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GENERAL 

DONALD M. BURMISTER.'—There are 
two aspects of soil dynamics that are 
considered to be most important and on 
which the writer wishes to make a few 
comments. The first aspect has to do with 
the development of testing apparatus 
which can satisfactorily apply dynamic 
loadings. The papers presented in this 
Symposium well illustrate the problems 
and difficulties involved in the develop­
ment and instrumentation of such appa­
ratus. A great deal of ingenuity, patience, 
and time has been involved in these 
developments. The authors are to be 
congratulated on their achievements. 

The second aspect has to do with the 
soil itself. In the final analysis, the signifi­
cant determination of responses and 
performances of soil "in place" must be 
the major objective for developing meth­
ods and procedures for dynamic loading 
conditions. It is believed that dynamic 
responses and performances of soils can­
not be properly determined, understood, 
and evaluated until the fundamental 
static responses of soils in laboratory 
tests and performances of soils "in place" 
in field tests have been more thoroughly 
investigated, understood, and signifi­
cantly established on a fundamental 
basis by the applications of simulated 
performance and prototype methods of 
testing. 

Soil is a most unusual construction 
material. There are no simple model-
prototype relations between soil responses 
in the laboratory tests and full scale per­
formances in the field that can be used 
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invariably and reliably, such as exist for 
the common materials of construction. 
Furthermore, soil is always a prestressed 
material with a prestress at any depth 
at least equal to the weight of overbur­
den above this depth. This generally is a 
very favorable condition, which improves 
performances. The stressing and straining 
of soil under foundation loads never starts 
from the state of zero stress and strain. 
The prestressing of triaxial specimens to 
increasing stress levels by a confining 
stress actually represents one aspect of 
simulated performance and prototype 
testing to simulate the influences of in­
crease in depth upon the strength prop­
erties and stress-strain responses. 

The responses of soil in laboratory tests 
and the performances of soil in small-
scale field tests or in full scale construc­
tion sequences for structures are strongly 
influenced and conditioned by the kind, 
relative dominance, and sequence of 
conditions imposed. As a consequence, 
a first fundamental concept of soil re­
sponses and performances states that a 
prestressed and preconditioned soil is in 
reality a "new construction material," 
having different and essentially new re­
sponses and performances. There is no 
difficulty for engineers to realize and to 
treat, for example, prestressed concrete 
as a different and improved construction 
material in contrast to ordinary rein­
forced concrete. As a corollary to this 
concept, significant responses and per­
formances of soils which have direct and 
valid applications to particular natural 
situations can be determined and estab­
lished only by a thorough visualization 
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(a) Pressure-settlement curves from load-
bearing tests. 

(6) Bearing pressures versus reciprocal of ra­
dius of bearing area for series of selected permis­
sible settlements. 

FIG. 1.—Prototype Pressure-Settlement Per­
formances. Housel's Concept. Evaluation of 
Bearing Pressure for Selected Permissible Settle­
ment from Pressure-Settlement Curves for Two 
Sizes of Bearing Plates. 

Housel's Empirical Equation: 
i> = n + m''/A (1) 

where: 
P = bearing pressure, 
P/A = perimeter-area ratio: Ivxl-n-r'^ = 21 r 
n = empirical coefficient—pressure intercept, and 
m = empirical coefficient—slope of line. 
Modified Equation Based on Boussinesq Theory to Fit Set­

tlement Performances: 
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Intercept and Slope 
where: 
7r/2 = coefficient for rigid circular area, 
7r/2 X 1.12 = coefficient for rigid square area, 
fi = Poisson's Ratio, 
Eo = soil modulus of surface, 

—- = increase in soil modulus with depth, taken at depth 
2^ of2^ 
w = selected permissible settlement, and 
p = corresponding bearing pressure. 
Proportioning Footings for Equal Settlement: 

Find by trial values of p and \/r (or p and l/b) to sat­
isfy condition that 

Column Load, P = •wr'^-p (or P = 46̂  p), 
where / I ^ , l \ 

and adequate evaluation of the condi­
tions that control and by a carefully 
planned and properly executed program 
of laboratory soil tests or field tests in 
accordance with the principles of simu­
lated performance and prototype testing 
of soils. 

