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Large - scale model experiments have been made to provide in
for mation on factors which influence bearing capacity of deep 
foundations in sand. Cylindrical and prismatical foundations 
of various sizes resting at different depths in homogeneous 
sand masses of different relative densities were loaded stati
cally to failure. Special loading cells permitted separate reg
istration of point and skin loads throughout the tests. Additional 
tests with models of sand colored in layers were made to study 
the mechanism of shear failure in the soil mass. The model 
experiments were accompanied by standard laboratory tests for 
determination of physical characteristics of the soils used. 

An analysis of shear patterns observed indicates that, de
pending on relative density of sand, all three types of failure 
previously described in the literature may occur at shallow 
depths: general shear failure, local shear failure and punching 
shear fa ilure . However, at gr eater depths only punching shear 
failure occurs, irrespective of the relative density of sand. 

The unit point and skin resistances of the foundation increase 
linearly with depth only at shallow depths. At greater depths , 
both resistances show a hyperbolic increase and reach asymp
totically constantfinal values . These final values are indepen
dent of overburden pressure and appear to be functions of rela
tive density of sand only. This is explained by the "arching" of 
sand above the foundation base. 

Analyses of observed ultimate loads indicate that a fair esti
mate of bearing capacity can be made by assuming failure sur
faces in accordance with observed shear patterns. 

•FROM the point of view of soil mechanics, there are two general types of deep foun
dations. The first type may be represented by a foundation installed by some process 
of excavation or drilling which does not induce significant changes in density or struc
ture of the bearing soil. Practically all piers and caissons and some piles belong to 
this type. The other type may be represented by a deep foundation forced into the 
ground by driving or a similar operation, that induces significant changes in adjacent 
soil. Most piles belong to this second type. 

SCOPE 

The present paper is an investigation of ultimate bearing capacity of deep founda
tions in homogeneous masses of sand. This problem is considered to be fundamental. 
Only after a thorough understanding of principles of behavior of deep foundations in 
homogeneous masses of soil will it be possible properly to see and treat the problems 
of different types of deep foundations encountered in engineering practice. 
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Theoretical Considerations 

The basic problem of bearing capacity of deep foundations in sand can be formulated 
as follows: A rigid foundation of known shape and dimensions is placed at a depth D in 
a homogeneous mass of sand of defined physical properties (Fig. 1). A static, verti
cal, central load is applied on the top. What is the ultimate load Q that this foundation 
can support? 

The load is generally transmitted partially along the foundation shaft or skin, par
tially at the foundation base or point. The two bearing components of the load, the skin 
load Qs and the base or point load Qp are usually considered separately. The total 
ultimate load is then expressed as tile sum of these two components: 

(1) 

Here p0 represents the unit base resistance and s 0 unit skin resistance of the founda
tion (psi or kg/cm 2

). Ap and As are, respectively, bearing areas of the base and the 
skin. 

The solution of the problem of bearing capacity of the base has been sought in the 
past primarily by an approach base on the classical work by Prandtl {l, 2), and Reissner 
(3). They presented a solution of the problem of penetration of a rigid stamp into an 
incompressible (rigid-plastic) solid (Fig. 2). That solution, first applied to the prob
lem of bearing capacity of soils by Caquot (4) and Buisman (5) is usually written in 
the following general form (~): - -
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Figure l. Basic problem of bearing ca
pacity of a deep foundation. 
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Figure 2. Prandtl-Reissner solution as 

applied by Cag_uot and Buisman. 
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In Eq. 2, c represents the shear strength intercept (cohesion) of the soil, q the 
overburden pressure, Y the unit weight of the soil involved in shear and B the foundation 
width. Ne, Nq, NY are bea!'ing capa ity factors for a strip foundation and l;c, l;q, l;y 
are shape factors. Both N and i;: fa ctor s are, generally, dimensionless functions of the 
angle of shearing resistance CD. 

In the case of foundations in sand c = 0 and 

(3) 

Using the same general approach but different shear patterns with rupture lines 
reverting to the shaft (Fig. 3) De Beer (7, 8) and Jaky (9) have obtained another solu
tion of the same problem with considerably-higher bearing capacity factors. Their 
work has been further extended by Meyerhof (10, 11), and others. 

All of the previously mentioned solutions were obtained by considering a plane prob
lem (long rectangula r foundation). Some work in developing solutions for an axially 
symmetrical proble m (circular foundation) has also been done, primarily in the USSR 
(12). However, there is still a general tendency to determine the shape factors empir
ically. 

Another possible approach to the problem of base bearing capacity originated in the 
wor k by Bis hop Hill and Mott (13) and Skempton, Yassin and Gibson {14), who have 
cons idered the problem of expans ion of a spherical or cylindrical cavity inside an infi
nite mass of an ideal solid. In such a case there exists around the cavity a highly 
stressed zone where the material, by assumption, behaves as a rigid-plastic solid. 
Outside that zone it behaves as an ideal elastic (or linearly deformable) solid. 

The solutions of this kind have been 
applied to the problem of bear ing capac
ity of deep foundations by Gibson (15), 
Skempton, Yassin a nd Gibs on (14) a nd 
Lada nyi ( 16). According to these solutions 
the bearing capacity p0 can be computed 
by an expression analogous to Eq. 2 with
out the third term, however. In condi
tions of infinite mass or of very great 
depth this third term becomes negligible 
compared with other two terms. Conse
quently, both theoretical approaches indi
cate that at greater depths the bearing 
capacity of the base should be practically 
independent of its size and proportional 
to the overburden pressure q. Based on 
this conclusion and some limited experi
mental evidence, it has been generally 
admitted that the point bearing capacity 
of pile foundations in sand should be equal 
to the point resistance of a deep cone pene
trometer. 

Values of bearing capacity factors Nq 
found by different theoretical solutions 
mentioned are shown in Figure 4 left. 
The diagram on the right shows the corre
sponding factors l::q Nq = Nq' for circular 
foundations, as proposed by different in
vestigators. This diagram contains also 
the empirical curves for Nq recommended 
by Brinch Hansen (17, 19) and Caq_uot and 
Kerisel (18). Thereisan appreciable dif
ference in proposed numerical values. 

Q 

Figure 3. Shear pattern with r upture 
lines reverting to t he shaft . 



115 

The unit skin resistance s 0 consists of two terms: one representing adhesion ca; 
the other, friction along the skin: 

s 0 = ca + Ps tan Ii (4) 

The term Ii denotes the angle of skin friction and Ps average normal pressure on the 
skin. This pressure is generally assumed to be proportional to the corresponding aver
age overburden pressure along the skin Qs· In sand ca = 0 and 

(5) 

Ks is a dimensionless number, which can be called coefficient of skin pressure. With 
this, the following expression for skin resistance in sand is obtained: 

(6) 

Eq. 6 suggests that, in homogeneous soil conditions, unit skin resistance s 0 should 
be proportional to the average overburden pressure Qs· 

Previous Experiments 

Among numerous experimental studies rela~ed to the problem, comparatively few 
have been of sufficiently general nature to permit drawing definite conclusions concern
ing the influence of the different parameters involved. 
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Successful field experiences with predetermination of ultimate bearing capacity of 
piles by means of deep cone penetration tests (5, 7, 20, 21, 22, 23, 24, 25) have built 
a certain confidence in the general validity of the Theoretical approacnes described. It 
has been found in very many instances that the point bearing capacity of driven piles 
was indeed comparahle to that of a deP.p c.one penetrometer. One of the solutions pro
posed was being used with apparent success for evaluation of shear strength of sand in 
situ (8). Also, small-scale model tests (10, 15) as well as several well-documented 
full-scale tests on piles and piers (E) indicated Nq values in the wide general range 
predicted by the theories. 

