very
little experimental work has been done
in the field. A few pertmment data were
published by Goldbeck in 1923, Older in
1924, Spangler 1n 1930 and 1940, and
Goldbeck m 1937 and 1940 ”

This rather sweeping dismissal of pre-
vious attempts seems to be wholly unjus-
tified particularly when it is considered
that the present investigation itself is
limited to the restricted phase of pressure
distribution which probably has the most
complete experimental and theoretical
background of any problem m soil me-
chanics. Undoubtedly there 1s a definite
need for additional experimental data
under the specialized conditions of a pave-
ment surface supported by a plastic sub-
grade, but it appears that this need will
only be met by the introduction of a con-
siderable range of varation 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 distribution have been made
available by Kogler and Scheidig? and by
Cummings.? A long lst of names which
are associated with pressure distribution
studies could be added to those given by
the authors but suffice it to say that the re-
peated venfication of results quahtatively
and quantitatively establish the adequacy
of the experimental background for pres-
sure distribution under idealized condi-
tions. When special conditions are
selected as they usually have been, it ap-
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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 1t 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 1n 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
soll.” It 1s generally recognized that the
elastic equations become inadequate at
points close to the load application which
1s particularly significant because 1t is 1n
this disturbed zone that the soil is over-
stressed and the limit of load carrying
capacity 15 estabhshed.

It 1s also generally admitted that the
basic assumptions of the theory of elas-
ticity are all violated 1n the critical region
of stress Under these important prac-
tical conditions the soil 1s not elastic and
defimite discontinuity of stress-strain rela-
tionships have been recognized since the
early work of Strochschneider. Cum-
mings notes two general methods of fur-
ther progress in calculating stress dis-
tribution 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 1s 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 opmion that the value of
elastic theory had been exhausted.* The
imperfections 1n elastic theory are too
deep-seated when applied to a plastic
medium subjected to discontmmuities of
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sttess and stiain to permit further exten-
ston  The wnter still holds this opinion
and belicves the cuiticism v ahd even when
applied to alteration of elastic equations
bv stiess concentiation factors such as
proposed by Guffith and Frochch

The writet’s viewpoint was presented
1n some detail in a discussion of the Cum-
mings papel and the cssential elements of
a proposed method of pressuie distribu-
taon have been incorporated in a method of
design of flexible sutfaces * There should
be hittle nced to duplicate this devclop-
ment heic as the objectine of this discus-
ston 1s simply to establish the fact that
pressure distiibution 1epresenting the first
phase of the problem of designing a pave-
ment structure does have a well developed
cxpeuimental backgiound A careful
studv of this hackgiound 1cveals data
which indicate the vailations which may
be anticipated under the special condi-
tions of flexible surfaces and mote flexible
subgrades While moie expeiimental
data are unquestionably needed, av ailable
information pomnts the way to future
nvestigation which will contubute 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 reseairch will be that
made 1n the ficld under natuial conditions
which arc difficult if not impossible to
duphcate 1n the laboratory. It is not fair
to assume without some nvestigation
that no experimental cvidence of this
character 1s available Reference to one
such investigation has been made 1n the
present discussion but a complete 1eport
of these tests has not becen published.
There may be other such experimental
projects completed or 1n progress that are
not yet available to the profession, and
while they serve no immediate purpose
the progress in this direction should be
noted.

On the other hand, there 1s a consider-
able amount of valuable expeiimental

data on load tests made for the purpose of
cvaluating the bearing capacity of foun-
dations which have been published and
which aie a source of information capable
of mterpretation 1n teims applicable to
flexible surfaces  During the past twelve
years the wiiter has conducted apmoxi-
mately 20 complete series of load tests
under a wide vaiiety of soil conditions and
used thesc data i the design of suiface
stiuctures Most of these tests have
been 1eported i publications 1n this coun-
try and abroad and 1t 1s believed that they
do supply cxperimental information ap-
plicable to the design of flexible sur-
faces 5: 6. 7. 8. 9.10.11 OQne such scries of
tests was peirfoomed under conditions
which simulate quite closely the elements
of a flexible sutface A complete analysis
of this scuies of tests 1s presented 1n the
paper on flexible suirfaces previously men-
tioned and appears to verfy the suggested
formula for thickness within 1easonable
limits 8

The analyses of load test data and the
appheation to substiucture design 1epie-
sents a direct expernmental approach that
differs matenially from that suggested by
the authors of most of the papeis on the
present program  Instead of attempting
to measure subgrade pressures durcctly
and evaluate pressuie distnbution by con-
ventional equations o1 approximations of
these equattons, the stress reactions of the
so1l mass aic evaluated from the vanation
m beaiing capacity of different sizes of
beaning aica This variation has been
expressed by a lincar equation for beating
capacity 1 tcims of sticss 1eactions,
permmeter shear and developed pressure,
which are the integrated result of the
variable resistances mobilized 1n the dis-
turbed zone of the soll mass  These st1ess
reactions have been conelated with pres-
sure distmbution as formulated in the
mvestigations previously cited and hmit-
g values have also been correlated with
soll 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 from the
test results within close hmits without a
single notable exception. While there are
some comphecating features in the case of
flexible surfaces there has been no evi-
dence produced up to this time to indicate
that the same method of approach will
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 fully recogmzes the value
of other methods of attacking the prob-
lem. When pressure distribution at the
contact plane of the pavement surface
and subgrade is measured under condi-
tions properly reproducing field behavior,
the results should prove most enhghten-
ing. Unfortunately the experimental dif-
ficulties appear to be even greater than
in the interpretation of the load tests.

