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B e a r i n g  capacity of f o u n d a t i o n s  o n  c a l c a r e o u s  s a n d

Force portante des fondations sur les sables carbonates

H.  G.  POULOS,  Prof essor  of  Civi l  Engi neer i ng,  Uni versi t y of  Sydney,  Aust ral i a
E. W.  CHUA,  Engi neer,  Ur ban Devel opment  Aut hori t y,  Mal aysi a

SYNOPSIS The paper describes a series of model footing tests on calcareous and silica
sands under carefully-controlled laboratory conditions. The influence on bearing capacity of over
burden pressure, relative density and cyclic loading is considered. The highly compressible nature 
of the calcareous sand results in substantially lower bearing capacities than for the silica sand. 
Measured bearing capacities are compared with theoretical values and it is demonstrated that the 
most satisfactory theory is one based on a cavity expansion approach.

INTRODUCTION

Calcareous sands are prevalent in many offshore 
oil- and gas- producing areas of the world. 
Such soils are frequently of biological origin 
and are characterised by their susceptibility 
to crushing on shearing, and to post-deposit- 
ional cementation. Because of the compressible 
nature of these soils, they have been observed 
to provide poor support for foundations, part
icularly driven piles (Angemeer et al, 1975).

In an attempt to better understand the behavi
our of foundations on calcareous sands, a 
series of laboratory model footing tests was 
undertaken on a Bass Strait calcareous sand. 
The influence on bearing capacity of overburden 
pressure, relative density and cyclic loading 
was studied. Comparative tests were also carr
ied out on a silica sand. This paper describes 
these tests, compares measured and theoretical 
bearing capacities, and presents values of soil 
modulus backfigured from the experimental load- 
settlement curves.

ENGINEERING PROPERTIES OF SOILS TESTED

The calcareous sand was from Bass Strait, 
Australia, and consisted largely of uncemented 
grey biogenic particles. The soil was well- 
graded with maximum and minimum particle sizes 
of about 3 mm and 0.06 mm respectively. The 
silica sand was from Sydney, Australia and was 
composed of relatively angular quartz particles 
which were uniformly graded. The general phys
ical characteristics of the soils are summaris
ed in Table 1. Further details are provided by 
Chua (1983).

Drained triaxial compression tests on isotrop- 
ically consolidated samples were carried out to 
determine strength, volume change and deformat
ion characteristics of the sand. While isotro
pic consolidation does not seriously influence 
strength characteristics (as compared with ani
sotropic consolidation), it was recognised that 
the measured deformation parameters could be 
influenced significantly.

For both sands, the Mohr-Coulomb failure 
envelope was curved, so that the drained 
friction angle $ decreased with increased 
confining pressure a'c. The following
approximate relationship was found:

$ = a - b log, o o' (1)
c

where <?' = effective confining pressure, in 
0 kPa

For the calcareous sand at a relative density 
of about 50%, a = 54.2 and b = 4.3. For the 
silica sand at a relative density of about 85%, 
a - 49.4 and b = 3.7.

The volumetric strain at failure ¿v varied 
with a'c according to the following approxi
mate relationship:

Av = c + d ( a’ ) °* 5% (2)

For the calcareous sand, c = -1.13, d = 0.07; 
for the silica sand, c = -11.5, d = 0.26. The 
calcareous sand thus changed from a dilatant 
material to one exhibiting volume reduction at 
relatively low confining stress.

TABLE 1

GENERAL PHYSICAL CHARACTERISTICS OF SILICA 
AND CALCAREOUS SANDS

PROPERTY SILICA
SAND

CALCAREOUS
SAND

Coefficient of Uniformity 1.67 4 75

Mean Diameter (mm) 0.32 0 30

Specific Gravity 2.65 2 73

Maximum Density (t/m3) 1.63 1 77

Minimum Density (t/m3) 1.46 1 28
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MODEL FOOTING TESTS

The tests were carried out in apparatus similar 
to that described by Poulos et al (1976). The 
soil was contained in a vessel 305 mm internal 
diameter and 229 mm deep, with drainage provid
ed at both ends. Overburden pressure was prov
ided by pressurised water acting on a rubber 
membrane above the soil surface. The footings 
were 25 mm diameter with the base roughened and 
were generally located on the surface, although 
a few tests were carried out on footings locat
ed up to 5 diameters below the surface. Load
ing was applied via a testing machine which was 
controlled through a micro-computer which also 
controlled a data acquisition system.