Some experiences, however, were not that encouraging. For instance, scale effects 
of a nature opposite to those predicted by the theories have been reported (26, 27). 
Observations of shear patterns in sand around deep foundations (28, 29, 30-;-31)showed 
failure surfaces to be localized to the immediate vicinity of the foundation-base. To the 
author's knowledge, not a single test ever indicated failure surfaces reverting to the 
shaft. The latest large-scale experiments, undertaken by the lnstitut de Recherches 
Appliquees du Beton Arme (IRABA) near Paris, led Kerisel (32) to conclude, without 
a rational explanation, that both foundation depth and size significantly influence the 
bearing capacity factor Ng. He suggested that Ng was not a unique function of Cf) but a 
complex function of Cf), D/B and B. This conclus10n will be discussed subsequently. 

Investigations of the problem were undertaken several yPa rs ::i e;o with the e;ener::i l 
aim to contribute, if possible, to the understanding of phenomena occurring beneath 
and around deep foundations in sand. Both laboratory and field studies were envisaged 
in different phases of work. As a pilot study, it was proposed to perform large-scale 
model tests with foundations buried and driven to various depths in uniform masses of 
sand of different densities. This paper reports on the first phase of the work: tests 
with buried foundations. 

TEST APPARATUS AND MATERIALS 

A pile testing facility was constructed adjacent to the Soil Mechanics Laboratory. 
Figure 5 shows characteristic sections of this facility in different phases of operation. 
Figure 6 shows a general view. 

Test Pit and Loading Equipment 

The main feature is a large cylindrical test pit 8 ft 4 in. in diameter and 22 ft deep 
(Fig. 5), in which models of deep foundations can be placed in any kind of soil under 
controlled conditions. The pit is connected to a 12-in. sump that allows regulation 
and control of water level in the models. A 200-ton capacity reaction frame permits 
vertical or horizontal loading of models by means of corresponding hydraulic jacks. 
An adjustable A-frame at the upper level serves as support for pile-driving equipment 
as well as for miscellaneous equipment used in placing and excavating sand for models. 
This frame permits driving of piles vertically or at any batter up to 3:1 by means of 
a drop-hammer sliding along the leads. The entire facility is served by a 1. 5-ton 
service crane. 

For small-scale tests a steel box 50 by 50 in. square 70 in. deep with a 5- ton load
ing frame was constructed. 

Loading of models was performed generally by means of hydraulic jacks of appro
priate capacity (up to 200 tons). The load measurements were made by a correspond
ing set of proving rings and electronic load cells with a precision of less than 1 percent. 
Displacement measurements were made by ordinary micrometer dial gages (0. 0001-in. 
precision). 

Model Foundations 

Two types of foundations were generally built: cylindrical, with circular bases 2. 13- , 
4- and 6. 75-in. diameter, and prismatical, with 2. 44- by 12. 44-in. rectangular bases. 
The lengths varied according to the foundation depths (Table 1) between 10 and 113 in. 
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Figure 6 . Testing area . 

TABLE 1 

SUMMARY OF LOADING TESTS 

Foundation Different Container 
Test Series Numbers Size Depth Sand Size 

Shape (in.) (in.) Densities (in.) 

Ari 21 - 40 Circular 2. 13 0, 10, 20 4 50 x 50 x 70 
30, 40 

Bb 1 - 20 Rectangular 2 x 12 0 4 50 x 50 x 70 
2. 44 x 12. 44 10, 20 

30, 40 

c 41 - 52 Circular 3. 94 0 4 50 x 50 x 70 
4 40 

80 100¢, 264 

D 61 - 70 Circular 6 0 4 100$, 264 
6.75 60, 100 3 

E 81 - 84 Circular 0 100<11, 264 

a 
bSkin diruaeter, 2 in. 
Skin dimensions, 2.25 X 12.25 in . 
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The foundations were constructed on a principle similar to that of a deep cone pene
trometer. They consist of a steel casing inside which a steel shaft independently con
nects the loading head with the base. In the case of 2- and 4-in. diameter foundations 
(Fig. 7) separate loading of base and skin of the foundation is possible through exchange 
of the loading head. In the case of 6-in. diameter foundations (Fig. 7b) the loading head 
is constructed so as to allow separate registration on the strain-indicator of base and 
total (base + skin) load. Figure 8 shows an outside view of this special head. 

The flat bearing surfaces of the bases are covered by sandpaper to assure perfect 
roughness. To prevent caving-in of sand while the base only is pushed, the latter is 
protected by a cap tightly fitted with the bottom of the casing. To minimize friction 
between the cap and casing, the contact surface is kept clean and perfectly lubricated. 

Properties of Sand 

All the tests in this investigation were performed with a medium sand originating 
from the Chattahoochee River, near Atlanta. The sand was sieved through a window 
screen (equivalent to 1. 44-mm sieve opening). The grain size distribution curve (Fig. 
9) and microscopic examinations indicate a medium, uniform sand composed mostly 
of subangular quartz particles, but rich in mica. The material has been air-driedprior 
to use in tests. The water content, controlled throughout the investigation, varied be
tween 0. 2 and 0. 3 percent. 

Maximum and minimum densities of this sand, as determined by standard procedures 
are given in Table 2, which also contains corresponding minimum and maximum poros
ities n and void ratios e. 

Shear strength characteristics of the sand were determined by standard triaxial tests 
(constant cell pressure and positive deviator stress). A total of 54 air-dry samples 
2. 8 in. in diameter and approximately 6 in. high were prepared at four different den
sities, and tested using cell pressures varying from 5 to 80 psi. A strain-controlled 
loading machine was used for all the tests with the axial strain rate 0. 02 in. per min 
(Table 3). 

Assuming the Coulomb-Mohr criterion of failure to be valid, an ordinary plot of 
these results in T vs o or 01 - a3 vs 01 + o3 presentation can be made. Such a plot indi
cated that the strength envelopes of the sand in question are slightly curved. For better 
insight into the nature of this curvature the results are also plotted as a1 - !T3 vs Ycr3 , 

a plot proposed by Hansen and Odgaard (33). In such a presentation a straight-line 
strength envelope appears as a straight line having the equation 

rr3 2 sin <0 2 cos <0 c 
"" 1 - sin w + 1 - sin <0 a3 

(7) 

Figure 10 shows that a reasonably good straight- line approximation of the actually 
curved envelopes can be obtained by separately considering tow ranges of confining 
pressures 03, namely, O's < 10 psi and o3 > 10 psi. 