SOIL PRESSURE CELLS

The careful and complete study of “The
Design and Use of Soil Pressure Cells”
by Benkelman and Lancaster 1s a case in
point. The writer 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 in the installation of the cells.
Certainly the data presented demonstrate
the necessity for eliminating or control-
ling vanations in the pressure cells before
attempting to obtain authentic data on
actual pressures under a flexible surface.

FIELD TESTS

The second phase of the design of
flexible surfaces 1s that having to do with
resistance developed by the subgrade soil
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in conjunction with the pavement surface.
Mr. Burggraf presented‘a paper on a field
test to evaluate the shearing resistance of
subgrade soils and the pavement surface
both separately and in combination.
Copies of this paper were not available
for general distribution but the presenta-
tion at the meeting and familianty with
the development of the test through the
past several years furnishes some basis for
comment. In the first place, the test is
designed to measure physical properties
under field conditions not reproducible 1n
the laboratory. In this respect the pro-
cedure conforms to the concensus that
future progress lies 1n taking the labora-
tory into the field.

Mr. 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 vital
information on limiting 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.
In attempting to evaluate Burggraf’s re-
sults from the viewpomt of a rational
design the writer 158 somewhat confused
as to whether loading of the surface and
subgrade soil in a honzontal direction is
sufficiently representative of the stress
conditions under vertical load. It is
desirable, of course, to measure resistance
in quantitative terms which may be used
directly in a formula for thickness. It
may be that continued investigation will
show that results from such a test may be
applicable, and if this proves to be the
case, the device and procedure will be an
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extremely practical and valuable woik-
ing tool

SOIL DISPLACEMENT

The paper by Palmer and Baiber on
“Soil Displacement under a Loaded Cir-
cular Area” 1s an attempt to integrate
soll resistance 1n terms of the mathemati-
cal theory of elasticity bv conelating
stiess and deformation mn the disturbed
zone. The writer rematked at the time
of the meeting that this mathematical
development led to the same basic 1ela-
tionships which had been accepted as a
self-evident fact from the vamation n
bearing capacity on loaded aieas of dif-
ferent size and shape  The mathematical
ticatment does supply a missing hnk
hetween theory and experiment and the
fact that 1t leads to the same qualitative
results should be reassuring fiom both
viewpoints

Conflict arses, however, when the for-
mulac based on clastic thcoiy are ex-
tended nto the realm of quantitative
measurement In this phase 1t 1s the
wiiter’s opmnion, as previously stated,
that elastic theory bicaks down It 1s
the purpose of this discussion to point out
the stmilarity of geneial 1elationships and
demonstrate the fatlure of elastic theory
to provide for obscrved behavior when
discontinuities of stress and strain are
encountered at boundares of the loaded
clements

The authors’ mathematical develop-
ment leads to an equation fo1 settlement
which 15 a special case of the general equa-
tion for scttlement of a loaded area de-
veloped from load test analysis ©

REDUCTION OF GENERAL EQUATION TO
SPECIAL CASE

A= Wh _ Kip
I(b% + brh) 1 +KzI—J-
A
A = scttlement
W = total load
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modulus of incompressibility
width o1 diameter

slope for any angle of distribution
any depth

coefficient of scttlement
applied pressure

stress-reaction cocfficient

I
b
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h

K
p
K,
2

perimeter-arca 1atio

h th Ky, I
KB=pK=7p K, 4
When h 1s taken infimitely laige and for a
cucle of radius @ the general equation
reduces to

P = 27a

A= P =

a
T o)

&=F%

Palmer and Barber Equation

@

Egs 1 and 2 are identical, with one
exception to be elaboiated on later, inas-
much as A and S both denote settlement
or deformation and I and C ate the same
by definition and take the place of modu-
lus of elasticity 1n compression

The one exception involves different
methods of evaluating those quantities
which depend upon the physical proper-
ties of the so1l  Even here the same gen-
eral relationships are involved though
couched 1n different texms and measured
by diffcient tests Palmer and Barber,
after using an infinite depth, &, which pro-
duces the special case of an infinitesimal
bearing aica, evaluate a settlement factor,
F, m tetms of Poisson’s ratio and the
principal stress difference which varies
with the depth, z, but 1s subject to a maxi-
mum value equal to twice the shearing
resistance of the soll The solution 1s
further hmited to dealing with vertical
pressures computed only for the vertical
axis and does not provide for variation 1n



A
!

320 DESIGN

pressure distribution over the entire bear-
ing area. The modulus of deformation,
C, 18 evaluated from stabilometer tests by
the use of a secant modulus which is a
stress-strain ratio averaged from tests at
dafferent lateral pressures.

In the wnter’s general equation from
load tests there are three factors, r, k, and
I, which depend upon the material 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 mte-
grated effect.

In this solution there are introduced
two so1l resistance coefficients K, coeffi-
cient of settlement, and K,, stress-reac-
tion coefficient where Palmer and Barber
introduced a settlement factor, F. The
relationship between K, and K, and the
stress reactions, m and n, measured by
load tests has been given,® (K1 = 2,
K, = %) K, is also related to the
modulus of incompressibility being pro-
portional to ; and thus includes the au-
thors’ C. K, is a factor which provides
for treating pressure over the loaded area
as a whole by including the boundary
stress concentration in the average bear-
ing capacity by adding it to the developed
pressure arising from the principal pres-
sures developed as the maximum stress
difference and including static head. De-
veloped pressure which is triaxial com-
pression 18 independent of the size of the
area and is the stress reaction supposedly
duplicated by the stabilometer test.

