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SYNOPSIS

The paper briefly describes some small-scale bearing capacity studies, made
in an attempt to evaluate some of the factors which control resistance of a mass
of granular soil to fatlure under applied surface loads Techniques such as the
displacement of buried glass beads, distortion of thin layers of white powder and
X-ray examination of soil mass at various stages of loading, were used to obtain
information on displacements within the soil mass, and on the shape and extent
of the failure zone By means of the X-ray shadowgraphs, the shape of failure
zones within & mass was clearly delineated.

From tests using model footings of various lengths, with length of footing al-
most equal to the width of the container, it was found that the friction between
the soil and the wall of the container influences the shape of the failure surface
for a distance from the sidewall equal to about two footing widths.

Very poor correlation was found between the bearing capacity found by the
small scale tests and the results of calculation using existing methods of analysis.
However, if account is taken of the effect of stresses generated by the applied load
in inducing frictional resistance along the failure surface or zone, even the re-
sults of rough calculations were in reasonable agreement with the experimental

results.

The purpose of this paper is to stimulate
renewed thinking on the problem of the sup-
porting capacity of soil masses under surface
loads To that end the information presented
herein is stated briefly, is largely qualitative,
and the intent is primarily to highlight some
observations of soil behavior, which may serve
a8 leads to further research.

About two years ago in the Division of Civil
Engineering at the University of California,
some members of the staff and a group of
graduate students, who were interested in soil
mechanics, held a series of seminars in which
the problem of supporting capacity of founda-
tions was reviewed and cntically discussed
from various points of view. It was apparent
to this group, as it is to all who have wrestled
with the bearing capacity problem, that an
adequate method of analysis, sufficiently com-
prehensive to be applicable to a variety of
cases, has yet to be developed. Desiring to
become mutually better informed, at first
hand, concerning some of the factors which
influence bearing capacity, some of the group
undertook a series of experimental studies
designed to substantiate or refute assumptions
or hypotheses employed in some of the current
analytic procedures. It is from these studies
that the illustrations here cited are drawn

Concepts pertaining to the stability of earth
masses developed by Coulomb, Rankine and
Fellenius are basic and germane; and the con-
tributions of Prandtl, Terzaghi, Krey and
others to the specific problem of bearing
capacity have led the way from the purely
empirical to a more scientific approach. In
fact, for predominantly cohesive soils, analyses
such as those of Prandtl appear to give results
which are in fairly good agreement with the
results of experiments However, for those
soils in which the resistance is predominantly
due to internal friction, (called “granular”
soils for convenience) the discrepancy between
analytic results from existing methods of calcu-
lation and test results is varable and some-
times extremely large; in some cases and for
some methods the discrepancy is so large as
to cast grave doubt upon the validity of the
methods, although one may also suspect that
in many bearmng capacity tests all variables
are not controlled or that the criterion for
failure does not, in effect, coincide with that
envisioned by the analytic method with which
a comparison is made.

In view of the circumstances to which
allusion has just been made, it appears that
attention may well be directed to the develop-
ment of a comprehensive approach to the
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supporting capacity of sois in which internal
frietion is the predominant factor. That extra-
polation of the results of bearing tests made
with small sizes of bearing plate to full size
footings can be made only on an empirical
bams, attests the fact that our theories of
bearing capacity are far from complete.

The experiments to which reference is made
here were all conducted on sandy soils in the
laboratory on a small scale. In most of the
tests, the footing had lengths of 10 to 24 times
the footing widths, and the widths were gener-
ally 1 or 13 m. wide The soil masses on which
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Figure 1. Typical Failure Surface Trace

the bearing tests were made had horizontal
dimensions of from 13 to 3 ft. and were of
depth at least eight times the footing width.
Experiments of bearing capacity on this
small a scale are generally suspect, not only
because correlation with large-scale behavior
is uncertain, but also because correlation with
results of existing theory is practically nil.
Because of these objections, 1t was considered
that small-scale tests should be where such
studies should start.

