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This paper examines the drained bearing response of circular footings resting on structured soil deposits.
Numerical simulations have been carried out using a finite element formulation of the Structured Cam
Clay model. A parametric study was conducted by varying the parameters that govern the behaviour
of structured soils and guidelines are given for designers to identify when effects of the soil structure
are important. Under fully drained conditions, deformation within the structured soil supporting the
footing usually occurs as a local or punching shear failure due to high compressibility of the structured
soil and the mobilised bearing pressure increases with the footing movement, without reaching an ulti-
mate value. A novel approximate method is presented to obtain the load–displacement response of a
rigid circular footing resting on the surface of a structured soil deposit. This requires the properties of
the soil in the reconstituted state and two additional parameters, which govern the natural structure
of the soil. The proposed method has been applied to a published case study, where plate load test results
are given for rigid circular steel plates resting on structured soil deposits. Fair agreement is observed
between the computed and experimental results, suggesting the approximate method may be useful
in design studies of foundations on structured soil deposits.

� 2008 Elsevier Ltd. All rights reserved.
1. Introduction

Accurate assessment of the bearing resistance of the ground is
an important step in the process of evaluating the stability and
economy of structures. Although most structures are founded on
footings resting on natural soil deposits having a structure, rela-
tively little is known about the influence of soil structure on the
bearing response of these footings. In classical bearing capacity
theories (e.g., [17]) and cavity expansion theories (e.g., [7,18,2]),
which are commonly used by practising geotechnical engineers
to assess foundation capacity, the influence of soil structure on
the bearing capacity is not directly taken into account. The main
objective of this paper is therefore to examine the significance of
soil structure on the long-term (fully drained) bearing resistance
of circular footings resting on the surface of structured soil
deposits.

Generally, structured soils behave differently from the same
material in a reconstituted state. Although soil structure may arise
from many different causes, its effects on the mechanical behav-
iour have been shown to be similar [8]. Various geological pro-
cesses can cause a loss of soil structure either by inducing yield
(damaging the bonding or permanently rearranging the particles)
ll rights reserved.

irana).
or by removing bonding agents. Significant difficulties have been
encountered in cases where the structural features of the soil dom-
inate its engineering behaviour. The low driving resistance of piles
observed in carbonate soils at the North Rankin offshore gas pro-
duction platform, Australia [6] and the subsidence induced during
hydrocarbon extraction from reservoirs at Ekofisk, North Sea [11]
are but two examples.

Recently, there have been important developments in under-
standing of the mechanics of structured soils. At a fundamental le-
vel, there have been useful advances in formulating constitutive
models incorporating the influence of soil structure, such as those
proposed by Gens and Nova [4], Whittle [19], Rouainia and Muir
Wood [15], and Liu and Carter [9]. In this paper, the constitutive
model for structured soils proposed by Liu and Carter [9] has been
applied to study the long-term (fully drained) bearing response of
surface circular footings resting on structured soils. Numerical sim-
ulations were carried out by incorporating the Structured Cam Clay
model in the finite element program AFENA [1] developed at the
University of Sydney. The finite element formulation of this consti-
tutive model can be found in Liyanapathirana et al. [10]. The influ-
ence of soil structure on the predicted load–displacement response
has been investigated for a range of model parameters, which gov-
ern the structural features of the soil. Guidelines are provided to
identify the level of significance of the soil structure on the bearing
response, and a method is presented to obtain approximately the
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Fig. 2. Finite element mesh with 15-node triangular elements used for the analysis.
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fully drained load–displacement response of a surface circular
footing resting on a structured soil deposit. This method requires
knowledge of the reconstituted soil parameters and two additional
parameters that describe the structure of the natural soil.

2. Parameters defining soil structure

In the Structured Cam Clay model [9] four additional parame-
ters are used to introduce the structural features of the soil into
the Modified Cam Clay model developed originally by Roscoe and
Burland [14]. The destructuring index, b, defines the rate at which
the soil structure is lost during the process of destructuration. The
size of the initial yield surface, p0co, (see Fig. 1) defines the mean
effective stress at which yielding or the destructuration of the
structured soil begins. The additional voids ratio sustained by the
structured soil at the time of commencement of yielding is Dei

and the influence of soil structure on the plastic potential is de-
scribed by another parameter, x. These parameters can be deter-
mined directly from an isotropic compression test on an intact
(undisturbed) soil specimen [9].

The yield surface of the Structured Cam Clay model in p0 � q
space is elliptical and passes through the origin of the stress
space, similar to the Modified Cam Clay model, but non-associated
plastic flow is assumed. In what follows, all (intrinsic) properties of
the same soil at the reconstituted state are denoted by the
superscript �.

3. Finite element model

The axisymmetric finite element model used for the analysis of
circular footings resting on structured soil consists of 15-node tri-
angular elements and extends 7.5B in radial and vertical directions
as shown in Fig. 2, where B is the radius of the circular footing. For
all cases presented, a smooth contact between the base of the foot-
ing and the soil is assumed and this will be discussed in Section 4.
Fig. 1. Idealisation of the compression and yield behaviour adopted in the
Structured Cam Clay model.
The water table is assumed to be at the ground surface. The bottom
boundary is restrained against vertical and horizontal movement.
The left and right hand side boundaries of the mesh were re-
strained against horizontal movement. Footing is pushed into the
ground controlling the displacement increments. The size of the
increments used in the elastic and plastic regions shown in
Fig. 3a are 0.001 m (dd/B = 0.0002) and 0.0005 m (dd/B = 0.0001),
respectively, and the analysis is carried out as a small strain finite
element analysis. Details of the incremental solution scheme are
not described here as it can be found in the AFENA manual [1].

