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endant of the moisture content, but only of

EEe structure. This would be the case for the
permeability coefficient, according to the law
of Darcy. If this is not the case, the curves
can still be traced but for a determined moist—
ure content. For instance, in the case of the
cone-test, the curves will be traced as shown
on fig. 3.

The case is particularly complicated in
the study of the internal friction, for which
are to be considered the modifications of struct-
ure in the sheared zone.

SUMMARY.

The study of the relations between the
physical and mechanicel properties of the soils
and their permanent and non-permanent charac-
ters must rationally be conducted according to
the scheme below:

The use of the proposed recording system
permits to treat clearly and precisely the var-
ious questions which arise in this field, in
the first step of the study as well as in the
second.

As far as the first step of study is con-
cerned, it facilitates the classification of
80ils based on the values of the compacity and
of the moisture content in the state chosen as
reference.
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SYNOPSIS

A method is proposed for obtaining estimates of bearing value of soil for
footings of bridges and buildings and for airport pavements from laboratory com-
pression tests, which is based upon the concept of a Natural Restraint Coeffi-
cient. This involves theoretical interpretations and correlations of laboratory
compression tests with load test data. The method is applicable to clays and
clay-soils for which the initial stress conditions and strength are approximate-
ly constant with depth. Consideration i1s given to the Test Conditions to be fol-
lowed in the laboratory compression tests. On the basis of this concept an estim-

ated load=strain curve can be drawn from

laboratory compression test data, that

can be used directly for estimating the probable load-settlement characteristics,
probable bearing value and ultimate failure conditions of full-scale footings.

Load tests have been considered to be the
most direct and useful method for determining
the load-settlement characteristics and bear-
ing value of foundation soils, and have been
used quite exteunsively for the design of foun-

dations of buildings end bridges and for air-
port pavements where heavy plane loadings are
anticipated. For airport pavements the load
tests are full-scale tests, because the size
of the bearing plates generally used are equal



to the tire imprint areas of the larger planes.
A rather large number of load tests may be re-
uired to provide adequate information for the
gesign of pavements for a large importent air-
port, where the soil conditions either in cut
or fill may be expected to vary considerably
over the site. The use of heavily loaded trucks,
scrapers, etc. to provide sufficient reaction
for the load test and the mobility of such
equipment simplifies the problem of load test-
ing to a considerable extent. The major problem
of design of airport pavements is Yo interpret
the results of the load tests on the subgrade
soils into terms of the load-settlement char-
acteristics and bearing value of the pavement-
subgrade system in order to determine the thick-
nesses of pavement and base course needed to
provide adequate support on the different clas-
ses of subgrades encountered in the site under
the anticipated plane loadings 1).

Of equal or greater importance are the
load tests on foundation soils, which are made
to provide basic information for the design of
spread footings for buildings, highway bridges,
and the like. In this case the load tests are
practically always small-scale tests. A minim-
um size of area of 2 feet by 2 feet is common-
ly required by Building Code Regulations. A to-
tal test load of 150 te 200 percent of the pro
posed design loading is usually applied. This
load frequently runs iato sizable figures. rhe
handling of the necessary weight of pig iron,
concrete blocks, sand bazgs, etc. is quife a
problemn. If the subsurface soil conditions are
variable over the site of the proposed struct-
ure, it would be necessary to establish areas
on the basis of the boring records of substant-
ially similar subsurface soil conditions and
to make a load test in each such area. The ma-
jor problem of design is to extrapolate the re-
sults of the small-scale load test into terms
of the load-settlement characteristics and bear-
ing values for the large full-scale spread
footings of the structure.

Because of the expense and time involved
in meking the load tests required to provide
adequate information for the design of footings
of buildings and bridges and of airport pave-
ments, it would be desirable to have some me-
thod by which fairly reliable estimates of the
probable load-settlement characteristics and
probable bearing values of foundation soils can
be obtained from laboratory unconfined compres-
sion tests or triaxial compression tests on un-
disturbed samples. A method is proposed for
such purposes, which is based upon certaln ba-
sic concepts, iavolving an interpretation of
the theoretical load-settlement equations of
the theory of elasticity and correlations of
laboratory compression tests results with load
test data. The method is applicable to clays
and clay-soils for which the initial stress
conditions end hence the strenzth properties
are approximately coastant with depth in the
deposit, whether in the undisturbed state in
a natural deposit or in some artificially com-
pacted condition in an embankment. ¥