Studies of Nature and Exient of Soil Dis-
placements—Illustrations of the displacement
of soils under model footings, made by observ-
ing or photographing particle movements
through a glass-sided container, are famliar to
students of the bearing capacity problem. It
is recognized that friction between the glass
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and the soil during displacement influences the
particle movements at this boundary. Such
“gide-wall” friction also may influence the
results of bearing capacity tests made in
containers. To obtain some 1dea of the influ-
ence upon displacements of such side-wall
friction, experiments were made using con-
tamers of several widths with footings of
length nearly equal to the width of the con-
tamners. The ntersection of the surface of
rupture with the top surface of the soil was
observed as shown in Figure 1. It was con-
cluded that the side-wall friction influences
the mass of soil displaced at failure for a dis-
tance from the side-wall of the order of two to
three times the footing width, in experiments
on the scale here performed. While the number

Figure 2. Failure Surface Trace Utilizing
Silica Layers

of these tests was too few to warrant precise
conclusions, there was no consistent difference
between the unit bearing loads at failure for
footings having length-width ratios of 10 and
of 24.

To mvestigate the nature and extent of dis-
placements within a soil mass three experi-
mental methods were employed. In some of the
tests mentioned in the preceding paragraph,
small glass beads were buried in the soil
before loading and their positions after failure
were determmed. The techmque employed
was as follows: the soil was compacted mn one
inch layers; on each layer along a line perpen-
dicular to the footing at its mid length, beads
were placed at one inch intervals by means of
a template; after faillure the soll was slowly
saturated with water to provide artificial co-
hesion and then the soil mass carefully sliced
and the displaced positions of the beads lo-
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cated. This procedure was tedious and lacking
in precision; however it gave some indication
of the extent, vertically and horizontally, to
which appreciable displacement should be ex-
pected, and gave further qualitative indica-
tions confirmed by the other procedures to be
described. A number of tests were made in
which, in the top three inches of the soil mass,
the upper surface of successive §-in compacted
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spacing between the side walls of the contamer
was 3 or 4} in,, the latter being the maximum
thickness of soil which it was considered
feasible to penetrate with the x-ray equipment
available. Hence there was undoubtedly some
effect of side-wall friction on the displacements
observed. A diagram of the experimental
set-up is shown in Figure 3. In some of the
tests, sheets of x-ray film, 11 by 17 in., were

L 2"-9"
Ao
-5 I
S 57 B ]
»
3 .
g w B
HIEE
% ~n
. ® datum
ELEV.I-1

Figure 3. General Arrangement of Apparatus for X-Ray Study

layers were coated with finely ground white
silica The soil 1 these tests was moistened to
supply an effective cohesion during test and to
facilitate slicing the soil mass after failure, A
view of a shiced test specimen after loading to
failure is shown in Figure 2 The surface of
rupture may be traced by noting the breaks in
the white lines marking the contacts between
the original layers. A third series of tests was
conducted in which an X-ray technique was
used to trace the displacement of lead bird
shot buried 1n the soil mass. In these tests, the

placed behind the container; in others a fluo-
rescent screen placed behind the container
was photographed with a protected 35-mm.
camera. Photographs were made after each of
several successive mcrements of load until
failure occurred The photographs were pro-
jected to enable plotting of points to a large
scale. After the positions of the points were
corrected for parallax, composite charts were
made of particle displacements.

Samples of the x-ray photographs taken
just after failure 1n three of the specimens are
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reproduced in Figures 4, 5 and 6. The dark
spots are the shadows of the bird shot. Of
special interest, however, are the traces of the
failure zones extending outward from the bases

Figure 4. Density Differences Along Failure
Surface

Figure 5. Soil Displacements by Means of
Lead Shot—An Early Stage of Loading

e

Figure 6. Soil Displacements by Means of
Lead Shot—At Failure

of the footings, and of the densified areas im-
mediately beneath the shadows of the footings.
The soil was moderately-well compacted, to a
density estimated to be above the critical
density. In such a state, when appreciable
shear displacement takes place, the mass ex-
pands as the grains ride over each other. The
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decrease in density which accompanied the
shearing action along the zone of rupture was
sufficiently great to affect the x-ray photo-
graphs.