The first logical and necessary step in 
treating soils under dynamic loading is 
prototype static load-bearing tests of 
soils "in place" to determine significant 
pressure-settlement relations that are 
capable of being translated into repre­
sentative and valid estimates and predic­
tions of full-scale footing performances. 
Here the important and fundamental 
concept, first proposed by W. S. HouseP 
also applies, which states that at least two 
load-bearing tests are required on differ­
ent sizes of bearing plates in order to de­
termine significantly pressure-settlement 
relations for predicting full-scale footing 
performances. This concept of Housel's 
for the pressure-settlement performances 
of footings is illustrated in Fig. 1(6), but 
has been modified by the writer to a more 
fundamental dimensionally correct basis, 
as indicated by a comparison of Eqs 1 
and 2 (see notes under Fig. 1). A per­
missible bearing value, p is shown to be 
dependent, first, upon the reciprocal of 
the radius, 1/r of a circular bearing plate 
or the reciprocal of the half-width, \/b 
of a square bearing plate, which are the 
principal plotting arguments, and in 
Fig. 1(6), upon a selected settlement, 
which may be considered permissible for 
the type of construction, loading condi­
tions, and soil conditions. The family of 
selected settlement curves in Fig. \{h) 
were obtained, for example, from pres­
sure-settlement curves for two sizes of 
bearing plates from a series of equally 
spaced selected constant settlement 
lines, shown on the pressure-settlement 

^ W. S. Housel, "Report of the Symposium 
Committee on Load Tests to Measure the Bear­
ing Capacity of Soil," Symposium on Load 
Tests of Bearing Capacity of Soils, ASTM STP 
No. 79, Am. Soc. Testing Mats., p. 2 (1947). 
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curves of Fig. 1(a), which define pressure 
values for the two plate sizes. 

The basic fact established in Fig. 1(b) 
by this concept is the existence of a posi­
tive pressure intercept on the pressure 
axis. The use of a single bearing plate 

the pressure axis indicates by Eq 2 that 
an increase in soil modulus must exist 
with depth. This is in accordance with 
the established fact by triaxial tests that 
the strength properties of soil increase 
with increase in confining stress. Housel's 
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(a) Soil placed in thin layers to a uniform relative density of 30 to 40 per cent. 
(&) Soil placed in thin layers to a uniform relative density of 70 to 80 per cent. 

FIG. 2.—Small Scale Simulated Performance Prototype Bearing Test, Modified CBR Test. 
Concept: Prototype Performance Criterion of 

Constant Confinement Ratio = 
Vc + Pn 

only and hence the use of a settlement 
line through the origin would severely 
penalize the actual more favorable pres­
sure-size-settlement relations by use of 
too low a permissible bearing value. As 
indicated in Eq 2, the slope of the family 
of settlement lines is dependent upon the 
selected permissible settlement and soil 
modulus, Eo. The positive intercept on 

for Equal Permissible Settlements of Footings. 

concept is actually an application of the 
principle of prototype testing of soil. 

A third important and fundamental 
concept, proposed by the writer, states 
that the confinement of the supporting 
soil mass directly beneath a footing by 
placement below the surface of the im­
mediately adjacent ground level and by 
the presence of the surrounding soil mass 
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above the level of the base of the footing 
has even more important controlling 
influences on the pressure-settlement 
relations for footings. Therefore, the 
second principle of prototype load-
bearing testing of soils requires that the 
confinement conditions must also be 
simulated representatively in two load-

tion. In Fig. 2(o) the soil was placed in 
thin layers at a uniform relative density 
of 30 to 40 per cent, which is in the range 
commonly encountered in many natural 
deposits near the surface of the ground. 
In Fig. 2(6) the soil was placed in thin 
layers at a uniform relative density of 
70 to 80 per cent, which illustrates the 
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FIG. 3.—Simulated Performance Prototype Bearing Tests on 12 by 18-in. Footing. 
Soil Identification—^brown coarse to fine SAND, trace— Silt, trace— fine Gravel. 

Confining Pressure, pc, tsf. 
NOTE.—pc = J^ tsf, equivalent to footing placed at depth of 5 ft. 
Normal Pressure, p„ , tsf—applied in addition to confining pressure by dead weights of steel plates, 

symetrically placed. 

bearing tests on different sizes of bearing 
plates. The fundamental nature of this 
concept and the implications with regard 
to proper interpretation, evaluation, and 
representative and valid use of load-
bearing test results are illustrated in 
Figs. 2 and 3. 

In Fig. 2 the results are given for a 
series of very small-scale penetration 
tests on a 2-in. diameter disk (actually a 
modified California Bearing Ratio (CBR) 
test) for the sand noted in the identifica-

enormous increase and improvement in 
bearing value achieved by effective com­
paction. Separate tests were made for 
each relative density at confining stress 
levels of zero (no confinement), YS, | , \, 
I, and I tsf (tons per square foot) by 
vacuum methods applied to a thin rubber 
membrane sealed to the top of a 6-in. 
compaction mold. 