First of all it must be emphasized that
beariug value is not a simple inherent physic-
al property of a soll such as the elastic lim-
it or ultimate strength of steel, but must be
determined by an analysis of the controlling
physical factors in the particular situation
and must be defined in terms of some allowable
settlement, which experience has shown to pe
reasonable and safe for the particuler type of
structure and type of loading under considera-
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tion. Bearing value in any particular case is
dependent upon the load-settlement characteris-
tics of the deposit, which are governed not on-
1y by the strength properties and stress-strain
relationships of the soil in its natural undia-
turbed state or in some artificially compacted
condition, but also to a great extent by the
size, shape, and flexibillty of the loadi:d area,
whether a bearing plate in a load test, an air-
plane tire, or a full-scale spread footing of a
structure, and by the stratification of the de-
posit.

The interpretation of the theoretical load=-
settlement equation of Boussinesq, Eq. 1, is
based upon certain fundamental concepts. The
first concept is that the load-settlement rela-
tions for a footing or bearing plate in Eq. 1
are identical in form to the stress-strain re-
lations in Eq. 2 obtained from a laboratory com-
pression test.

c(i-p?)
Load-Settlement Equation., A :—E—pf e (1)
Laboratory Stress-Strain Ejuation.
=t Pe (2)
he E

.

Where Subscripts -~ f -~ applies to a footing or
bearing plate
¢ - applies to a laborator,
compression test
A - settlement (in the same units as r)
strain
r - radius of footing, bearing area, or
test specimen
h - initial height of compression test spe-
cimen
- average pressure on footing or bearing
plate in tons per square foot (tsf.)
Modulus of elasticity of soil (tsf.)
- Poisson's ratio, about 0.40 for many
clays and clay-soils
- a coefficient depending upon the shape
and flexibility of the footing or bear-’
ing area

™
[}

0O T mm
1

The relationships of the physical factors
entering these equations, which are involved in
this interpretation, are illustrated in Fig. 1.
The second concept, which follows from the first,
is that the modulus of elasticity E of the soil
in Eq. 2 obtained from a laboratory compression
test is essentially identical to that of the il
in the natural deposit, which governs the load-
settlement relations in Eq. l. This parallels
the situation for all structural materials and
should be considered reasonable, where repre-
sentative undisturbed samples of good quality
are used for the compression tests, which have
been obtained by cerefully controlled methods
from the immediate vicinity of the footing or
load test site at a depth equal to about the
diameter or width of the bearing are, Sample
disturbance will tend to reduce the value of the
modulus, E somewhat below that in the natural
state, dependiag upon the degree of disturbance
suffered by the sample during the sampling ope-
ration and subsequent preparation of the spe-
cimens for the laboratory compression tests.

These concepts provide a new approach in
interpreting Eqs. 1 and 2. In the laboratory
compression tests the height of the specimen is
usually made at least equael to twice the dia-
meter or four times the radius of the speciauen
- hy = 4, , as shown in rfig. la. In as much
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TABLE I
Yalyes of Coefficient, C,
Shape of bearing area Rigid Flexible, Uniform load
Entire Ar Center FEdge Corner Average
Circular(radiue, r ) 72-1.55 2 1.27 1.70
Square (half widt, Y) 1.76 2.24 1.56 1.12 1.90
Rectangle x)(balf least
width, b )
Side Ratio 1.5 2.31
2.0 2.60
3.0 3,05
5.0 3,66
10.0 4,50

x) Coefficiente asdopted from "Theory of Elasticity™ by S. Timoshenko, p. 338,
hcGraw~-Hill Book Company, New York, 1934.

as theory shows that 75 percent of the total
settlement occurs within a depth equal to four
times the radius of the bearing area, as shown
in Pig. 1b, and because of the fact that the
major part of the lateral bulging effect and
displacements also occur within this depth,the
load-settlement Eq. 1 is re-written in the
form of a stress-strain relation similar to
that in Eq. 2 for the compression test by as-
suming an effective beight of a cylindrical
mass of soil beneath the bearing area

h¢ = 4 rf in Fig. 1b, as ziven in Eq. 3.

Load~-Settlement sSquation

-pf) 4
A=£(_Eﬁ_> %
Load-Strain Equation (3)
B B
T
ary 4 E

It follows that for equal strains the re-
lation between the corresponding pressures for
the footiag, ps and for the compression test,

pf from Eqs. 2 and 3 becomes
ﬁ. =[i(‘ —Pz):’—p—'

E L4 E (4)
or -F——i——]P =R p,
Bl T
where p=[ J is termed the Natural Res-
c(t-p?)

traint Coefficient.