For cr3 < 10 psi ('/cr3 > 0. 10 psi) the 01 - o3/cr3 values are practically independent 
of 1/rr3, which means that the shear strength intercept co is zero. The angles of inter-

TABLE 2 

MINIMUM AND MAXIMUM DENSITIES 
OF rHA'T''T'AHOOCHF.F. RTVF.R RANn 

Density 

Minimum 
Maximum 

~~i~:tit Void Ratio, Porosity 
(pcf) e n (%) 

79.0 
102.5 

1. 10 
0.615 

52.4 
38. 1 

nal friction <00 corresponding to observed 
shear strengths are given in Table 2 (Col. 
9) and plotted in Figure 11, which shows 
that Cf!o can be expressed as a function of e 
approximately by 

tan Cf!o 
0.68 

e 
(8) 

For 80 psi > o3 > 10 psi the cr1 - rr3/03 

values can be approximated by linear func
tions of Yrr3; which indicates that the shear 
strength intercept c1 is different from zero. 
Table 2 (Cols. 10 and 11) gives values in-
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TABLE 3 

TRIAX!AL TEST RESULTS 

Stress Axial 
Void Mean 

Cell D!fference Strain Angle of Strength Angle of Strength 
Test yd 

Ratio, Void Pressure, at at ~ Internal Intercept, Internal Intercept, 
No. (pct) 

Ratio 
a, Failure, Failure a, Friction , Co Friction, C1 

(psi) a1 - a3 
(%) "'• (psi) "'• {psi) 

{psi) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11) (12) 

1 84. 6 o. 957 5 13. 3 2. 7 2. 65 
2 84. 6 o. 952 10 27. 4 7. 6 2. 74 
3 84.6 o. 957 10 31. 0 4.6 4.10 
4 84. 4 0. 961 20 49. 1 6. 6 2. 46 
6 84. 0 o. 970 o. 957 40 90. 4 11. 9 2. 26 35° 20' 0 32° 1. 08 
8 84. 6 0. 957 80 182. 0 8. 1 2. 28 

34 85. 1 0. 945 10 24. 5 13. 2 2. 45 
40 84. 6 o. 957 40 96. 0 7. 4 2.40 
46 84. 4 0. 96 7 18. 3 3. 8 2. 62 
47 84. 6 0. 956 7 20. 6 2. 8 2. 94 
48 84. 7 o. 955 5 14. 5 2. 4 2. 90 

5 90. 5 0. 830 20 62. 2 4. 6 3. 11 
7 90. 1 o. 838 40 117. 3 9. 3 2. 93 

11 89. 6 o. 847 5 16. 9 2. 9 3. 39 
12 90. 1 o. 838 10 32. 6 4. 5 3. 26 
13 90. 1 0. 838 o. 836 20 62. 4 8. 2 3. 12 38° 40' 0 35°10' 1. 55 
14 90.1 o. 838 40 108. 6 10. 7 2. 72 
15 90. 5 0. 830 10 40. 5 4.4 4. 05 
31 91. 3 0. 813 20 60. 1 6.4 3. 00 
32 90. 3 0. 833 40 118. 3 9. 6 2. 96 
33 90. 5 0. 830 55 156. 2 9. 4 2. 84 
35 90. 7 0. 827 10 34.0 7.0 3. 40 
38 89. 0 0. 859 40 115. 7 6.4 2. 89 
49 90. 1 o. 838 7 22. 8 4.0 3. 26 
50 90. 2 0. 636 7 25.0 3. 4 3. 57 
51 90. 1 0. 838 5 15. 9 3.0 3. 18 

16 94. 8 0. 747 5 22. 5 3.0 4. 51 
17 94. 5 o. 751 10 43. 1 4.5 4. 31 
18 95. 0 0. 742 20 78 . 3 6. 7 3. 92 
19 95.4 o. 737 40 142. 0 7. 1 3. 55 
20 95. 4 o. 737 0. 745 75 247. 9 9. 2 3. 30 42° 50' 0 38° 20' 2. 42 
39 94. 3 0. 755 35 125. 7 4. 6 3. 60 
52 94. 8 o. 747 7 26. 3 3. 8 4. 04 
53 94. 9 o. 745 7 31. 0 3.0 4. 44 
54 95. 0 0. 742 5 20. 5 3. 1 4.10 

21 97. 9 o. 691 5 24. 3 5. 0 4. 87 
22 98. 8 0. 676 10 48. 2 4. 3 4. 82 
23 98. 7 0. 678 20 79. 4 5. 4 3. 97 
24 98. 5 o. 681 35 140. 9 7. 9 4. 02 
25 98. 7 o. 678 0. 681 70 250. 7 9. 8 3. 58 45° 0 400 2. 85 
26 98. 6 0. 680 40 146.1 8. 9 3. 65 
36 98. 2 0. 685 10 48. 7 4. 8 4. 87 
41 98. 5 o. 681 5 23. 5 3. 0 4. 87 
42 98. 7 o. 678 10 47.0 3. 2 4. 70 
43 98. 5 0. 681 20 83. 2 6. 7 4.16 
44 98. 6 0.680 7 32. 6 3. 6 4. 66 
45 98. 4 o. 682 7 34. 1 3.9 4. 87 
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dicated by Figure 10 (left). The same c1 and cp1 values as functions of initial void ratio 
e are shown in Figure 11. The following analytical expression gives a good approxi
mation of cp1 as a function of e: 

ta 0. 59 
n cp1 = -e 

DESCRIPTION OF TESTS 

Placing of Sand and Control of Density 

All the models for this investigation have been constructed in the following way. 

(9) 

First, sand of desired uniform density was placed up to the planned elevation of the 
foundation base. The model foundation was then brought to full contact with the care-
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fully prepared horizontal sand surface and fixed in place so that it could not move dur
ing the subsequent operation of filling the sand above the base of the footing. Following 
former experience (34), exceptionally uniform loose- and medium-dense sand models 
(DR < 0. 70) were built by pouring sand from containers with perforated bottoms (Fig. 
5b). It was confirmed again that the density of sand models so built is a unique function 
of the height of free fall of sand as long as other variables (rate of flow) remain the 
same (Fig. 12). 

Denser sand models (DR > 0. 70) were built by surface vibration of 4-in. thick sand 
layers obtained by pouring sand 30 in. from the perforated container. Electric vibra
tors with a frequency of 3, 600 cpm, attached to steel plates of appropriate shape, were 
used for surface vibration. Lead surcharge was added as necessary to achieve maxi-
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mum compaction. All possible care was exercised to obtain uniform density through
out a model. 

The homogeneity of sand in model s was checked by penetrometer soundinp. A 
simple s tatic- cone micropenetrometer wa s constructed. This device has a Y2-in. point 
diameter and a %-in. shaft diameter of the casing. The assembly can be pushed into 
the sand by means of a screw jack at about 4 in. per min. Total resistance (point + 
skin) was recorded in several positions across the model and plotted against depth for 
each test. To convert the measurements of this kind into density, an empirical rela
tionship was established between total resistance reduced to unit area of the point end 
dry unit weight of the material (Fig. 13). This was achieved by sounding sand models 
in a 24- by 16- by 60-in. box placed on a scale and filled by the same methods as used 
for building larger models. 

Review of Tests Performed 

Following the previously outlined program, six series of tests were performed. The 
main characteristics of five series of regular loading tests are given in Table 1. 