At zero confinement, an insignificant 
bearing value is attained, the pressure-
settlement performances being com-
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pletely controlled and dominated by 
shearing displacements and escape of 
soil grains from beneath the edges of the 
2-in. diameter disk. Furthermore, there is 
an insignificant improvement in perform­
ance with increase in relative density to 
70 to 80 per cent at zero confinement. 
However, with a confining pressure as 
low as ^ tsf there is relatively an enor­
mous increase in bearing pressure for a 
constant settlement. A confinement of ^ 
tsf is equivalent to only 1 | ft of soil 
surcharge above the level of the base of a 
footing. The bearing pressure for con­
stant equal settlements consistently 
increase with increase in confining pres­
sure, but the improvement is enor­
mously greater for the 70 to 80 per cent 
relative density in contrast to 30 to 40 
per cent relative density. These facts 
have important implications with regard 
to prototype CBR testing of soils. 

In Fig. 3 there are given the results 
for load-bearing tests on a 12 by 18-in. 
footing, which is in the range of sizes 
commonly used for determining pressure-
settlement relations in field tests. These 
prototype load bearing tests were made 
in a 3-ft diameter by 3-ft high cylindrical 
container. Theoretical investigations of 
the stress conditions imposed by the 
footing loads used showed that the con­
fining influences of the side walls of the 
container were negligible in comparison 
with the controlling influences of the 
surface confinement pressure. This sur­
face confinement pressure increased by 
consolidation the level of the "earth 
pressure at rest" with a constant coeffi­
cient, Ko • Sand was placed in 6-in. layers 
at the desired relative density of 70 to 
80 per cent. Confinement was attained 
by vacuum methods through a rubber 
membrane sealed to the top of the con­
tainer and controlled at pressure levels 
of zero (no confinement), | , J, and | tsf. 

A similar pattern of bearing pressure-
settlement performances was obtained. 

as given in Fig. 2, which represents a 
verification of the validity of this princi­
ple of prototype pressure-settlement 
testing. There is a consistent and signifi­
cant increase in bearing value at constant 
settlement with increase in confining 
pressure. There is, however, an apprecia­
ble bearing value for this size bearing 
area at zero confinement and a some­
what smaller increase in bearing pressure 
with increase in confinement pressure 
to 5 tsf. This aspect of the pressure-
settlement performances of this larger 
scale bearing area will be interpreted 
later. A very significant increase and 
improvement in bearing values occurs at 
a confining pressure of j tsf which is 
equivalent to a 5-ft embedment of a 
footing or surcharge of 5 ft of soil above 
the base of the footing and is within the 
range of common footing depths. Thus 
some idea of the penalty can now be 
judged that is involved in the usual 
practice in making load bearing tests on 
the surface of the ground. At a settlement 
of 0.03 in., the bearing value under a 
confinement pressure of j tsf or 5-ft 
surcharge of soil is 2.5 times that of the 
test at the surface of the ground with zero 
confinement and at a settlement of 0.05 
in. the bearing value for this confinement 
is 2.36 times. These tests could not be 
carried by dead weight loading beyond 
1.0 tsf, but the results are significant with 
regard to pressure-settlement perform­
ances obtained by prototype testing 
methods. 

On the basis of these prototype pres­
sure-settlement performances, a fourth 
fundamental concept, and a most im­
portant criterion, can be formulated 
tentatively for similitude of pressure-
settlement performances of footings, 
namely, for a constant selected permissi­
ble settlement of a footing, prototype 
pressure-settlement performances require 
that the confining pressure and bearing 
pressure must be in a constant confine-
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merit ratio of pdi^c + ^N)- Accordingly, 
higher bearing pressures require higher 
degrees of confinement for the same 
settlement in direct proportion to this 
ratio. 

This concept and criterion of similitude 
of pressure-settlement performances are 
illustrated in Fig. 3 by the points at 
pressures satisfying this criterion and 
located at the average settlement be­
tween the curves for each confinement 
pressure of \, J, and \ tsf. These pressure-
settlement points fall almost exactly on 
the horizontal constant settlement line 
noted for the given confinement ratio 
noted at the right hand side of Fig. 3. 
This concept and criterion have most 
important implications with regard to 
prototype load bearing testing, interpre­
tation and evaluation of test results, and 
for representative and valid applica­
tions for predicting full-scale pressure-
settlement performances of footings. 