Palmer and Barber evaluate these
principal pressures in terms of assumed
values of Poisson’s ratio to obtain the
effect of lateral pressures, combined with

the depth function, 2, to obtain decreased

pressures with the depth. The writer has
used a similar method of pressure dis-

tribution with a linear approximation for
the decrease in pressure ordinates with the
depth. This has been referred to as an
“assumed cone of pressure”’ but 1t should
be pointed out that the cone of pressure
18 not an assumption but a name given to
a stress variation that is deduced directly
from all of the mathematical and exper-
mental investigations of pressure distribu-
tion that are now on record. Any as-
sumptions involved have to do with
values assigned to the angle of distribu-
tion. In the development of the general
equation for settlement from load tests
no specific value has been given to this
angle, and it remains as one of the factors
to be measured as an integrated effect.

Poisson’s ratio has not been used di-
rectly 1n the writer’s analysis of load tests
and the impression sometimes exists that
it has not been considered. This is incor-
rect as the pressure developed under the
bearing area 18 a direct function of the
supporting lateral pressure, a relation
whach is implied 1n the general equation.
When developed pressure is segregated
from 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 1n
the disturbed zone and 1s more accurately
portrayed than when it 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 writer
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 from the analysis of
load tests has been developed 1n another
publication ® In the generalized treat-
ment of so1l resistance the following equa-
tion relating the modulus of incompres-
sibility, I, and modulus of rigidity, R,
indicates the replacement of Poisson’s



DISCUSSION—FLEXIBLE SURFACES

ratio by a ratio of measured stress re-

actions.
_ nd
I =2R (1 + ﬁ)

From elastic theory the relation be-
tween the modulus of elasticity, E, and
the modulus of ngidity, E,, 18 given by
the equation

E=2E, (1 4+ )\
A = Poisson’s Ratio

The 1elation between modulus of n-
compressibility and modulus of ngidity
developed from soil mechanics 1s similar
to that given for elastic sohds, except that
the ratio of total force carried by devel-
oped pressure to total force caired by
permmeter shear replaces Poisson’s ratio
1 the elastic equation. Poisson’s ratio
1s defined as the ratio of lateral deforma-
tion to deformation mn direction of the
applied load. The total load carned 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
applied load However, 1t 15 expressed
1n terms of force rather than deformation,
and includes factors which express the
boundary conditions. If 1t 1s accepted
that stress 1s proportional to strain, the
ratio of resistance 1s strictly comparable
to Poisson’s ratio providing further that
the boundary conditions are not to be
1gnored

The separation of boundary stresses
from developed pressure exposes the man-
ner 1n which lateral pressure 1s actually
developed and may be illustrated as
shown by the typical stress reaction
curves in Figure 1. In this chart settle-
ment, A, 1s 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 carrted by perimeter shear at
small settlements and pressure 1s de-
veloped gradually after some settlement
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due to lateral yielding and compression
of the soil. The wnter has always main-
tained that the sequence with which these
stress reactions are developed 1 the
ground cannot be satisfactorily 1epro-
duced 1n the laboratory under artificial
conditions, The manner in which soils
develop pressure with respeet to 1elative
deformation varies thiough a wide 1ange
for different types of soil. It 1s hard to
conceive how this vaiiation could ever be
reproduced by assumed values of Pois-
son’s ratio.
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Figure 1

As an 1llustration of this very impor-
tant point one need only iefer to the
sequence with which the stress reactions,
perimeter shear and developed piessure,
are mobihzed as shown in Figmic 1 In
several of the series of load tests the de-
veloped pressurc curves swing down nto
negative values for low scttlements as
shown by Curve 2 There 15 a perfectly
logical explanation for this in compres-
stble soils which develop a large elastic
depression. In the lower range of load, if
the relative ngdity of the bhearing plate
or a pavement surface 1s great with re-
spect to the subgrade, thete 1s a tendency
to develop resistance at the boundary of
the loaded arca and bridge the 1clatively
large elastic depresston 1n the supporting
mass As shown in Figure 2 hearing 1s
developed first around the boundaries and
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the central portion is pulled down by
vertical components of load emanating
from the perimeter 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, 1llustrates how completely
assumed values of Poisson’s ratio would
fail to reproduce the actual lateral com-

ponents developed in the soil mass. Pois-
A
son’s ratio (;%—P;) would 1n this case have

to be negative. It also illustrates the
necessity for considering the pressures

w

~ -

~
—‘x\‘

Figure 2

over the whole bearing area rather than
just the theoretical pressures on the cen-
tral vertical axis which 1n this case would
also be negative.