The sixth series of tests, Series M, numbered 101 to 105, was devoted to the study 
of failure phenomena under foundations. Models of soil were built of distinct layers 
of sand to which cements of two different colors were added (10% by weight). After per
forming the loading test in the usual way, water was added to the models to cause setting 
of the layered mass. A few days later, the hardened block was cut through character
istic sections where shear patterns at failure were visible for observation and analysis. 
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Loading Procedure 

The loading procedure for tests at the surface was similar to that followed in ordi
nary plate load tests. The load was applied in increments of about '120 of the estimated 
failure load at 1-min intervals. 

The loading procedure for tests beneath the surface was, in principle, the same. 
However, three separate loading stages existed in each test of series A, Band C. First, 
the foundation base was pushed until failure was reached; second, the same procedure 
was repeated with the foundation shaft; and third, after the shaft reached the base, both 
were pushed together and the total resistance was recorded. 

Inasmuch as the loading head of the 6. 75-in. foundations was of different construc
tion (Fig. 7), the loading stages in D-tests differed somewhat from those just described. 
By pushing the foundation base to failure, the loading head was brought to contact with 
the skin and the entire foundation was forced into the soil. Special proving rings (Fig. 
7) registered base and skin loads separately during this second stage. 

Displacements of foundation base and skin were recorded at 1-min intervals by two 
micrometer dial gages placed near the loading head (Fig. 7). Also, in tests of series 
D, displacements of the sand surface were measured at different locations around the 
foundation. 

TEST RESULTS 

Significant results of the loading tests performed are given in Tables 4 through 9. 
Characteristic load-settlement diagrams of surface tests are shown in Figures 14 
through 16. The black points indicate ultimate and first failure loads. The criterion 
by which these loads were established will be discussed subsequently. 

Characteristic load-settlement diagrams of base and skin loading tests at greater 
depth are shown in Figures 17 through 19 and 20 through 22. Black points indicate 
ultimate loads. 

Characteristic failure patterns at greater depth obtained in tests with colored sand 
are shown in Figures 23 through 25. Figure 23 shows what happens when a circular 
shaft penetrates through dense sand (DR ~ 0. 9) from a relative depth of D/B = 10 to a 
relative depth of D/B = 19. Figure 24 shows the analogous phenomenon for a rectangu
lar foundation penetrating from D/B = 10 to D/B = 11, and Figure 25 for a rectangular 
foundation penetrating from D/B = 5 to D/B = 6. · 

Types of Failure 

Three characteristic types of failure were observed in surface tests. Foundations 
on relatively dense sand (DR > 0. 70) fail suddenly with very pronounced peaks of base 
resistance (Fig. 26a) when the settlement reaches about 7 percent of the foundation 
width. The failure is accompanied by the appearance of failure surfaces at the sand 
surface and by considerable bulging of sheared mass of sand. The phenomenon corre
sponds exactly to that de.scribed earlier by Terzaghi (6) as "general shear failure." 

Foundations on sand of medium density (0. 35 < D.R < 0. 70) do not show a sudden 
failure. As the settlements exceed about 8 percent of the foundation width small sud
den shears within the sand mass are apparent from observations of load and settlement 
gages. Simultaneously, bulging of the sand surface starts. At settlements of about 15 
percent of foundation width, a visible boundary of sheared zone at the sand surface 
appears. However, the peak of base resistance may never be reached. 

The phenomenon is of the same nature as that described by Tcrzagl;li (6) and by 
De Beer and Vesic (34) as "local shear failure" (rupture par refoulemenCincomplet). 
In the latter investigation, however, the tests were stress-controlled, so that the be
ginning of large shears in the soil mass was much more pronounced and was always 
recorded as the first failure of the foundation. 

Finally, foundations on relatively loose sand (DR < 0. 35) penetrate into the soil 
without any bulging of the sand surface (Fig. 26c). The base resistance steadily in
creases as the settlement progresses. The rate of settlement, however, increases 
and reaches a maximum at a settlement of about 15 to 20 percent of foundation width. 
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TABLE 4 

SIGNIFICANT RESULTS OF LOADING TESTS WITH 
CIRCULAR PLATES AT THE SURFACE 

Plate Dry Unit Ultimate Ultimate 
Test Diameter, Weight of 

Pressure, Po Settlement, w Type of Sand, i3 No. B 
'Yd 

Po 1/,yB w (i ) 
Failure a 

(in.) 
(pcf) (psi) (psi) 

(1) (2) (3) (4) (5) (6) (7) (8) 

34 2. 13 96.0 33.8 572 0.126 5. 9 G 
21 2. 13 93.0 10. 2 b 173 0.272 12.8 L 

(7. 6) (129) 

22 2. 13 89.8 7. 4 134 0.414 19.5 L 
(3. 9) (70. 6) 

23 2. 13 82.6 2.4 48.2 0.463 21. 8 p 
(0. 8) (15. 0) 

44 3.94 96.7 53.8 432 0.227 5. 8 G 
41 3.94 93.8 19.8 186 0.446 11. 3 L 

(13. 4) (126) 

42 3.94 91. 0 13.0 126 0. 621 19. 2 L 
(6. 7) (64. 7) 

43 3.94 83.3 3. 1 32.5 0.582 14.8 p 
(1. 6) (16. 3) 

61 6.00 96.2 73.4 432 0.425 7. 1 G 
62 6.00 93.0 31. 0 193 0.869 14.5 L 

(23. O) (143) 

113 6.00 91. 7 19.3 121 0.875 14.6 L 
(13. 6) (85. 5) 

64 6.00 95.0 5. 3 35. 9 0.852 14. 2 p 
(3. 3) (22.1) 

84 8.00 96.2 79.2 432 0.667 8.3 G 
81 8.00 95. 2 55.9 262 0.737 9.2 G 
82 8.00 95.2 42. 1 193 0.695 8.7 G 
83 8.00 88.0 9.0 44.2 1. 08 13. 5 L 

(7. 0) (34. 4) 

TABLE 5 

SIGNIFICANT RESULTS OF LOADING TESTS WITH 
RECTANGULAR PLATES AT THE SURFACE 

Dry Unit Ult imate Ultimate 
Test Plate Weight of Pres sure, ~- __ Settlement, Type of 

Size Sand, Y! 
No. Po '(, 'Y B w B Failure a 

(in.) ">'a (psi) (in.) 
(pcf) 

(1) (2) (3) (4) (5) (6) (7) (8) 

16 2 x 12 96. 4 47.0 842 0.212 10. 6 G 
1 2 x 12 93.6 22. 1 268 0.397 19.9 L 

(14. 8)b 

2 2 x 12 91. 9 11. 6 147 0.403 20.1 L 
(8. 3) 

3 2 x 12 84.0 2. 1 28.8 0.429 21. 4 p 
(1. 4) 

~G = general shear; L = local shear; P = ,prmching shear . 
Nwnbers in parentheses refer to first failure. 
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TABLE 6 

SIGNIFICANT TEST RESULTS CIRCULAR DEEP FO!JNDA'T'TONRa 

Dry Unit Ultimate 
Ultimate Ultimate 

Ultimate Total Ult. Test Depth, Weight Base 
Settlement, w Skin 

Skin Ult. Displacement No . D of Sand, Resistance, B Resistance, 
Displacement Load for Total Load (in.) Yd w (%) Po (in.) So (in.) (lb) (in.) (pcf) (psi) (psi) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 
37 96.5 238.0 o. 315 14. 8 0. 582 0. 352 850 0.22 24 