In Figure 4, indication of failure zones on
each side of the footing may be faintly dis-
cerned. These tests provide direct evidence of
the following: (1) a dense or densified zone of
triangular section may develop beneath a
footing, which ‘“wedge” appears to move,
during the latter stages of loading, as if it
were a part of the footing; (2) shearing failure
may develop along a relatively thin zone of
characteristic configuration on one or both
sides of the footing.

Figure 7 is a typical plot of displacements,
during the course of loading, from one of the
x-ray studies. Figure 8 is a plot of contours of
equal displacement, based on a plot such as
that shown in Figure 7. Examination of the
data from these and the previously mentioned
tests indicates the following generalizations
when no surcharge is present, at least for
experiments on a small scale: (a) Displace-
ments are inappreciable at depths below 3 .
footing widths; this should permit the use of
shallower containers than those employed in
these studies; (b) The failure zone, when it
develops on one side of the footing, intersects
the surface at a distance from the footing of
not more than 5 footing widths, and lateral
deformation is inappreciable beyond 6 footing
widths; this indicates that the dimension of the
container normal to the length of the footing
should be at least 15 footing widths to elimi-
nate interference with the free development
of the failure zone.

From a study of the various evidence avail-
able on the shape of the failure zone, it was
found that it may be closely approximated by
a surface having a trace on a vertical plane of
the shape of a logarithmic spiral.

One or Two Failure Zones—Over the several
groups of experiments, considerable variability
in load at failure was found. Generally the
lowest values of bearing capacity were noted
for those tests in which marked tipping of the
footing occurred by the time maximum load
was attained; in such cases, the failure zone
development was markedly unsymmetrical.
Here eccentricity of load, although uninten-
tional and probably slight, appears to be an
outstanding influence upon the resistance
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which can be developed. This is illustrated by
the values of observed bearing capacity shown
in Table 1, taken from the results of one of the
series of tests.

In many tests, however, the footing settled
evenly until after maximum load had been
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had been reached, and measurements relating
to soil displacement made, such as surface
upheaval in some tests, and x-ray photographs
in others. While the evidence 1s not conelusive,
it would appear that under concentric loading,
the resistance to failure up to maximum load
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Figure 7. Trajectories of Lead Shot During Loading

reached, although the zone of failure appeared
finally to develop on only one side of the
footing. In these cases, tipping of the footing
became apparent after, but only after con-
siderable settlement had taken place

In a few tests, n which special effort was
made to avoid eccentric loading, the settle-
ment of the footing was allowed to proceed by
small increments, even though maximum load

BN
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Figure 8. Contours Showing Extent of Soil Displacements During Loading

is developed along two incipient symmetrical
failure surfaces, but that in the majority of
cases, as settlement of the footing becomes
large, sufficient eccentrictty develops so the
final gross failure occurs on one side only.

Estimates of Bearing Capacity—Some of the
factors which may have an important influence
upon the bearing capacity are- (1) the mode of
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failure, (2) shearing strength, and (3) degree
to which shearing resistance can be mobilized
in various parts of the mass.

In very loose soils and with small bearing
aress, failure may occur by compression and
internal displacement of the soil; an extreme
example of this 18 the penetration of a rod into
a loose sand. In this discussion attention is con-

TABLE 1
SUMMARY OF BEARING VALUES FROM LOADING
TESTS—SERIES

Matenal Cohesionless sand, density 102 pel., angle of inter-
nal friction approximately 36 deg
Footing 11n wi

SOILS

triaxial compression devices. While with sandy
soils of medium to high density and under
moderate confining pressures the angle of
internal friction was found to be of the order
of 36 deg, on loose soil and very small con-
fining pressure an angle of internal friction as
low as 15 deg. was observed. In bearing tests
on loose soils, where some densification must
take place in the vicinity of the footing as load
is built up, this variation in shear resistance is
undoubtedly a very important factor to con-
sider in attempting to estimate bearing ca-
pacity. Further, in small-scale testing, the