The series of tests which have pre-
viously been referred to as ssmulating the
action of a flexible surface provide another
excellent 1illustration -7 As shown by
the developed pressure curve in this series
of tests, there are certain stages of loading
m which there is no increase and even a
slight recession in the developed pressure
and equivalent lateral pressure. Such
variation would require that Poisson’s
ratio be zero or negative in this range.
Some might assume that results which
are so far out of agreement with the usual
theoretical conception of Poisson’s ratio
must be seriously in error. It may be
pointed out, however, that in this par-
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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 agamn to Figure 1 there 1s
another 1nteresting similarity between
treatment used by Palmer and Barber and
the criteria developed by the writer. The
authors have used a secant modulus based
upon a load deformation diagram from
the triaxial compression test. The settle-
ment coefficient, K, used as a criterion in
load tests makes use of the developed
pressure curve but is identical, however,
with the secant modulus referred to
above. The mimmum value of K; which
establishes the ultimate bearing capacity
corresponding to the maximum stress dif-
ference on the loaded element 1s the cotan-
gent of the angle between the horizontal
axis and the secant line drawn from 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.
But one has only to review the results
of actual tests on different shapes of bear-
ing area to find a wide variation due to
shape which is, however, quite adequately
described by dimensional effects of the
areas. In the final analysis the problem
clearly reduces itself to a case of defimte
conflict between fact and an applheation
of theory which latter, in the wnter’s
opinion, has been extended beyond the



DISCUSSION—FLEXIBLE SURFACES

himitations of the assumptions on which
1t 15 based

DESIGN METHODS

Goldbeck follows the moze or less con-
ventional method of approach, and while
he 1ccognuzes the relative rigidity of the
pavement surface as a factor to be con-
sidered, this recogmtion 1s not incorpo-
rated 1n the design proceduic 1n any way
that would provide for such phenomena
as have been observed n load tests 1n
the field The pressure distiibution
curves obtamned 1n his tests conform to
those obtained by other investigators and
he makes use of an aveirage pressuie dis-
tribution at a 45-deg hne as 1 com-
parable design formulae by Harger and
Bonney, and Gray 2

In passing 1t may be noted that the use
of an average pressure distribution has
been quite generally rejected as inade-
quate 1n any problem mvolving a direct
correlation between the pressure trans-
mitted and soil bearing value, particularly
under conditions which involve concen-
tration of pressure in the vicimty of the
loaded area. Even when provision for a
varying angle of distribution 1s made as
m Haw thorn’s design formula, such aver-
age distribution 1s incompatible with the
conditions of static equlibrium outside
of the elastic range.’

Goldbeck mntroduces a ratio, k, of the
maximum subgrade pressure measured by
pressure cells to the average pressure from
load applications on synthetic subgrades
bult up 1n the laboratory. The direct
experimental determination of & mght
establish vahdity of method if three con-
ditions were satisfied Furst, the type of
pressure distribution should be a conven-
tional type with maximum pressure on
the veirtical axis Second, as stated by
the author, the correct value for k should
be known for cach particular combination
of surface and subgrade. Third, and
most important, the bearing capacity of
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the subgrade must be measured in com-
parable terms.

It would appear to the writer that the
third condition touches on the weakest
point 1n Goldbeck’s proposed method.
The use of a single s1ze of bearing aiea to
measurc beanng capacity provides no
basis for measuring a property which
varies as a function of the size The use
of 100 sq mm, which 1s approximately an
average size of the tire contact aiea, pai-
tially compensates for the inadequacy of
a single test but allows no opportumty to
adjust the design for other sizes. The
selection of a change 1n the curvatwie of
the load-settlement diagram and the short
time mnterval used 1n the tests also makes
the bealng value a very uncertain deter-
mination.

The method proposed by Hubbaid and
Field embodies the direct experimental
approach mn which the wrnter has long
been mterested as an 1nvestigator. As
stated by the authois, “the natureand dis-
tribution of stresses within the pavement
and within the soil, as well as m the
mechanism of stress distribution of the
soil . . . may then be eliminated fiom con-
sideration nsofar as the present problem
is concerned ”’

In discussing this statement 1t 1s logical
to consider the 1esults of the authors’ tests
and their present conclusions in the na-
ture of a progress report which 1s complete
as far as 1t goes but has not yet reached 1ts
ultimate objective. The writer regards
the results of these carefully contiolled
tests as a convincing demonstration of the
valdity of load-area 1elationships and an
independent venfication of an exper-
mental technique which has been the
main subject of the preceding discussion
They also demonstrate that these rela-
tions can be extended to the speeial conds-
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 will be built in the
field. It has always been the wrter’s
hope that the stresses imposed on the
surface and subgrade could be isolated
and correlated with resistance of the
materials involved so that relatively
simple resistance tests could be incorpo-
rated 1n 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.!. 14
The ability 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 in the
field and may reproduce the resistance to
punching shear observed by Hubbard and
Field.

It is along this line that the laboratory
research of the Michigan State Highway
Department and the Unmiversity of Michi-
gan has been directed during the past
several years. The results of these
studies appear promising and 1t is hoped
that the results may be reported within
the next year. In the present discussion
it may be pointed out that if this type of
design procedure is the ultimate objective
it 1s 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 will 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 it seems that the
effort to develop more practicable test
procedures should be continued.

There is another phase of the investiga-
tion by Hubbard and Field which should
be discussed and that 1s the selection of
the deflection of 0.5 1n. as representative

DESIGN

of the allowable load to be carried by the
pavement. The fact that the same criti-
cal settlement was observed regardless of
the size of the bearing plates 1s in sub-
stantial agreement with load test observa-
tions which indicate that the settlement
coefficient, K, 1s constant for all sizes of
bearing area. However, Hubbard and
Field did not demonstrate that the mini-
mum value of K, which establishes the
ultimate capacity of the subgrade or yield
value of the soil coincided with 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
soll was completely evaluated. It might
well be that a longer time interval would
have produced failure in punching shear
at a lower intensity of load.