10 92. 0 62. 5 o. 560 26.3 
25 90.0 41. I 0.574 27.0 0.332 0.115 173 0.13 
26 83. 5 14.1 0.434 20.4 0.267 0. 249 57 0.06 
38 96.4 298.0 0.447 21. 0 1. 020 0.420 1,340 0. 39 
27 

20 93. 8 99. 2 0. 633 29. 8 0.342 o. 352 477 0.18 28 91. 5 54.1 0. 625 29.4 0.341 0.385 290 0. 28 29 82.8 14. 3 0.425 20.0 0.314 0.344 93 0.10 
39 96. 2 329.0 0.429 20.2 1. 618 0. 704 1, 730 0.28 30 

30 94.0 112. 5 0. 703 33 .1 0.412 0. 330 540 0.20 31 91. 3 61. 6 0. 616 29. 0 0. 350 0. 294 287 0.17 32 84. 2 20.2 0.483 22. 7 0. 264 0. 270 126 0.07 
40 95.9 302.0 0.459 21. 6 1. 653 0. 757 1, 670 0.18 33 40 93. 3 113.8 0. 623 29.3 0.366 0. 362 572 0. 22 34 90. 9 73 .1 O.fifll ~fl.4 n . ~~1 0. ~~5 ~23 0. 21 35 82 .4 17 .4 0. 474 22.3 0.238 0.315 144 0.10 

a.Base diameter, 2.13 in .; skin diameter, 2 . 00 in . 

TABLE 7 

SIGNIFICANT TEST RESULTS CIRCULAR DEEP FOUNDATIONSa 

~ 
Ult. Ult . Total Ult. Test D Yd Po w Skin 

Displacement (in.) (pcf) (psi) (in.) B Skin Ult. No . (%) Resistance, Displacement Load for Tota l Load 
So (in.) (lb) (in.) (psi) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

48 95.8 202.0 0.933 23.3 1.002 0.251 3,370 0 . 30 
45 94.6 114.9 0.971 24. 3 0.484 0.348 1, 990 0.30 
46 

40 
91.1 62.0 1.126 28.2 0.465 0.362 1, 010 0. 23 

47 83.8 26.3 1.174 29.4 0.400 0.462 515 0.22 

51 94.8 184.0 0.941 23. 5 2.260 0.267 4,260 0.30 
49 

80 
93 . 8 130 . 8 1.417 35.4 0. 793 0.300 2,340 0 . 19 

50 82. 3 27. 8 1. 073 26. 8 0.454 0.376 800 o. 39 

''Ba.nci and skin di ameter , 4 .00 in. 

TABLE 8 

SIGNIFICANT TEST RESULTS - CIRCULAR DEEP FOUNDATIONa 

Ult. 
Ult. Total Skin 

Test D Yd Po w w/ B Resistance, Skin Ult. 
No. (in. ) (pcf) (psi) (in. ) (%) Displacement Load 

So (in.) (lb) 
(psi) 

(1) (2) (3) (4) (5) (6) (7) (0) (9) 

68 96. 5 341.6 2.17 32. 2 1.700 0.350 14,000 
69 60 94.0 98. 8 1.88 27. 8 0.491 0.330 3,950 
70 84.1 30.6 1.26 18. 7 0.430 0.380 1, 570 

67 110 95.6 271. 0 2.20 32.6 1. 750 0.421 12,800 

65 113 91.8 96.4 2.90 43.0 o. 683 0.350 4,700 

66 110 85. 8 55. 8 1.81 26.8 2, 830 

~t! and skin diameter, 6 . ?S in . 



TABLE 9 

SIGNIFICANT TEST RESULTS - RECTANGULAR DEEP FOUNDATIONSa 

Dry Unit Ult. Ult. Ult. Ult. Total Ult. 

Test Depth, Weight of Pressure, Displacement, w Skin Skin Ult. Displacement 
D Sand, B Resistance , for Total No. (in.) Po w (°lo ) Displacement Load Load Yd (psi) (in.) So (in.) (lb) 

(pcf) (psi) (in.) 

(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) 

17 95.0 126.0 0.605 24.4 3,140 0.23 
4 10 94.0 52.8 0.600 24.6 1,550 0.18 
5 91.1 32.4 0. 712 29.2 1,050 0. 10 
6 83.8 8.8 0.594 24.3 420 0.10 

18 95.1 159.8 0.626 25.7 0.299 0.222 4, 810 0.41 
7 20 93.8 79.5 0.766 31.4 0.168 0.268 2,610 0.25 
8 90.9 39.4 0.689 28.2 0.174 0.165 1,570 0.18 
9 82.0 11. l 0.657 26.9 0.124 0.124 560 0.18 

19 96.4 181. 5 o. 715 29.3 0.484 0.235 6,190 0.40 
10 30 94.2 84.2 0.740 30.3 0.282 0.197 3,000 0.27 
11 91.8 48.4 0.759 31.1 0.208 0.185 2,000 0.29 
12 82.0 11. 9 0.566 22.8 0.153 0.170 705 0.22 

20 96.5 188.6 0.600 24.6 0.673 0.152 6,500 0.40 
13 40 94.1 85.2 0.700 28.7 0.270 0.118 3,320 0.40 
14 90 . 7 45.0 0.700 28.7 0.210 0.125 1,980 0.22 
15 82.0 11.5 0.373 15.3 0.188 0.162 735 0.08 

~se width, 2.41+ in.; base length, l2.41+ in.; skin width, 2.25 in.; skin length, l2.25 in . 

..... 
"' c:o 
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Figure 16. Typical results of surface tests. 
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Figure 17. Typical results of base loading tests at greater depth. 
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Figure 22. TY]Jical results of skin loading tests. 
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Figure 23. Shear pattern under a circular 
foundation placed at greater depth in very 

dense sand. 
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Figure 24 . Shear ll<>LLo=rn under a rectan
gular foundation placed at greater depth 

in very dense sand. 



135 

TEST NO. 102 D/B-5 RECTANGULAR FOUNDATION B-1.5 IN. o.~.9 

Figure 25. Shear pattern under a rectangular foundation placed at shallow depth in 
very dense sand. 
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LOAD 
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Figure 26. Types of failure. 
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Figur e 27 . Types of f ai l ure at different 
rel ative depth D/B of foundations in sand . 

Sudden shears can be observed in sequence 
as soon as the settlement reaches about 6 
to 8 percent of foundation width. The fail
ure surface , which is vertical or slightly 
inclined and follows the perimeter of the 
base, never reaches the sand surface. The 
phenomenon is essentially "punching shear 
failure, " as described by De Beer and 
Vesic (34). 

The same three characteristic types of 
failure are observed at shallow depths. 
However, as the relative depth D/B in
creases, the limiting relative densities at 
which failure types change increase. The 
approximate limits of types of failure to 
be expected as relative depth D/B and re
lative density of sand DR vary are shown 
in Figure 27. There is a critical relative 
depth below which only punching shear fail
ure occurs. For circular foundations this 
critical relative depth seems to be around 
D/B = 4, and for long rectangular foun
dations around D/B = 8. 

It is important to note that the limits of types of failure depend on the compressibility 
of the material. More compressible materials will generally have lower critical re
lative depths . Following this trend, it is not difficult to explain why some materials 
may exhibit punching shear failure only. 