TABLE 2
Lﬂfﬂl ? 2 at Estimated COMPARISON OF CALCULATED BEARING
o 1S |Fa Rehability Remarks WITH RESULTS OF SMALL
Footing | & % | ure of Test LO DING TESTS
2 | H Material Cohesionless sand, density 102 pef , angle of 1nter-
nal friction approximately 36 deg
" in P53 Footing 1i1n wide, 101n and 241n long
% 0| 7 [160 | Farr Iniadmmmntho
o .
9 |16 0 | Exceltent | Fanlure after load Bearing Copacity, pri
19 | 14 0 [ Good onforfmn No 1-1n
20 |18 0 | Good Surcharge | Surchage
1 1 |29 8| Farr Considerable tip- Ra. |n valid experimental 020 26 to 37
2 |24 5]} Far Con:l%eﬂblb tip- Cnleuln.wed by Krey method® 40 92
Calculated 1 Bearing
IR 15| e
1D, - 3
8 | 87 0 | Excellent Fnlflure ':E‘!m! ler Eq m,ag;f hi-Hogentog 08 21
on for 30 min Cntk:ul:kt:gt b, tf.nkmcl:;d account
10 0|9 [220] Farr 8hght friction be- blleumg r:ut::t;ouum failure
tween end of surface 148 372
200l F and
{2 140 G::d ¢ Krymne, D. P, Soul Mechanics, 2nd ed, McGraw-Hull,
g ;g 8 l(.-;::;d Slight end friction M‘: 'Il;%rnghl, Iefrnrlé'l‘haonhonl Soil Meehnmu, Wiley, 1943f
1 |11 [3¢0 )Nt Load increment too s“bﬂ“& bestve Earth und E"“P Loading, Publ
large ol 10, May 1929, pp 51-52
13 | 36 0 | Excellent Flllufu snfﬁer load
1 (280 Good c°" or ':l"' control of uniform density of the test specimen,
15 | 480Nl onsiderable end may l:fsl of mucltled greater importance than
previously suspected.
D 21 derable tip- . .
. Dm)| 0 Considerable  tip The degree to which shearing resistance is
2128 mobilized in various parts of the soil mass is a
factor which may be the clue to successful

fined to failures m which lateral heaving and
movement along a shear zone accompanies or
governs fallure. With thuis mode of failure,
symmetrical or unsymmetrical development of
the failure zones may characterize the failure,
as mentioned 1 a preceding section.

The shearnng strength may vary consider-
ably in different parts of the soil mass depend-
mg upon density and confinement during
shearing action. Accompanying the bearing
capacity tests, several series of shear tests
were made, both with the direct shear and

apphcatlon of analytic procedures for estimat-
ing bearing capacity. Generally speaking, as
the angle of internal friction of a material
increases, an externally applied load becomes
more predominant in comparison with the
weight of the material itself in determining re-
sistance to failure. It 1s not unreasonable to
expect that in a material having a large angle
of internal friction, the stresses across the
potential surfaces of failure generated by the
footing load may induce shearing resistance
which may equal or exceed in importance the
resistance that can be mobihzed by the force
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of gravity acting upon the mass of soil which is
subject to displacement as failure occurs Uti-
hzing this notion, some rough calculations of
supporting capacity were made 1n which the
shearing resistance induced by the load were
taken into account. For these calculations 1t
was assumed the zone of failure followed a
loganithmic spiral path, and the states of
stress along this path caused by the load were
computed from the Boussinesq equations A
number of crude approximations were made 1n
the calculations, but the results when com-
pared with the test results were most en-
couraging. A summary of comparisons of vari-
ous calculations with test results is given m
Table 2.

ACKNOWLEDGMENT

A number of the experiments reported heremn
were performed by graduate students, Messrs.
Frank Wormald, C. W McCormick, and R C
Bnittain, to whom acknowledgment is grate-
fully made.