The variation 1n K; and the determina-
tion of its mimmum value identifies the
yield value of the soil. The determina-
tion of linear equations for the entire
range of settlement and analysis of the
corresponding variations in perimeter
shear, m, and developed pressure, =, is
the only positive basis for evaluating the
critical load. It may very well be that
a settlement of 0.5 1. under the test con-
ditions used 1s beyond the ultimate capac-
ity of the subgrade. While actual wheel
loads may be apphed for only short
periods of time the accumulation of in-
finitessmal but permanent displacements
caused by instantaneous subgrade stress
in excess of the yield value may eventu-
ally lead to failure of the surface. It 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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Mr L A PaLMER, Public Roads Ad-
manasiration, Discusston on Inierrelatron-
ship of Load, Loaded Area, Stress and De-
Jormation of Sou: Assuming a linear
stress-defoimation 1clationship, the fol-
lowing device serves to illustrate the ceffeet
of a1ea and load on deflection

With reference to Figure 1, consider the
same umt load, p, on the same soil and on
two diffcient circular aicas having radn,
a, case 1 and Na, casc 2, N being greater
than umtv  The points A; and 4. on the
axes of symmet1y and at depths a 1n case 1

ra " -—Na-—-|
/) |

77
1 -6
Az
2 Z
CASE | CASE2

Figure 1

and Na 1n casc 2 aie homologous points.
The vertical stress, p,, 15 the same at 4,
as1t 1s at A;. In each case,

p: = p (1 — cos’f) ¢)
and since 8 1n the figure 1s 45° 1n each case,

p: = p[l — (\%)a] = 0.65p.

An element of caith at A, 1s stressed to
the same extent as the homologous cle-
ment at A; But there ate N times as
many clements between the load and A,
as therc are between the load and A,
Hence, the deflection along the axis m
case 218 N times the corresponding deflce-
tion 1n case 1

If the same total load 1s on each circulai
area, Figure 2, cascs 1 and 2, then the unit
load, pi, of case 1 exceeds the umt load,

P
Py, of case 2. Incase 1, p, = 7o 2nd

P
Nt Then
1 = Np,

in case 2, p, =

)
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The vertical pressures at A, and A, are
expressed then by the relations,

At Ay, p, = pi(1 — cos?B)
= N2p,(1 — cos?B).

At A,, p, = pa(1 — cosB)

The pressure at A; 1s N2 times that at the
homologous pomnt, A,. But there are
still N times as many elements between
the load and A, as there are between the
load and 4;,. Apparently then the deflec-
2
tion on the axis 1n case 1 is 1\_1(’ = N times
the corresponding deflection in case 2.

ka-' l—Na
W' AT
1 Na |+
4,
4z
z Z
CASE | CASE2
Figure 2

Summanzing and remembering that a
linear stress-deformation relationship 1s
assumed,

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

2. For the same total load, the deflec-
tion is 1inversely proportional to the
diameter of the loaded circular area.

Suppose, for example, that N = 2.
Denote the deflections by S, (1) 1n case 1
and S, (2) in case 2. Then for the same
unit load,

or
SL(n) =2 SL(l)

whereas, for the same total load,
SL(I) N

B~ 12

DESIGN

or
SL(2) = *SL(I)-

It 13 not necessary that the load dis-
tribution over the circular areas be um-
form for these relationships to hold The
only requirement is that the load distribu-
tion be symmetrical and of the same shape
in both cases.

In 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 matenals, n = 3,
and Gnffith’s expressions for stresses
reduce in this case to those of Boussinesq.
For a parabolic load distribution over a
circular area of radius a, the vertical pres-
sure, P., at a depth z on the axis is

Forn = 3,

2
pm=tm|1-25+—_% 1] @
a . z
a(1+;,)
For n = 4,
P = 2”°z, @
1+5
Forn = 5,
p=op R _BE )
3a"'(1+”—2)
a
Forn = 6,

_ 2*/d° _ 7
Pe= [2 t 0T 2 E] -(6)

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

It 1s interesting to compare the values
for vertical pressures reported by M. G.
Spangler with those computed from the

1J H Gnffith, ‘‘Pressures Under Sub-
structures,’”’ Engineering and Conlracling,
March 1929, pp 113-119
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above cquations The values computed
by equation (5) aic in far agieement
with the 1epoited obseived values
Values computed by cquations (3), (4)
and (6) deviate considerably from the
obseived values

Aside from this theoretical considera-
tion, M A Biot? showed that the pies-
cnce of sohid rock below a soil laver loaded
at the surface tended to concentiate the
stiesses 1n the neighboihood of the axis
of symmetry This deduction has no

TABLE 1
OBSERVED aND CoMPUTED VALUES OF p. ON
CENTERLINE UNDER A WHEEL Loap

or 3000 LB
Computed values
of pe

Ar E Values

of | lent | DB (Opgerved o

ol Rl T I S A

loading, | tion él)
n=25 an

multi-

plied

by 17

wo| e e B
5563 420 3 67 80 74
604 438 3 67 75 70
608|471 | 3 65 68 62
604 438 4 59 61 58
604 438 [ 5 50 50 18
60 4| 4 38 6 37 41 40
604|438 | 8 25 28 28
604|438 | 10 19 20 19