Criterion of Failure or Ultimate Load 

In accordance with observations just described the following criteria of failure or 
ultimate load were established: 

1. In the case of general shear failure, the criterion is very clear: a peak of base 
resistance is always reached, corresponding to the appearance of failure surfaces at 
the sand surface, and to an abrupt change of rate of settlement from positive to negative. 

2. In the case of local shear failure, there is not always a peak of base resistance, 
however, the rate of settlement reaches a maximum at the same load at which failure 
becomes visible at the surface. This load is considered as ultimate. In addition, first 
failure, clearly distinguishable only in stress-controlled tests , can be noted when 
settlements reach magnitudes at which the general shear failure occurs in dense sand 
(34). 
- 3. In the case of punching shear failure, there is no peak of base resistance nor 

any appearance of failure surfaces. However, a peak of settlement rate can be noted. 
The corresponding load is considered as ultimate load. 

Analogous criteria are adopted for skin loading tests. 

DISCUSSION OF TEST RESULTS 

Foundations at Surface 

Figure 28 compares observed bearing capacities in surface tests with corresponding 
theoretical values. Measured values of p/1/2 'Y B (col. 5, Tables 4 and 5) are shown as 
a function of dry unit weight of sand 'Ya or relative density DR. To have a better basis 
for comparison, the ultimate pressures of rectangular foundation have been multiplied 
by a shape factor 0. 60 (a value recently confirmed by very extensive experiments, 35). 
Both first and ultimate failure pressures are shown for medium and loose sands. Fig
ure 28 also shows t heoretical bear i ng capa.c ity factor Ny after Caquot and Kerisel {36) 
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multiplied by shape factor 0. 60. To present the factor Ny as a function of dry unit 
weight or void ratio, the experimentally established relationship (Eq. 8) between the 
angle of internal friction ctJ and void ratio e is used. 

Figure 28 shows that the observed ultimate bearing capacities are generally 1. 2 to 
4 times higher than corresponding theoretical values. This is in general agreement 
with findings of earlier experiments of similar nature (34, 33). A fully satisfactor; 
explanation of this phenomenon has not yet been found. - -

The ranges of relative densities in which different types of failure occur (Fig. 28, 
top) also agree well with those found in an earlier investigation (34). It seems that the 
conventional classification of sands by relative density into loose\DR < 0. 33), medium 
(0. 33 < DR < 0. 67) and dense (DR > 0. 67) has a certain meaning concerning the type 
of failure of shallow foundations on such materials. 
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Figure 29 . Settlement at failure for surface foundations. 

Figure 29 shows the settlements at which ultimate loads were recorded, expressed 
as percentage of the foundation width. General shear failure usually occurs at settle
ments not exceeding 10 percent of foundation width; the other failure types take place 
at settlements of about 15 to 20 percent of the foundation width. This is in general 
agreement with former observations. However, slightly higher relative settlements 
at failure of rectangular foundations do not conform with some earlier findings (35). 
A similar trend was observed in tests with deep foundations (Fig. 32). -

Base Resistance of Deep Foundations 

Figures 30 and 31 show the general trend of increase in 1.Jeal'iug capacily of the base 
with increase of foundation depth. Figure 30 shows the ultimate base resistance of 
2. 13-in. circular foundations as a function of foundation depth D. Figure 31 is an anal
ogous plot for 2. 44- by 12. 44-in. rectangular foundations. A practically linear increase 
of bearing capacity with depth can be observed only at shallow depths, not exceeding 
approximately D/B = 4 for circular and D/B = 6 for rectangular foundations. As the 
foundation depth increases further, the rate of increase of bearing capacity with depth 
decreases. At a relative depth of approximately D/B = 15 the bearing capacity reaches 
asymptotically final values which appear to be functions of sand density only. 
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2.13 in. 

Figure 31. Measured bearing capacities of base-rectangular foundation, 2.44 x 12.44 in. 
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Figure 32. Ultimate settlement of deep foundations. 

Base displacements or settlements needed to reach the ultimate loads are shown in 
Figure 32. Apparently, there is a tendency of ultimate settlements to increase with 
both foundation size and depth; however, this tendency is not pronounced. It may be 
stated that, in the range of foundations sizes and depth used in lhis investigation, ulti
mate loads are reached at settlements of about 20 to 30 percent of ~undation depth. 
Figure 32 is in general agreement with isolated former observations. 

A comparison of final bearing capacities of circular and long rectangular foundations 
indicates that the former are approximately 1. 50 times higher. Figure 33 shows the 
average final bearing capacity of the base as a function of dry unit weight of sand, with 
bearing capacities of rectangular foundations multiplied by a shape factor of 1. 50. 
Final bearing capacities observed in tests with 4- and 6. 75-in. circular foundations are 
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Fi gure 33 . Ultimate base resi stance at greater depth. 

also plotted. The final bearing capacities are apparently independent of foundation 
size, at least for dense and medium dense sands. 
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A similar conclusion can be reached by s tudying Figure 6 of Kerisel' s paper (32), 
alt hough the numerical values obtained by the two investigations a r e not directly com
pa.rabl e d~e to differences in experimental approach a nd sand properties . 

Skin Resistance of Deep Foundations 

The variation of ultimate skin resistance so with depth for 2-in. circular foundations 
is shown in Figure 34. For models in dense, vibrated sand, a long initial linear in
crease of so with depth (up to D/B = 15) is followed by a sharp turn into a final skin 
resistance which remains constant as the depth increases further. For models in loose 
and medium-dense sand the shape of the initial part of the s 0 curve is not quite clear. 
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It appears that there is also an initial linear increase limited to a depth of about four 
diameters. Beyond this depth the skin resistance turns sharply into a practically con
stant final value, varying with sand density only. 

Figure 35 shows analogous diagrams for 2. 25- by 12. 25-in. rectangular foundations. 
The trend is similar, however, the initial part along which so increases linearly with 
depth seems to be longer. The slope of the initial linear part is approximately three 
to four times less than the corresponding slope in the case of circular foundations. 
The final skin resistance, however, appears to be approximately 1. 5 times lower for 
the rectangular shape. 

Figure 36 shows the final average skin resistance as a function of dry unit weight 
of sand. Skin resistances of rectangular foundations multiplied by a shape factor of 
1. 5 are also plotted. The curve takes into account the fact that, due to method of plac
ing of medium-dense sand, the density in the immediate vicinity of the skin was lower 
than the average density of the entire model, pt1.rtkul11.rly in the case of 2-in. foundations. 

The general shape of the so curves found in the present investigation differs from 
that found in IRABA tests (32). However, it agrees well with numerous former obser
vations on full-scale piers and caissons, which usually show a linear increase of so at 
shallow depths, but a practically constant so at greater depths. 