Beds of sand were prepared by raining sand dry 
through a double-mesh sieve into the body of 
the vessel, maintaining a constant height of 
fall. The majority of tests on calcareous sand 
were carried out using a 0.4 m height of fall, 
which produced a relative density of about 50%. 
The relative density of the silica sand was 
substantially larger, ranging between 78% and 
100%. Following placement of the sand, satur
ation was effected by allowing an upward flow 
of water through the base. After assembly of 
the apparatus, the desired overburden pressure 
was applied and consolidation permitted. Prim
ary consolidation took only a few minutes, but 
a consolidation period of 8 hours was allowed 
in all tests.

In the static loading tests, the footing was 
loaded statically to failure at a rate slow 
enough to ensure drained conditions (0.1 mm/ 
min). In the cyclic loading tests, the footing 
was subjected to a specified number of cycles 
of one-way repeated loading at a predetermined 
stress level, after which the footing was 
loaded statically to failure.

In interpreting the model test results, it was 
necessary to adopt a consistent definition of 
the bearing capacity since failure was not 
clearly defined; therefore, it was taken to be 
the average applied stress at which a settle
ment of 10% of the footing diameter was 
reached.

MODEL TEST RESULTS

Typical load-settlement curves for each type of

FIGURE 1 TYPICAL LOAD-SETTLEMENT CURVES

sand are shown in Fig. 1 for an effective over
burden pressure of 103 kPa. Clearly, the 
stiffness and bearing capacity of the footing 
on the calcareous sand is much smaller than for 
the silica sand.

Fig. 2 plots the footing bearing capacity qu 
against the effective overburden pressure 
a' vo. For both sands, q^ increases as
a'vo increases, but the relationship is high
ly non-linear. For the calcareous sand in par
ticular, there is a very slow rate of increase 
of qu for o'vo in excess of 200 kPa.

FIGURE 2 BEARING CAPACITY AT VARIOUS EFFECTIVE 
OVERBURDEN PRESSURES

Some of the difference between the bearing cap
acities on the two sands may be attributed to 
the higher relative density of the silica sand. 
The influence of initial relative density was 
studied by performing a series of tests at an 
overburden pressure of 103 kPa, and the results 
are shown in Fig. 3. qu clearly depends on 
the initial relative density, but nevertheless, 
the value for calcareous sand is still substan
tially less than for silica sand of comparable 
relative density. Fig. 3 also shows the 
results of tests on the buried footings, and 
indicates no significant difference between 
these and the results for surface footings.

Ini t i al  Rel at i ve Densi t y (a/<0 

Legend:

O Sur f ace f oot i ngs- si l i ca sand 

•  Bur i ed f oot i ngs- si l i ca sand 

A  Sur f ace f oot i ngs- cal car eous sand 

A Bur i ed f oot i ngs - cal car eous sand 

FIGURE 3 INFLUENCE OF INITIAL RELATIVE DENSITY 
AND FOOTING EMBEDDMENT ON ULTIMATE 
BEARING CAPACITY
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From the tests carried out in which cyclic 
loading was performed prior to static loading 
to failure, the following obervations were 
made:

(i) the permanent settlement increased with 
cyclic load level and number of cycles, 
and could be reasonably closely repres
ented by an empirical expression of the 
same form found by Diyaljee and Raymond 
(1902) .

(ii) the cyclic stiffness of the footing 
increased with increasing numbers of 
cycles, the major increase occurring in 
the first few cycles.

(iii) the ultimate load capacity after cycl
ing tended to decrease due to cyclic 
loading. The reduction was small for 
cyclic load levels less than about 30% 
of ultimate, but at higher cyclic load 
levels, significant reductions in ulti
mate load capacity occurred due to the 
rapid accumulation of permanent settle
ments which could exceed 10% of the 
diameter (hence causing "failure") in 
a few cycles. Fig.4 summarises the 
results for the calcareous sand tests; 
similar results were found for the 
silica sand tests.