DISCUSSION

D P. KrYynINE, Unwersity of California—
Professor Davis, a co-author of this paper s a
new member of the Project Committee on
Stress Distribution in Earth Masses, and as
the Chairman of that Committee, I welcome
the presentation of this mteresting paper
From the methodological point of view, the
apphication of x-rays to this kind of research
is a novel and an efficient tool that permitted
to see clearly the shape of the failure surface
before it had actually developed The location
of the zones of decreased density 1n sand, of
course, suggests further thinking and perhaps
further experimentation These zones are signs
of the elasto-plastic stage of equihbrium that
immediately precedes the stage of plastic
equlibrium and subsequent failure.

In the opimon of the wnter, the most 1m-
portant feature of this paper is the estimation
of the bearing capacity of the earth mass The
load applied at the surface of the mass is a
source of two kinds of stresses (a) detrimental
shearing stresses that tend to cut the mass
along the eventual shearing surface and (b)
stabilizing normal stresses or pressures that
act on that surface and press the corresponding
wedge to the rest of the mass thus opposing
the action of shearing stresses. An analogous
“play of forces” takes place in the slope tend-
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ing to shide down with the essential difference,
however, that 1n the case of slopes both shear-
g and normal stresses are produced by the
weight of the mass only, and not by the
surface load The results of the authors’ com-

TABLE A
RADIUS OF LOGARITHMIC SPIRAL

r = roef tan ¢

Angle of Internal Friction, ¢—degrees
0 o|s|w|1s|zo|zs|so|3s|4o|4s
Relative Radius, r/ro
degrees
0 |1 00]1 00l1 001 00| 1 00| 1.00] 1 00§ 1 00| 1 00| 1 0O
5 |1 00i1 O1i1 02|21 02| 1 03} 1 04| 1 05 1 08/ 1 08| 1 09
10 |1 00{1 02]1 03|1 05] 1 07] 1 08| 1 11)1 13} 116|119
16 |1 00|1 02}1 05{1 07| 1 10] 1 13| 1 16/ 1 20| 1 23| 1 30
20 |1 001 03{1 061 10] 1 14] 1 19} 1 22| 1 28| 1 34| 1 42
25 |1 00]1 0411 08{1 12| 1 17| 1 22]1 20| 136] 1 44| 1 65
30 11 00]1 05|1 10{1 15] 1 21| 1 28| 1 35| 1 44| 1 56] 1 69
35 (1001 06[1 111 18] 1 25| 1 33{ 1 42| 1 53| 1 67| 1 84
40 |1 001 061 13t 21] 1 29| 1 38| 1 50} 1 63| 1 80| 2 01
46 |1 00{1 07]1 151 24| 1 33| 1 44| 1 57| 1 73| 1 93| 2 19
50 |1 00{1 08|t 17|21 26| 1 87| 1 50| 1 65| 1 84| 2 08 2 89
55 |1 00|11 001 18|1 28| 1 42| 1 566] 1 74| 1 96| 2 24) 2 61
60 |1 0041 1011 20{1 32| 1 46| 1 63} 1 83| 2 08| 2 41] 2 85
65 [1 00[1 10|t 221 36| 1 51} 1 70| 1 92| 2 21| 2 59| 38 11
70 |1 00|1 11{1 24)1 30| 1 56| 1 77| 2 02| 2 35| 2 79| 3 89
76 11 00]1 121 261 42§ 1 61| 1 84| 2 13| 2 50| 3 00| 3 70
80 11 00/1.13(1 28|1 45| 1 66| 1 92| 2 24} 2 66| 3 23| 4 04
85 |1 00[1 1411 30|1 48] 1 72| 2 00] 2 35| 2 83| 3 47| 4 40
90 {1 001 15|t 32|1 52| 1 77| 2 08| 2 48| 3 00| 3 74| 4 81
95 |1 00j1.16{1 34[1 56| 1 83| 2 17| 2 60| 3.19| 4 02| 5.24
100 }1.00{1.17|1 861 60| 1.89| 2 28| 2 74| 8 39| 4 33| 5.72
105 |1 00|1 17|1 38|1 63| 1 95| 2 35| 2 88| 8 61| 4.65] 6.24
110 |t 00[1 181 40[1 67| 2 01| 2 45] 3 03| 3 83| 5.01] 6.81
116 |1 001 191 42|t 71| 2 08| 2 55| 3 19{ 4 07| 5.89] 7.43
120 |1 00|1 201 45|1 75| 2 14| 2 66| 3 35| 4 33| 5.80| 8 11
125 |1 00]1 21|1 471 79| 2 21| 2 77| 8 52| 4 61] 6 24| 8 85
130 |1 00|1 221 4011 84| 2 28| 2 88| 3 70| 4 20| 6 71| 9.66
136 |1 00{1 231 52{1 88| 3 36| 3 00| 3 90| 5 20| 7 22]10 54
140 |1 00|1 24|1 541 92| 2 43| 3 12| 4 10| 5 58| 7 77|11.60
145 |1 001 251 86{1 97| 2 61| 3 25; 4 31| 5 88| 8 36]12.54
150 |1 00|1 261 59]2 02| 2 89| 3 30| 4 53| 6 25] 9 00|13.89
1556 |1 001 27|1 612 06] 2 68| 3 63) 4 77| 6 64| 8 68]14.93
160 |1 00[2 28]t 64[2 111 2 76| 3 68| 5 01| 7 06/10 41|16 20
186 |1 00]1.29it 682 16| 2 85| 3 83| 6 27] 7 51|11 2117 78
170 |1 00|1.30i1 692 21} 2 94| 3 98| 5 64| 7 9812 06{19 40
176 |1 001 31{1 712 27( 3 04| 4 15| 6 83| 8 4812 97(21.16
180 11 001 321 74[2 32| 3 14| 4 33| 6 13| 9 02[13 96{23 10