Figure 37 shows skin displacements needed to reach ultimate skin resistance. It 
appears that these displacements are not dependent on foundation width and depth nor 
on sand density. For circular foundations they vary in the range of 0. 30 to 0. 40 in.; 
for rectangular foundations they are about one-half that magnitude. This finding con-
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firms previously expressed beliefs that the mobilization of shear strength along a fixed 
rupture surface is governed by absolute displacement along that surface. ' 

Bearing Capacity and Shape Factors at Shallow Depth 

As previously mentioned, at shallow depths not exceeding D/B = 4 the increase of 
bearing capacity with depth appears to be linear as proposed by Eq. 3. Therefore the 
initial slopes of curves in Figures 30 and 31 indicate the experimental values of bear
ing capacity factor Nq at shallow depths. The Nq factors evaluated from these slopes 
are shown in Figure 38. To take into account the effect of shape, the depth term of 
circular foundations was reduced by an assumed shape factor of ~q = 2. 00. Good agree
ment resulting from such an assumption indicntcs that shapP. fador ~q for a circular 
foundation in sand cannot differ greatly from 2. Terzaghi (6) proposed for that factor 
a value of 1. 30 and Brinch Hansen (19), values increasing Wlth lfJ from about 1. 30 for 
cp = 35° to 2. 20 for cp = 45°. -

As a basis for comparison, a curve of theoretical Nq values after Prandtl-Reissner 
is also shown (Fig. 38). To trace this curve the relationship (Eq. 8) between cp and e 
was assumed valid. This is justified by the probability that the average normal stress 
along a rupture surface under foundations does not exceed 10 percent of the foundation 
pressure. 
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Higher Nq values for two very dense models can easily be explained. At high rela
tive densities general shear failure still occurs at shallow depths (Figs. 25 and 27). 
As failure surfaces extend above foundation level, bearing capacity must be higher than 
indicated by Pra ndtl-Reissner theory which neglects shear resistance of the overburden 
(F ig. 2). If this r esistance is taken int o account a depth factor of approximately 2 
s hould be intr oduced for D/B = 4 and cp = 42° (10, 19). Therefore, excellent agreement 
of existing theory and experiments can be stated iIThe sand is dense. However, lower 
Nq values observed for medium and loose sand models cannot be explained by the exist
ing theories, which consider general shear failure only. 

Bearing Capacity in Local Shear Failure 

To evaluate the bearing capacity factor Nq in the case of local or punching shear 
failure of a long rectangular foundation, a shear pattern based on observations on colored 
sand models will be considered (Fig. 39). It consists of an elastic zone ABC with two 
adjoining plastic zones BCD. The extent of development of these zones is determined 
by the angle e at the apex. 
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Pa 

Po~ q ton (45 + cp/2) 

Po=Pc e-20tcn¢ 

It will be assumed that the overburden 
pressure q is great enough to allow neglect
ing the soil's own weighty. Under such 
circumstances, solutions for weightless 
soil (3) can be applied to analyze stress 
conditions along CD. It is easy to show 
that the stress PD acting on rupture line 
at D and the analogous stress PC at C are 
connected by 

(10) 

However, 

Pc = PA = po tan (45 - CtJ/2) (11) 

Pa~ q ton 2 (45 + ¢/2) e2 8 ton 4> Also, assuming that the minor principal 
stress along BD is equal to overburden 

Figure 39. Analysis of punching or local pressure q, 
shear failure. 

q tan (45 + cp/2) (12) 

Eliminating Pc and PD from Eqs. 10, 11, and 12, 

po = q tan2 (45 + cp/2) e 29 tan cp (13) 

By introducing e = 1. 9 CtJ, on the basis of observations, the following expression for 
Nq is obtained: 

Nq = e 3.8 CtJ tan CtJ tan2 (45 + CtJ/2) (14) 

Numerical values for different angles 
cp are given in Table 10. They are lower 
than classical Prandtl-Reissner values. 
Reasonable agreement between Nq values 
computed by Eq. 14 and observed experi
mentally are shown in Figure 38. 

Bearing Capacity at Greater Depth 

Earlier discussion of base and skin re
sistances po and so has shown (Figs. 30 
through 36) that, beyond some limiting 
relative depth D/B, the increase of Po and 
so with depth is not linear. As D/B in
creases over 15, po and So do not increase 
any more. Final values of po and soap
pear to be functions of density of sand only 
(Figs. 33 and 36). 

These observations seem to contradict 
the fundamental structure of bearing ca
pacity Eq. 3 and 6 derived by using 
theories of plastic or elastic-plastic equi
librium. As previously mentioned, simi
lar observations made recently by Kerisel 
(32) have led him to conclude that the bear
ing capacity factor Nq is a complex func-

TABLE 10 

BEARING CAPACITY FACTOR Nq 
IN THE CASE OF LOCAL OR 
PUNCHING SHEAR FAIL URE 

Angle of Internal 
Friction, 

cp 
(deg) 

0 
5 

10 
15 
20 
25 
30 
35 
40 
45 
50 

Bearing Capacity 
Factor, 

Nq 

1. 0 
1.2 
1. 6 
2.2 
3.3 
5.3 
9.5 

18.7 
42.5 

115 
422 
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tion of co D/B and B. As long as no explanation of these findings is offered this appears 
to be the only possible conclusion. 

However, attempts to explain the obtained results by an appropriate rational analysis 
leave serious doubts as to the correctness of the conclusion. No matter how limited an 
extent of plastic zone adjacent to the foundation base is assumed, there still must be a 
certain increase of po as overburden pressure increases. Therefore, Nq cannot be zero 
for any increment of loading as long as the same material is dealt with. When loosening 
of sand structure or significant crushing of sand grains occurs, there is still a lower 
limit of angle of internal friction of the newly formed material. Consequently, sooner 
or later, there must be an increase of po if overburden pressure continues to increase. 

On the basis of these and other considerations, the conclusion was reached that con
stant values of po at greater depth do not result from decrease in Nq alone as suggested. 

The explanation of the phenomena observed must, therefore, be sought through the 
assumption that q is not proportional to initial overburden pressure, as conventionally 
assumed. In connection with this, the true meaning of q in different theories should 
be remembered. In Prandtl-Reissner theory q is defined as normal stress at failure 
on horizontal plane of the foundation base (Fig. 2). In De Beer-Jaky-Meyerhof theories 
it is defined as normal stress at failure on the lower portion of the foundation shaft 
(Fig. 3). There is no good reason to take these stresses a priori equal or proportional 
to the initial overburden pressure, if foundation is deeply embedded in sand. 

To demonstrate the meaning of the results, it is assumed that both po and so increase 
linearly with q as indicated by Eq. 3 and 6, but that q is strictly qf or effective normal 
stress at failure acting on an elemental horizontal plane next to the foundation (Fig. 40). 
In a plane problem, or a rectangular foundation placed at greater depth, Eq. 3 can be 
rewritten in the following form: 

Eliminating qf 

N = ~ Ks tan o q So 

(15) 

(16) 

(17) 

In analogous way the following expressions can be written for a circular foundation: 

Po = qf Nq Cq (18) 

So qf Ks tan o Cs (19) 

p Cs 
Nq = ~ K tan o - (20) So s Cq 

Thus, it is possible to evaluate Nq from results of tests at greater depth under men
tioned assumptions without really knowing Cif. Ks tan o or Ks tan 6 Cs can be evaluated 
from the initial straight-line part of the so line. 