1elation whatsoever to Gnffith’s con-
centiation factor, m, applicable to the
case of soll of mfimte depth Biot
assumed two possibilities, (a) perfect
fiiction between overlymng soil and r0ck
and (b) no friction between these two
matenals  For his case (b), the veitical
pressure at the 10ck surface and on the
axis of loading 1s shown to bhe 17 times

:M A Biot, “Effect of Certain Discontinu-
ities on the Pressure Distribution 1n a Loaded
Soil,”” Physics, December 1935
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its value at the same spot if the 10ck were
not therte This comparison 15, howeve,
for a pont load and not for a load dis-
tributed over a cncular area

If the values of p. as computed by
cquation (1) for a uniform load are cach
multiplied by 17, the 1esults compare
favorably also with Spangler’s observed

values These 1csults aic shown
Table 1.
A 0 Bn A
(xy)
z N e~ \&& < (o)
Q&iyz)
Pz
il w
\__)(
2
Y
Z
Figure 3

The fact that 1t 1s possible to 1econcile
thcoretical and obscrved pressures by
multiplication of theoretical values by a
constant factor 1s of paiticular mteicst
This same pninciple will most hikely hold
when theoretical and actual deflections
under wheel loads arc compared

For a uniform load on a cncular aiea
special theory 1s requned for computing
the veitical pressures at points 1emoved
fiom the axis of symmetiy  With 1cfer-
ence to Figuic 3, the valuc of p. at the
pomt @ 1s computed as follows

=P, _,)..... 7
Pe 21rzaz w) @



w = solid angle subtended at @ by
the loaded circular area

z = the depth of @ below the ground
surface.

p = unit load on the circular area.

To evaluate w and %1: at any pomnt Q,

the following relations are used:

w=2r —2r [EPl {cos 0)

- -(R) Ps(cos @) + = ( ) Py(cos )

ig (R) Pi(cos 0)] ®
and
%"—: = — 2—W[Po(cos 0)

g ( ) Py(cos8) + 15 (%i")‘ Py(cos8)

_ 105 (R
(9
-3 ( ) P.(coso)] ©
For the case, B < a, where R =
0Q, Figure 3
For the case, R > a, the exprcssions
are:

=2r — 2r [1 - %(%)2 Pi(cos 6)
+ g ( R) Ps(cos ) — 5 ( R)o Ps(cos 6)
+ ;gz (1%)a Pi(cos o)] ..... (10)
and
S -
- g (%)n Py(cos6)
+ 185 (R) Py(cos 0)] (11)

DESIGN

Taking only the first significant terms in
the infinite seres, the Legendrian Coeffi-
cients are evaluated from the following
relations:

Py (cos 6) =

P; (cos §) = cos 8

P; (cos ) = % (3cos26 + 1)
P;(cos8) = % (5 cos 38 + 3 cos 6)
P, (cos 8) = % (35 cos 4 & 4+ 20 cos

20 +9)
Ps(cos8) = t4z (63 cos 5 8 + 35
cos 3 0 + 30 cos )
Py (cos 8) = 41ly (231 cos 6 0 + 126
cos 4 6 + 105 cos 2 @
+ 50)
ooz (429 cos 7 6 + 231
cos 58 4+ 189cos 30 +
175 cos 6).

With w and ii: thus evaluated and the

depth z at the point known, p, 1s deter-
mined from equation (7).

P; (cos ) =

TABLE 2

VERTICAL PRESSURES UNDER A UNIFORMLY
CiRcULAR AREA (SEE F1c 3)

R n terms o Ps |Rmterms| © P
ofa Degrees| 5 of a Degrees| "p

R=2a/3 0 |079|R=~/2a] 0 |048
“« 30 | 084 «« 30 | 040

“ 45 | 0 86 «“ 45 |0 34

o 60 | 091 t 60 | 021

o« 80 | 099 “ 80 (004

“ 90 | 100 “ 90 | zero
R=a 0 [0656 | R=3a 0 {015
“ 30 | 063 « 30 |011

¢« 45 | 061 f« 45 | 0 06

“ 60 | 058 “« 60 | 003
“ 8 |053 “ 80 | 0 002

“ 9 | 050 «« 90 | zero

R =2q 0 |028! R =4a 0 |009
‘“ 30 | 022 o 30 | 006

« 45 [0 16 “ 45 | 003
“o 75 (002 ¢ 60 | 002
“ 90 | zero “ 80 {0001

« 90 | zero

Table 2 contains some values of p, in
terms of p for various points under a
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uniformly loaded ecircular area. These range of soills met in airport con-

values have been published morec com- struction
pletely by S D Carotheis 3 2. The range of permussible pavement
settlements