putations of the bearing capacity of a foun-
dation on cohesionless sand are the most
reassuring for a designer, and the authors are
to be commended for theiwr good work.

E 8. Barser, Unweraity of Maryland—The
observations of bearing capacity and move-
ment of sand under small bearing areas pre-
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sented mn this paper are very interesting and
stimulating

In line with the suggested use of logarithmic
spirals in calculating bearing capacities, Tables
A, B and C are useful. In using Table C

TABLE B
AREA OF SECTOR OF LOGARITHMIC SPIRAL

()
- ( 20tang_
4 4m¢(‘ né ')
Moment of length of spural = 24

Angle of Internal Friction, p—degrees

0 o| s|10|1s| zo| zs| ao|35|4o|4s
Relative Area of Sector, 4/re?

degrees

0 0.00{0 00[0 00|0 00| O 00| O 00] 0.00; 0 00 0 00| O 00
5 0.04|0 04]0 04/0 05| 0 05| 0 05| 0 05| 0 05[] O 05| 0 05
10 [0 09{0 09|0 09]0 10| 0.10| O 10| 0 10| 0.10| 0.10| O 10
15 |0.13/0 13/0 14/0 15| O 15 O 16| 0 16] 0 16| O 16] 0 17
20 [0 17]0 17]0 19]0 20{ 0 20] 0 22| 0 22| 0 23| 0 24| 0 25
25 [0 22/|0 22/0 24|0 25] 0 28] O 28| 0.29] 0 30| 0.33] 0 85
30 |0 26/0 27|0 29/0 30} O 32| O 34] 0 36| 0 38| 0.42| 0 46
35 |0 310 82|0 34]0 86] O 38| 0 41} 0 45! 0 48| 0 53| 0 60
40 |0 35/0 37/0 40{0 42| O 45| O 49 0 54] 0 59| 0 66| 0 76
45 |0 39]0 42|0 46{0 49| 0 53| 0 58| 0 64] 0 72| 0 81| 0 95
50 [0 44]0 47]0 52/0 56{ 0 61| O 67| O 75| 0 85| 0 98] 1 18
55 |0 48[0 5210 58]0 63[ 0 60| 0 77| 0 881 1 01 1 19| 1 45
60 [0 52(0 57{0 64/0 70| O 78| 0.89] 1 02 1 19| 1 43| 1.78
85 |0 57/0 63[0 70/0 77| 0 88| 1 01| 1 17| 1 39| 1 70] 2 18
70 |0 61]/0 68[0 76/0 86| 0 98] 1 14| 1 34| 1 62| 2 02| 3 62
75 |0 65/0 74{0 83/0 04| 1 09| 1 28| 1 53| 1 87| 2 38| 8.17
80 |0 70/0 70]0 90{1 03| 1 21| 1 43| 1.74] 2 16| 2 80| 3.82
86 |0 74]0 85/0 97|1 13} 1 33| 1 60 1.97| 2 49| 8 29| 4 60
90 [0 79]0 801 05{1 23| 1 46| 1 78| 2 22| 2 86| 3 86 5.52
95 |0 &3]0 96]1 13|t 34| 1 61| 1 98] 2 50| 3 28| 4 52| 6 62
100 [0 87|1 0211 21|1 45] 1 76| 2 19| 2 81| 3.75| 5 28| 7 94
108 92|1 08|1 20|t 56| 1 92| 2 42| 3 16{ 4 28] 6 15| 9 49
110 |0 06)1 14]1 37]1 68| 2 09| 2 67| 3 54| 4 89| 7 17|11 35
116 {1 O1]F 20|1 46{1 80| 2 27| 3 94| 3 96| 6 57| 8 35|13 56
120 {1 051 26|1 55|1 93| 2 46| 3 24| 4 43| 6 33} 9 71|16 19
125 |1 09]1 32{1 64]2 08| 2 67| 3 56| 4 94| 7 21|11 29[19 32
130 |1 13|1 30|1 74|2 20| 2 89| 3 91| &6 51| 8 20|13 12|23 08