The results of such an evaluation are shown in Figure 41, where individual results 
from tests at greater depth with 2- 4- and 6. 75-in. circular foundations as well as 
with 2- by 12-in. rectangular foundations are plotted. To plot comparable magnitudes, 
both shape factors Cs and l:q for circular foundations were taken equal to 3 although Cs 
appeared to slightly higher. Figure 41 also shows, for comparison, bearing capacity 
factor Ng after Prandtl-Reissner and after Eq. 14. 1t is evident that experimental 
values ofitained by using Eqs. 17 and 20 are primarily functions of sand density and 
that they are independent of absolute magnitude of qf. Their numerical values in dense 
sand are reasonably well estimated by using the Prandtl-Reissner classical expression 
for Nq with a shape factor of approximately 3 for circular foundations. 1n medium and 
loose sands experimental values are lower, and comparable to those estimated by 
Eq. 14. 
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Ps = Ksqf 

Po 
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Po = N = Po K ton 8 q;-- q~s 

Figure 40. Stress conditions in vicinity 
of base of deep foundation . 

Some details of the analysis presented 
undoubtedly need further clarification, 
particularly the choice of shape factors 
which, due to limited number of tests per
formed, could not have been determined 
very accurately. It appears certain, how
ever, that both base resistance po and 
skin resistance so are linear functions of 
vertical stress at failure, qf. This stress 
is not necessarily equal nor proportional 
to the overburden pressure q. The non
linear increase of base or skin resistance 
with depth can be explained by a similar 
increase of qf with depth. If the base and 
skin resistance reach constant values at 
greater depth, it is because qf also be
comes constant at greater depth. 

Analysis of Vertical Stress Around the 
Foundation 

According to the preceding discussion, 
curves in Figures 30 and 31 indicate the 
nature of variation with depth of vertical 
stress at the base level, qf. At shallow 
depths (D/B < 4) , qf is equal to the over
burden stress q; at greater depths (D/B 
> 15), qf reaches a constant value inde
pendent of overburden stress. 

In a similar way, curves in Figures 34 
and 35 indicate the variation of average 

vertical stress along foundation shaft qs with foundation depth. From the shape of these 
curves it may be concluded that the distribution of vertical stresses qz at any point z 
along the shaft must follow a curve similar to that in Figure 42c; namely, there should 
be a linear increase of qz along a certain depth zo, followed by a peak and gradual de
crease to the final magnitude qf. It is to be understood, however, that the foundation 
depth, sand density and some other factors may have influence on the shape of curves 
in question. Therefore, the peak mentioned may be more or less pronounced, or even 
nonexisting, leading to qz curves of shapes between those in Figures 42c and 42b. 

Looking for an explanation of this general trend of variation of qz with depth, it was 
concluded that the nonlinear increase of bearing capacity with depth could be attributed 
to "arching" in sand above the foundation base. There exists, indeed, a striking simi
larity between curves in Figure 42 and curves of vertical pressure in a mass of sand 
above a yielding horizontal support (6, Fig. 18d). 

On the basis of all the observations made, the following explanation of stress condi
tions around a deep foundation is suggested: When the foundation is loaded (Fig. 42a) 
the mass of sand beneath is compressed downward. At the same time sand around the 
foundation tends to follow the general downward movement of the mass. As a conse
quence of this, the originally horizontal stresses on a vertical plane n-n at a certain 
distance from the foundation become inclined. The inclination of these stresses is a 
function of the amount of displacement w of the foundation and of the distance z' from 
the base level. If the foundation depth D is great enough, and if the base displacement 
w remains limited, there may be a distance zo beyond which the effect of downward 
movement is not felt any more. Above that distance stresses on vertical planes may 
remain horizontal, and the vertical stress qz may be equal to overburden stress q. 

The following arguments can be added in support of the explanation: 

1. Measurements of displacements of sand surface during loading tests on foundations 
placed at greater depth (D/B > 8) showed downward movement of soil adjacent to the 
foundation. 
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2. Measurements of sand density around the foundation after load testing to failure 
indicated, in the case of models made of dense sand, considerable loosening in a zone 
immediately above base level, but a slight densification below that level. 

3. Final resistances of the base and skin of rectangular foundations are found to be 
1. 50 times lower than corresponding resistances of circular foundations of the same 
diameter. However, measurements of real shape factor for base and skin resistances 
at greater depth indicate values of approximately 3. This leads to the conclusion that 
the final vertical stresses qf around rectangular foundations are two times higher than 
corresponding stresses around circular foundations. The same ratio of final vertical 
stresses is found in the case of rectangular versus circular bins of the same diameter, 
where a similar phenomenon of arching occurs. 

4. Under similar conditions there is less arching under smaller foundations, re
sulting in higher bearing capacity for the same relative depth D/B, because base dis
placements at failure increase proportionally to the foundation width. Displacement 
of a larger foundation will mobilize friction along relatively longer distance z;. 

5. Measurements of skin resistance along model foundations in sand have indicated 
distributions similar to curves in Figure 42 (38, 39). 

Numerous other observations on actual deep foundations as well as on models can 
be cited in favor of the explanation offered. However, it should be realized that the 
vrublem iu que1:>Liu11 i1:> very complex, and that variables such as roughness of founda
tion skin or method of construction may also be of significant influence. 

A special study of this problem, including the development of a method for rational 
analysis of stresses around deep foundations in a homogeneous sand stratum is in prog
ress. 

CONCLUSIONS 

1. Shear patterns observed underneath buried model foundations in sand indicate 
that, depending on relative density of sand, all three types of failure previously de
scribed in the literature may occur at shallow depth: general shear failure, local shear 
failure and punching shear failure. However, at greater depths only punching shear 
failure occurs, irrespective of relative density of sand. Limits of types of failure to 
be expected vary with relative density or compressibility as well as with relative depth 
D/B of the foundation (Fig. 27). 

2. At shallow depths, not exceeding four foundation widths (D/B < 4) the increase 
of point bearing capacity with depth is linear. In dense sand (DR> 0. 70) the bearing 
capacity factor Nq can be estimated with sufficient accuracy using an analysis based 
on conventional theory of general shear failure in a rigid-plastic solid. In loose or 
medium-dense sand, failure surfaces being localized, better agreement with test re
sults may be stated if an expression for Nq derived under the assumption of local or 
punching shear failure is used. 

3. At greater depths, generally exceeding 15 foundation widths, both base resis
tance po and skin resistance so reach constant final values. These values are indepen
dent of overburden pressure q and appear to be functions of relative density of sand 
only. This is explained by the arching of sand above the foundation base. It is demon
strated that both po and so are proportional to the effective vertical stress at failure, 
qf at the level of foundation base. 

4. The bearing capacity factory Nq at greater depth defined as the ratio of base 
resistance po to vertical stress qf, is practically independent of foundation size and is 
a function of relative density or angle of internal friction of sand. Observed bearing 
capacity factors Nq for long rectangular foundations at greater depth do not differ from 
those at shallow depth. However, the shape factor for circular foundations appears 
to be somewhat higher at greater depths. 

5. Skin resistance along the foundation shaft is not necessarily increasing linearly 
with depth. Instead, it is proportional to the vertical stress qz 'at the corresponding 
elevation. Vertical stress increases linearly only at shallow depths. If the foundation 
is deeply embedded in sand, the distribution of vertical stress, as well as of skin re
sistance, is likely to be similar to that in Figure 42. 
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6. The fundamental fallacy of conventional analyses of bearing capacity of deep 
foundations in sand consists in the assumption that q is always equal to the initial over
burden stress at the level of foundation base. This may be correct if a deep foundation 
penetrates only slightly into a sand stratum overlain by compressible soil. However, 
it may be entirely wrong if a deep foundation is completely embedded in sand. 
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