3. Accurate information on the effect
of stiffness of pavements.
4. Data on the vahdity of theory.

C. A. HoGENTOGLER, JR., Unwersily of
Maryland- By including a stiffness factor
with formula 6, of Palmer’s and Baiber's
cxcellent approach, an expression for

pavement thickness 1s obtaned as fol- TABLE 1
lows* THICKNESS OF PAVEMENT wiTh C, = 4,000,000
2 3 | Wheel Loads, lb Wheel Loads, Ib
£ = [ 1/ BPF _ aJ[ 1/£J NN
(27CS8) Co 8,000 | 15,000 | 30,000 || 8,000 | 15,000 | 30,000
a-56 |a-776 |a~110 || a-56 | a-775 | a-110
n mn mn mn mn imn.
1n which, Subgrade G Subgrade O
_ uobgrade = ubgraae =
P = wheel load 100,000 Ib per | 500,000 1b per
C, = modulus of deformation of pave- sq ft sq ft
ment
C = modulus of deformation of soil g; 1? fg gfls _'f _f 1_7‘,
S = assumed settlement of pavement ¢ 3 4 s | 17 — | - =
a = radius of the assumed aiea of 04 3 6 | 13 e T
tire contact 05| 2 S0 -] -] -
For assumed conditions of load, settle- Subgrade C = || Subgrade C =
ment and pavement and subgrade moduli 200,000 Ib per 600,000 1b per
of deformation values of pavement thick- sq ft sq ft
ness may be obtained as shown i Table 1
For an assumed pavement thickness of g ; 8§ | 16 | 32 3 6| 15
6 inches, subbase thickness may be com- 03 4 Z ig - |~ 5
puted from the following formula. 0e| — | 3| 2l Z1Z|Z
06| — | — | 5| —] =] =
3/C .
L= (t—6) /‘/‘(—E e +(2) Subgrade C = Subgrade C =
300,000 1b per 700,000 1b per
in which, sq ft sq ft
t, = thickness of sub-base o1 6 12 | 2 — 6 13
C. = modulus of deformation of sub- 02| — 3 (n - | - 3
base 03| — | — Th=1-1-
Resulting values are shown 1n Table 2. g ; - _4 - T | T
Before values thus computed can be A
}xscd with confidence in design, additional Subgrade C = || Subgrade C =
information 1s needed as follows: 400,000 1b per 900,000 1b per
1. Comprehensive data on values of the sq ft sq ft
modulus of deformation for the o1 5w 22| ——1 0
02| — 4 9 —_ — —
38 D Carothers, “Test Loads on Founda- 03| — | — 5 — | =] =
tions as Affected by Scale of Tested Area,” 04| — _ _ . _ .
Proceedings, International Mathematical Con- 05| — _ _
gress, Toronto 1924, pp 527-519 N A
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TABLE 2 thickness of subgrade of the_same stiff-
THICKNESS OF SUB-BASE FOR PAvEMENT 6 1v. ness. Thus
THICK 3/C, 1 — u>
tr = tf/ < »
C, = 4,000,000 C. = 2,000,000 Cp 1 — “f
s Wheel Loads, b Wheel Loads, Ib. wherein
5000 I 15.000| 2000 || 8,000 l xs.ooo] 30000 t, and ¢, = thickness of pavement
and subgrade equiv-
Subgrade C = || Subgrade C = alent
100,000 1b per 500,000 1b per C, and C, = stress-strain moduli of
sq ft sq ft the pavement and sub-
01| 10 | 25 | 5 _ 3 | grade corresponding to
02 1 3 | o5 | = 2 magnitude and dura-
03| — 3 |lull =1 =1 = tion of 1mposed load
04| — | — 9 _ =] = pp and u, = Poisson’s ratio for pave-
05 — | — 5 — | = | - ment and subgrade.
Taking Poisson’s ratio as 3, for sim-
Subgrade C = | Subgrade C =  plicity and because 1t has a minor effect
200,(:00 :‘: per 600'(:00 }‘: Per  in this problem, the above formula may
q 4. be combined with equation 6 to obtain a
01 13 | 33 — 1 11 formula for pavement thickness. Thus
02| — 2 12 — — - 4 a Dl =1 )
03| — | — 5 - | - | - =3F,7nVP/A)—1...
04| — | =1 1= —=1|—- Cs/C.
05| — —_ — — — — TABLE 1
Subgrade C = || Subgrade C = sl vVeir -1 Voia -1
300,000 1b per 700,000 1b per
sq ft sq ft 1 0 0
2 173 o4
01 — 8 23 — — 9 3 283 073
02| — —_ 7 — — — 4 387 100
03| — — 1 — — — 5 4 90 124
04| — — —_ —_ —_ —_ 10 9 95 2 16
05| — — —_ —_ — _ 20 19 97 347
Subgrade C = Subgrade C = whe.rein
400,000 1b per 900,000 1b per C.S .
sq ft sq ft 9= 76a= allowable bearing pressure
01| — s| 8l — | — 5 on subgrade
02| — | — 4 | =1 =1 = S = allowable displacement of sub-
03| — | — 1 — 1 === grade
04| — | — -1 —=-1-1-- a = radius of circular loaded area
05| — | — | — - | = | — p = average pressure on loaded area.
This formula 18 quite simular to one
MR. E. S. BarBER, Author’s closure, derived from more direct assumptions

Comments on Discussion by C. A. Hogen-
togler, Jr.: To estimate the displacement
under the center of a loaded circular
area on a senurigid pavement which rests
on a subgrade, the pavement thickness
may be considered as equivalent to a

used by G. E. Hawthorn, W. S. Housel,
B. E. Gray, and others. That is
a
= 1;n—,,(\/?/q— ... @
wherein # = angle of pressure distribu-
tion 1n pavement which is a measure of
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the stiffness of the pavement. The
functions of p/¢ have a fauly constant
1atio as indicated by Table 1.