135 |1 18|1 45|1 84]2 33| 3 12| 4 28] 6 14| 9 30|15 24|27 60
140 11 22|1 52|1 04]2 51| 3 37| 4 69] 6 83[10 56|17 69132 79
146 |1 26[1 59]2 04i2.68) 8 64| 6 13] 7 60(11 98/20 52{30 08
150 |1 31}1 66/2 15]2 86] 3 92] 5 62| 8 45(13 60|23 81|48 B8
155 |1 351 73|2 26[3.04| 4 22| 6 14| 9 40[15 41[27 61|55 50
160 |1 40|t 80|2 38/3 23| 4 54| 6 70/10.45{17 4532 01|66.13
165 |1 44]1 87|2 50/8 43| 4 89| 7 32|11.60|19 75]37.10|78.768
170 |1 48]1 94]2 623 64| 5 25| 7 97|12 88|22 40]43.00(63.83
175 |1 53/2 02|2 743 86| 5.64| 8 69|14 28|25 30/49.83|111.8
180 |1 572 09|2 87|4 09| 6.06] 9 49|15 84|28 65|67 74|133.1

gravity acts perpendicular to 7. Calculation
of bearing capacity factors for one slip sur-
face is 1llustrated in Figure A. The distribu-
tion of normal forces on the slip surface is
immatenal since the resultant pressure when
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movement 18 imminent always passes through
the center of moment. The mmmum factors
may be determined by trying several centers
of rotation. The results of such calculation
for two symmetrical surfaces as outlined by
Terzaghi are shown in Table D. The fact
that there 1s an immobile column under the
center of the bearmng area implies that the
two halves of the load can act independently.

To check the relatively high bearing ca-
pacities obtained by the author several ex-
ploratory tests were made A strip 10 in. long
and % in. wide on dry sand held 1.9 psi. Values
calculated from Table D are 09 and 2.5
respectively for the ultimate (0.75) and max-
mum (0.9) coefficients of friction measured
by direct shear. Dead weights were used to
eliminate any restraint to tipping and one
inch clearance was available at each end of
the block. A disk 1.3 in. in diameter on dry
sand in a 6-in diameter container held 3.1
psi. compared to 1.9 and 3.8 respectively for
the ultimate and maximum coefficients of
friction Bearing capacities for a circular
loaded area were calculated from coefficients
in Figure 11 page 35 in Vol. 26, Proceedings,
Highway Research Board 1946. A test on a
compacted stockpile of wet washed sand using
the 4- by 10-in. bearing area gave a bearing
capacity of 8 psi.,, compared to calculated
values of 23 neglecting cohesion but 16 in-
cluding cohesion. Cohesion was determined
as 0.12 psi. from the depth (18 mn.) a vertical
cut could be made around a prism of sand.