Thie leads to the third concept that the
natural confinement and restraints of the na-
ture of a passive resistance offered by the
mass of soil surrounding the hypothetical cy-
lindrical element beneath the bearing area
have a most important influence on the load
supporting capacity of the soil in natural de-
posits, as stated in BEq. 4; end accounts for
the marked difference observed in Ffig. 2 4in
the stress-strein relationships and in the ap-
parent value of the modulus of elasticity E
of the soil in the natural deposit as compar
ed with that in the laboratory compression
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test. The importence of the natural confine-
ment and restraints to lateral and vertical
displacements expressed in terms of the Natural
Restraint Coefficient, R is evident from Egs.

3 and 4, which show that for equal strains the
pressure, pr for the footing loaded at the sur-
face of the ground may be R times grater that
the value, P obtained in the laboratory com-
pression test on specimens of the seme soil.
The values of the Natural Restraint Coefficient,
as may be expexted, depend upon the shape and
flexibility of the bearing area and upon the
value of Poisson's ratio, which expresses the
relation between the strains in the horizontal
and vertical directions, as given in Table 2.

Table 2.

Values of the Natural Restraint Coefficient,

[

N INTE]
c(1-p)
For clays and clay-soils roisson's ratio is
taken to be of the order - pu = 0,40

Center deflection or settlement of bearing area

Shape of Bearing Rigid Flexible, Uniform
Area loaa
Circular 3.02 2.38
Square 2.71 2.13

On the basis of this concept of a Natural
Restreint Coefficient an estimated stress-
strain curve can be obtained from the labora-
tory compression test curve that can be used
directly for estimating the probable load-set-
tlement characteristics and the probable ultim-
ate failure conditions of a footing or of a
load test bearing plate by multiplying the la-
boratory compression test stresses by the ap-
propriate value of the n~atural Restraint Coef-
ficient for a sufficient number of strain va-
lues to define the curve over the range of va-
lues desired, as shown in Fig. 2., where the
estimated loed-straincurve is superimposed on
the actual load-strain curve of a load test on

a 2 square foot circular bearing srea. It is
to be noted that the agreement between the ac-
tual and the estimated load-strain curves is
reasonably good. Similar agreements have been
found by such an analysis of data presented by
other investigations.

The probable safe bearing value corres-
ponding to some selected safe or reasonmable lim-
iting value of settlement can then be estimnated
directly from the estimated load-strain curve
for any size of bearing are., since the strain
for a given size of bearing area is given by
Eq. 3
Circular Bearing Area - A=4rE (5)

5
Square Beariag Area - A =4pE

The method is applicable to individual
footings on clays and clay-soils for which the
initial stress conditions in the deposit and
hence the strength properties are approxima-
tely constant to a depth of at least 2 and
possibly 4 times the diameter or width of the
bearing area, whether in the natural undisturb-
ed state or in some artificially compacted con-
dition. Zxperience has shown that deposits of
clays and many deposits of clay-soils conform
reasonably closely to this condition, and hen-
ce follow reasonably closely the theoretical
load~settlement Eq. 1. The estimates of the
probable settlement from the load-strain curve
by Eq. 3 and 5 is that which occurs almost im-
mediately after the loading, due to elastic
and plastic displacements, but does not in-
clude the subsequent settlement due to gradual
consolidation of the clay, either directly be-
neath the bearing area or at greater depths
under the long-time loading. The estimates of
the settlement due to consolidation must be
added to the above immediate settlements to
obtain the probable total settlement to be ex-
pected ultimately.

An analysis is now made of the probable
ultimete failure loed to determine if it is
in reasonable sgreement with theory and with
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experience, This follows directly from the
three concepts stated previously and involves
the question whether the assumed effective
height of the cylindrical element directly be-
neath the bearing area in Fig. 1b is of the
right order of magnitude for use in the pro-
posed method or whether some other value should
be used. Analyses of the failures of footings
on clay by a number of investigators have
shown that the fallure load, varies from about
4 to 6 times the maximum shearing strength, of
the clay, which is given by Equation 6 for the
unconfined compression test.

Unconfined Compression Test

= Pepmax (e)
%ﬂaﬂ 2

Depending upon the value of the Natural
Restraint Coefficient, which is a function of
the shape and flexibility of the bearing area
and of Poisson's ratio, the probable failure
load is given by Eq.?7 and is tabulated in
Table 3. op

Failure load Pgimax) = RPc(max)= S(max)(,?)