On the basis of this criterion, it is now 
possible more adequately and properly 
to interpret the results of the penetration 
tests of Fig. 2, where constant settlement 
lines for constant confinement ratios are 
also shown. For tests at 30 to 40 per cent 
relative density and confinement pres­
sures greater than \ tsf, the points fall 
consistently and almost exactly on con­
stant settlement lines. For smaller con­
finement pressures, the points depart 
from the constant settlement lines, and 
higher confinement pressures are neces­
sary to limit settlements to the value 
indicated by a horizontal settlement line 
extending back to a confinement pressure 
curve. For example, for a confinement 
ratio of 0.08 and the constant settlement 
line extending back to a confinement 
pressure of YE or 0.0625 tsf, a confinement 
pressure of 0.10 tsf instead of 0.0625 
would be required to limit settlements to 
0.10 in. for a corresponding bearing pres­
sure of 1.1 tsf. For the much higher 
bearing pressure levels in Fig. 2(6), a 

confining pressure of f tsf is necessary to 
limit settlements to the values indicated 
by a constant settlement line. I t there­
fore becomes evident that for confining 
pressures less than \ tsf in Fig. 1(a) and 
less than | tsf in Fig. 2(6) shearing dis­
placements still dominate the pressure-
settlement performances of this very 
small scale 2-in. diameter penetration 
test, and that the confining pressure 
levels are not sufficient to prevent the 
escape by shearing of soil grains from 
beneath the edges of the bearing disk. 
However, confining pressures equal to 
and greater than these critical values are 
competent to limit shearing displace­
ments from beneath the edges of the 
bearing disk, for example, \ tsf in Fig. 
2(a) and f tsf in Fig. 2(6), and are suffi­
cient to provide complete confinement. 
The pressure-settlement performances 
thereafter fall into a prototype pattern 
from which representative and valid 
evaluations and applications can be 
made on an adequate and reliable basis. 
In Fig. 3 for a minimum width of footing 
of 12 in., a confinement pressure of \ tsf 
is sufficient to ensure prototype perform­
ances, and shearing displacements be­
come negligible. I t is for this reason that 
a 12-in. minimum diameter or width of 
footing is required for prototype bearing 
tests. 

These facts and concepts have impor­
tant implications for developing testing 
methods and procedures for both static 
and dynamic pressure-settlement per­
formances of soils in order to ensure 
representative and valid test results that 
are capable of being interpreted, evalu­
ated, and applied reliably in predicting 
full-scale performances. 

In the laboratory vacuum methods 
provide the simplest and most effective 
means of applying prototype confinement 
conditions up to | or | tsf pressure, 
equivalent to 10 to 15 ft of soil sur­
charge. The marked influences of increase 
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in relative density on pressure-settle­
ment performances show that the soil 
must be replaced at the desired relative 
density for each test in prototype test­
ing. The increase in relative density and 
the important stress conditioning in­
fluences caused by previous load-bearing 
tests always change the pressure-settle­
ment performances sufficiently to make 
the test results non-comparable and un­
representative and to appear to be better 
than they actually are. 

In prototype field load-bearing tests, 
a surcharge of not less than 2 ft of soil 
{-^0 tsf) should be used, which is about 
equivalent to a footing placed its own 
thickness below the level of the imme­
diately adjacent ground. Also, this degree 
of confinement is necessary to limit 
shearing displacements from beneath 
the edges of the minimum size 12-in. 
diameter plate. The bearing plate should 
be carefully and properly seated, and an 
initial settlement reading should be 
taken. The soil surcharge should be 
placed over the bearing plate and should 
be extended over an area of not less than 
10 ft in diameter. A settlement reading 

should then be taken, and the loading 
test should be made in suitable load 
increments. 

Prototype surcharges up to 5 ft of 
soil can be accomplished by placing a 
distributing fill 2 ft in thickness over an 
area not less than 10 ft in diameter. The 
additional surcharge up to 5 ft of soil 
can be made up by placing, for example, 
concrete blocks over the distributing fill. 
The blocks should be stacked in tiers with 
a separation all around of about 1 in. so 
that they will act independently and 
essentially as a uniform loading without 
any bridging effects. The surcharge 
should be in position at least one-half day 
in order for the surcharged underlying 
soil to come to stress and strain equilib­
rium under this confinement condition. 

Thus essentially representative proto­
type load-bearing tests can be made that 
will satisfy the essential requirements 
and criteria for obtaining prototype 
pressure-settlement performances, which 
can be applied reliably for design pur­
poses in predicting full-scale perform­
ances of footings. 