These few tests do not show the wide dis-
crepancy between observations and calcula-
tions reported by the authors.

HarMER E Davis aND R. J. WoODWARD,
Closure—MTr. Barber has presented some use-
ful numernical tables to faciitate computations
based on the assumption of a failure surface
which conforms to the logarmthmic spiral
It is believed that computations based on
such tables may serve usefully as first esti-
mates and will tend to be conservative.

In the various series of tests conducted by
the authors, more than 100 experiments were
made on footings varying in width from one
to four inches. A considerable range 1n values
was encountered and, in general, the lower
values were predominant where eccentricities
of loading developed. In small-scale loading
experiments, accidental eccentricities are very
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DISCUSSION—SOIL-BEARING CAPACITY

TABLE C
MOMENT OF SECTOR OF LOGARITHMIC SPIRAL
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difficult to control and 1t may be presumed,
m the half-inch wide footings used by Mr.,
Barber, that accidental eccentricities would
be even more difficult to prevent than they
were 1n the case of the wider footings em-
ployed by the authors.

It was the mtent of the authors to explore
the behavior of small footings over the entire
range of behavior that might be developed mn
the laboratory, and to attempt to determime

Figure A. Calculation of Resistance to Sfiding
on Log Spiral

Take moments about O (trial center)

Load moment = Weight moment (Sector OAEB
— triangle OAB) - cohesion
moment (arc AEB)

gB X 0.3 B = w0(.69B2 X 57 2 — B* X 4.6) +
€(0.69B2 X 41.8)
q = 47wB + 67¢
w = unit weight
¢ = cohesion

tan g = f = coefficient of friction
7 = 7 eftan¢é

what analytical procedures would be neces-
sary to account for the observed behawior.
Hence, at this stage of the authors’ study there
was no attempt to establish mmmum values,
such as might be used for design

A factor which may be important in con-
trbuting to the hugher bearing capacities found
18 the mobihzation of resistance due to the
stresses caused by the load itself. Thus, not
only 18 frictional resistance developed due to
the weight of the potential shding segment
but also due to frictional resistance developed
as the result of the state of stress caused by
the applied load, at points along the potential
ship surface Furthermore, in the regions where
the load stresses are high and, if the soil 18
to some extent compressible, there may occur
some degree of densification with a resulting

SOILS

increase in the angle of internal friction. It
may be, thus, that the angle of internal fric-
tion may be larger in the viciity of the load
than at pomnts more distant therefrom It,
thus, may further be expected that the failure

TABLE D

BEARING CAPACITY FACTORS FOR SHALLOW
RECTANGULAR FOOTINGS

- *
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g = bearing capacity pressure
B = lwnd ll:l

= lengt|
D = depth

w = unit weight
8 = ¢ + fn = effective shear resistance

a= (1 + 03:) ¢F, + wDFp, + (1-02‘13‘) wBF

lég C‘llo}l Beanng Capacity Factors
e »
Fe Fp Fgp

0 57 10 00
005 66 13 00
01 76 18 01
015 89 23 02
02 10 4 31 035
025 121 40 06
03 14 53 10
035 17 70 16
04 20 90 25
045 24 117 37
05 28 151 55
0 85 34 20 8
06 40 25 11
0 65 48 32 16
07 &8 41 22
075 89 8 31
08 83 68 “
088 100 62
09 120 100 85
096 143 137 116
100 172 173 160

Ime is not a logarithmie spiral and that the
resultant of the resisting stresses will not make
a constant angle to the normal to the failure
surface.

It is hoped that these suggestions may stim-
ulate analysis of the foundation stability prob-
lem among those who have an interest in this
field of study.