Table 3,

Failure Conditions - Probable Values of

Pf (max)

expressed in terms of 2 RS(pax)

Shape of Bearing Rigid flexible, Uniform
Area Toad
Circuler 6,04 S(pmax) 4.76 S(max)
Square 5,42 S¢pax) 4.26 S(max)

Since these vslues are of the order of
magnitude indicated by theory and by experien-
ce for the ultimate failure load, and since
there is a reasonable agreement between the
estimated and the actual load-strain curves
in Fig. 2, they give support to the concepts
and method proposed.

The agreement attained between the actual
load-strain curve and that estimated from a
laboratory compression test curve both as to
magnitude of the stress-strain values, the
shape of the curve, and the ultimate failure
load, will depend upon whether reprcsentative
undisturbed samples of good quality are used
for the compression tests and upon the testing
technique. The best andleast disturbed scmples
obtainable are tnose carefully cut out by hand
from a test pit in the imanediazte vicinity of
the footing or load test site at a depth about
equal to the diameter or width of the beariag
area. Saaple disturbance will tend to increase
the strains and to reduce the ultimate strength,
depending upon the degree of disturbeance suf-
fered by the sample during sampling operations
and subsequent preparation of the specimens for
the laboratory compression tests. Careful con-
sideration should be given to tne Test Condit-
ions, which should be set up to approximate as
closely as possible the natural conditions of
initial stresses and of drainage, that may be
expected to obtain.

In the natural state clay acts temporarily
as an almost incompressible material under clos-
ed system conditions with little or no free
drainage possible. Under such conditions the
immediate settlement under a rapid loading is
due almost entirely to lateral displacements
of elastic and plastic character at constant
volume, and the settlement due to consolidation
is considerably delayed. If the natural undis-
turbed consistancy of the clay or clay-soil is
Herd or better, that is, a shearing strength

greater then 2,0 tons per square foot (See Eg.
6), both the immediate settlement due to later-
al displacements and the subsequent settlement
due to consolidation would be relatively smell
under loadings not exceeding possible 30 per-
cent of the ultimate load. In such a case the
unconfined compression test may be expected to
give reasonably satisfactory information, If on
the other hand the natural consistency is Stiff
or Medium Hard (shearing strength 0.5 to 1.0
and 1. o 2.0 tons per square foot, respectiv-
ely) the immediate settlements and the subse-
quent consolidation settlements, particularly
for the stiff consistency, may be considerably
larger and reach objectionable magnitudes. In
this case both tri-axial compression and con-
solidation tests would be needed in order to
estimate the probable immediate and the total
subsequent settlement. First, it is necessary
to determine as closely as possible the initial
state of stress on the clay. The value of the
initial vertical stress, pv can be estimated
from the consolidation test curve (the so-call-
ed preconsolidation pressure). The first test
condition in the tri-axial compression test is
to re-establish the probable initial lateral
stress, py on the specimen by pre-consolidating
the specimen with open system conditions under
this lateral pressure, Pz = py, which may be
estimated approximately %orm Eq. 8.

M
p3=pﬂ=(,j;)pv (8)
where Pz = pg ~ is the approximate lateral

pressure to be applied in the
triaxial compression test.
- is the initial vertical stress,
usually larger than the over-
burden stress.

e - 1s Poisson's ratio, epproximate-
ly 0.40 for clays.

After the tri-axial compression test spe-
ciren is fully pre-consolidated under this la-
teral pressure, the tri-axial compression test
is run under Closed System conditions with
drainage cut off, as the second test condition.
A comparison of the results of the triexial com-
pression test with those of an unconfined com-
pression test will indicate whether or not the
proposed method is applicable or not. If the
stress—-strain characteristics and the ultimate
strenzgth of the clay or clay-soil are found to
be only a small function of the lateral press-
ure, the prop&sed method is applicable, but if
they are found to be a rather large function
of the lateral pressure, where the clay-soil
is gquite silty or sandy in character or is not
saturated, the method may not be directly ap-
plicable, bacause the initial stresses are not
constant with depth, but a function of depth
and Eq. 1 does not apply directly.

Comparisons of the estimated and actual
load-strain curves obtained from laboratory
compression tests and load tests, and actual
observations of the settlements of full-scale
footings will indicate the realm of validity
of the theory and the types and consistencies
of clays and clay-soils for which reasonably
close estimates may be expected,

Pv
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