The chief difference between the ap-
proaches to formulas 1 and 2, 1s 1n the
method of detetmmming the soil factors

3 P
If the value of 1/ gl’, formula 1, 1s

equal to approximately fomr times tan
6, formula 2, resulting values of ¢, would
he comparable This would be true for
a C, = 6,400,000 Ib per sq. ft,a C, =
100,000 1b per sq ft and an angle of
pressure distuiibution, § = 45° If the

parake
value of 1/ % becomes less than about

four times tan 6, the thickness of pave-
ment according to formula 1 becomes
proportionately greater than that in-
dicated by formula 2

Mr L A PauMer, Author's Closure
Professon Housel, 1n claiming agreement,
between the foirmula

2 pa
A=:T O
and the theoretical expression
= P8
S, =F o ()]

appatently overlooks the fact that the
authois use C as a “modulus of deforma-
tion”, a teim that imphes that strict
adhercnce to the theoy of clasticity 1s
not the authors’ procedue

Professor Housel has published very
uscful test data and the entue profession
1s indebted to him for this valuable con-
tiibution In considerning merely the
punciples of mechanics from the theo-
retical standpoint, the authors did not feel
that therc was occasion for reference to
these o1 to other load test data

As pointed out by Piofessor Housel 1n
his bulletin (Ref. 6 of the discussion)
the expiession,

Wh
A= (GRS R 3)

fiom which equation (1) 1s deived, was
piesented by Piofessor C C. Willams

as a discussion! of a paper by Terzagh?
appearing 1n the Proccedings of the Amer-
1can Society of Civil Engineers, in 1927

Since laboratory tests may be made
with all soil conditions known and con-
trolled, the authors feel that much bene-
fit may be denved by adapting equation
(2) to various practical field conditions
For example, Table 2 of the paper shows
an mteresting relationship between soil
density and moisture and settlements
which cannot be disclosed by loading tests
per se Loading tests supplemented by
laboratory data could prowvide this 1n-
formation but loading tests alone cannot.

There 1s no doubt a similanty in form
between equations (2) and (1). How-
ever, 7 1s not 1n any sense 1dentical to F,
which 1s a function of depth, and a, as
well as Powisson’s 1atio  Clearly, 7 1s
independent of & and @, according to
Professor Wilhams’ derivation. It would
be exticmely difficult to establish the
true relationship hetween the modul,
Iand C

In paper E-3, “Tangential Sticsses
Under a Sprcad Foundation”, volume 1,
page 63, Proccedings of the Inteinavional
Confeirence on Soil Mechanies and Foun-
dation Enginceuing, D P Kiymmne has
shown that a straight line presswme dis-
tribution 1s possible only for a point load.
Hence, for all practical purposes, r 18
not a constant but vaies with depth
If one 15 1nclined to 1¢ject the prinaples
of mechanies, he can ignore complicated
mterrelationships and set up vatous
empirical cxpiessions that account for
any given sct of data obtained under moie
or less limited conditions The objection
to this procedure 1s that there 1s then
likely to be as many different empirical
expressions as there are vaned conditions
A rational expression, dernvable fiom
sound principles of mechanies has more

! Williams, ‘“The Secience of Foundations’’,
Discussion, Proceedings A S C E, Febru-
ary, 1928

2 Terzaghi, ‘““The Science of Foundations—
Its Present and Future”, Piroceedings A S.
C E, November, 1927
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general utility than an empirical one.
However, the rational expression usually
must be modified and adapted to apply
to actual conditions that most often are
far from the ideal ones that are assumed.
The whole point is that it is always well
to begin with the principles of mechames
but not to stop there. These principles
suggest methods of experimentation that
otherwise would not be considered.

It is apparent from both equations
(2) and (1) that the settlement increases
as the radius a incre 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 18 well below the sup-
porting power of the soil and it is a re-
lationship that has been observed by
various engineers.

PrevosT HuBBARD AND F. C. FiELD,
Authors’ closure: In reviewing Professor
Housel’s discussion of the paper by Hub-
bard and Field it appears that the authors
may not have adequately explained their
conception of the utility 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 carry loads transmitted through over-
lying pavement structures of different
thicknesses. It 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
with a 30 psi value, although the same
soil in the field might by test develop only
a 20 psi value for the same bearing area.

DESIGN

It is apparent that necessary pavement
thickness for that particular soil, as
determined by laboratory test, would be
inadequate for field use. However, it
seems reasonable to assume that neces-
sary pavement thickness indicated by
laboratory tests for a soil with a labora-
tory rating of 20 psi would be applicable
to the soil with 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 in the
field. Such rating can be made by load
settlement tests in the field or quite
possibly by other tests, such as suggested
by Professor Housel, provided the matter
of critical deflection is taken 1nto account.

With this understanding it 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 K; which establishes
the ultimate capacity of the subgrade or
yield value of the soil coincides with a
settlement of 0.5 in. Whether or not
ultimate settlement has occurred in the
laboratory test it seems unnecessary to
attempt to determine accurately. How-
tver, 1n the laboratory procedure rela-
tively small load increments are slowly
apphed with a three-minute load main-
tenance period for each, and tests so far
conducted have indicated little or no
further settlement for each increment.

If 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 will have served its purpose
and may thereafter be abandoned. Of
course, it will be highly desirable even-
tually to correlate the laboratory method
with a sufficient number of full-scale
field tests to demonstrate its degree of
accuracy.