Effect of Cyclic Loading
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FIGURE 4 EFFECT OF CYCLIC LOADING ON ULTIMATE 
LOAD CAPACITY FOOTINGS ON CALCAREOUS 
SAND

COMPARISONS BETWEEN THEORETICAL AND MEASURED 
BEARING CAPACITY

Three methods were used to compute the ultimate 
bearing capacity qu of the footings:

a) Terzaghi's theory for general shear 
failure (Terzaghi, 1943)

b) Terzaghi's theory for local shear 
failure, which uses the same bearing 
capacity factors as for general shear, 
but reduced strength parameters

c) Vesic's spherical cavity expansion
theory (Vesic, 1972) with a curved 
Mohr-Coulomb envelope.

In all cases for the cohesionless soils consid
ered here, the theoretical expression for qu 
could be simplified, with adequate accuracy, 
to the following:

q = N a' (3)
u q vo

where Nq = dimensionless bearing capacity 

factor, and o'vo = initial 
effective overburden pressure.

In Terzaghi's theory, for a given footing shape, 
Nq is a function only of the friction angle 
<t>' , and in the calculations, the value of $' used 
was adjusted according to the initial effective 
confining stress, as indicated by the laboratory 
test results (Eq. 1). This confining stress was 
calculated as the mean initial effective stress, 
taking the coefficient or earth pressure at rest, 
K0, to be 0.33).

In Vesic's cavity expansion theory, the value 
of Nq depends both on the friction angle if' 
and the plastic volume strain characteristics 
of the soil, and it was therefore necessary to 
carry out an iterative analysis to determine 
Nq. The equivalent confining stress a'c was 
taken to be the approximate mean principal 
stress below the footing at failure.

Ef f ect i ve over bur den pr essur e cr ’̂ ( kPa)

FIGURE 5 COMPARISON OF EXPERIMENTAL AND COMP
UTED BEARING CAPACITY OF MODEL FOOT
INGS ON SILICA SAND

FIGURE 6 COMPARISON OF EXPERIMENTAL AND COMP
UTED BEARING CAPACITY OF MODEL FOOT
INGS ON CALCAREOUS SAND
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Figs.5 and 6 compare experimental and predicted 
bearing capacity of the footings on calcareous 
sand the silica sand respectively.

For both soils, the Terzaghi general shear and 
local shear equations give poor predictions.
In particular, the general shear equation sign
ificantly overpredicts bearing capacity in most 
cases.

It must be borne in mind that the experimental 
results are derived from the arbitrary assumpt
ion that "failure" occurs at a displacement of 
10% of the diameter; nevertheless. Figs.5 and 6 
demonstrate that the cavity expansion theory 
more closely models the stress conditions be
neath the footing than do conventional bearing 
capacity theories. A similar conclusions was 
reached by Ismael and Vesic (1981).

BACKFIGURED VALUES OF SOIL MODULUS

From the elastic solution for a rigid circular 
footing on a finite layer (Poulos and Davis, 
1974), values of drained Young's modulus E'g 
were derived for a stress level of one-third 
of the bearing capacity. Fig.7 plots E'g 
against effective overburden pressure a'Vo 
for both soil types and reveals that, in both 
cases, E's increases almost linearly with 
o'vo. Detailed comparisons between measured 
and predicted settlements for these tests are 
discussed by Poulos et al (1984).

FIGURE 7 BACKFIGURED SOIL YOUNG’S MODULUS FOR 
MODEL FOOTING TESTS

CONCLUSIONS

The unusual nature of calcareous sands has a 
major effect on foundation behaviour. Despite 
the high angle of internal friction of these 
sands, the bearing capacity of model footings 
is significantly less than on silica sands. 
The main reason for this difference is the com
pressive plastic volume strain of the calc
areous sand at relatively low confining press
ures, which contrasts with dilatant plastic 
volume strains in the silica sand. Convention
al theories seriously overestimates bearing 
capacity on calcareous sands, but reasonable 
predictions are provided by a cavity expansion 
theories which takes into account the variation 
of friction angle and plastic volume strain 
with mean normal stress.

Cyclic loading tends to reduce the bearing 
capacity due to the development of permanent 
settlement; however, the reduction is unlikely 
to exceed 10% if the maximum load during cycl
ing is less than about one-third of the ulti
mate static load capacity.

Values of soil modulus backfigured from the 
footing tests are significantly less for 
calcareous sand than for silica sand.
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