4. Mode of bearing failure

The bearing capacity of a footing is often mobilised as a shear
failure that occurs within the soil supporting the footing. It is gen-
erally recognized that there are three principal modes of shear fail-
ure: general shear failure, local shear failure and punching shear
failure. Numerical analyses have been carried out to investigate
the possible modes of failure for structured soils. Fig. 3a shows a
normalized plot of the mobilized bearing pressure against the foot-
ing settlement for a 5 m diameter rigid circular footing resting on a
structured soil deposit, where qav is the average applied footing
pressure, p0�co is mean effective stress at which yielding of the recon-
stituted soil begins, as shown in Fig. 1, d is the footing settlement
and B is the footing diameter. The specific details for this fairly typ-
ical case are shown in Table 1. No visible collapse is observed and a
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Table 1
Properties of structured soil assumed for typical example

Symbol Description Value

Reconstituted soil properties
k* Gradient of the normal compression line in e � ln(p0) space 0.16
j* Gradient of the unloading and reloading line in e � ln(p0)

space
0.06

M* Aspect ratio for the yield surface 1.2
m* Poisson’s ratio 0.25
e�cs Void ratio at the p0 = 1 on the CSL in e � ln(p0) space 1.8
dp0�co=dz Gradient of p0�co with depth below the ground surface 10 kPa/m
p0�co Size of the initial yield surface for the structured soil at

ground surface
20.0 kPa

Ko Coefficient of earth pressure at rest 0.6
c Bulk unit weight of soil (water table assumed at ground

surface)
20 kN/m3

Additional parameters defining soil structure
b Destructuring index 0.25
Dei Additional voids ratio sustained by soil structure 0.25
p0co Size of the initial (structural) yield surface at ground

surface
243.65 kPa

x Parameter defining the plastic potential 1
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continuous increase in vertical load is needed to maintain the foot-
ing movement in the downward direction. Fig. 3b shows the cumu-
lative displacement vectors at a displacement of 10% relative to the
diameter of the footing. The displacement vectors are predomi-
nantly in the vertically downward direction. Although a few vec-
tors are at an angle to the vertical, they do not show a flow
pattern in a radial shearing zone. Therefore, it can be concluded
that the deformation of the structured soil beneath the footing oc-
curs predominantly as a punching shear failure in this case. The
load–displacement response observed for calcarenite by Sharp
and Seters [16], calcareous sand by Poulos et al. [13] and Poulos
and Chua [12], artificially cemented calcareous sand by Yeoh [21]
and carbonate sands by Islam [5] are consistent with the finite ele-
ment results obtained by considering different parameter sets of
structures soils, where the applied load continuously increase with
the movement of the footing. This behaviour is typically observed
in foundations resting on compressible soils, where failure occurs
predominantly as a punching or local shear failure.

Results obtained for smooth and rough contact conditions at the
footing–soil interface are nearly the same when the failure occurs
Fig. 3b. Cumulative displacement vectors beneath t
as punching or local shear failure because at the footing–soil inter-
face, soil deformation is predominantly in the vertical direction.
Therefore in what follows, a smooth contact is assumed at the foot-
ing–soil interface.

5. Prediction of bearing response curve

Since failure of the soil beneath the footing occurs as a punching
or local shear, the mobilised bearing pressure continuously in-
creases with the footing movement, apparently without reaching
an ultimate bearing capacity, at least within the bounds of a small
displacement approach. For punching shear, the bearing pressure
mobilized at a displacement of 10% of the footing diameter is often
defined as the ‘‘bearing capacity” [18] (Poulos and Chua, [12]).
However, this is an arbitrary value. Sharp and Seters [16] and Islam
[5] showed that for punching or local shear, bearing pressure
curves can be approximated by bilinear relationships. Although
both sections of the curve involve elasto-plastic behaviour, the first
section of the curve represents predominantly elastic penetration
of the footing and the second represents predominantly plastic
penetration of the footing. Therefore the first section of the curve
is termed as ‘elastic’ and the second section is termed as ‘plastic’.
If gradients of the elastic (Fr) and plastic (Gr) parts and the yield
point (Yr), as shown in Fig. 3a, are known, an approximate curve
of dimensionless bearing pressure (qav=p0�co) versus dimensionless
displacement (d/B) can be predicted. Hence, the bearing pressure
can be obtained for any vertical movement of the footing, instead
of assigning an arbitrary value as the ultimate bearing capacity.

In the following sections, a simple method is outlined to obtain
the long-term (fully drained) bearing response of circular footings
resting on structured soil deposits that has been developed from
the results of numerical analyses using the Structured Cam Clay
model. The value of p0�co used in the finite element analyses is varied
along the depth of the soil deposit as given in Table 1 to simulate
an overconsolidated state within the soil deposit below the footing
because in normally consolidated state, soil does not possess any
structure. Hence the dimensionless parameter qav=p0�co is calculated
based on the p0�co at the base level of the footing. First the bearing
response is predicted for the soil in a reconstituted state, neglect-
ing the structural properties of the soil. Further analyses incorpo-
rating the structural properties of the soil are then used to
he footing at a displacement of 0.1B (drained).
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Fig. 5. Variation of elastic gradient, Fr, with j* and c0B=p0�co.
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modify the response of the reconstituted soil and obtain the bear-
ing response for the structured soil.

5.1. Bearing response curve for reconstituted soil (Dei = 0)

Here the properties of the soil are defined in terms of the critical
state soil parameters: the gradient of the normal compression line
in the e � ln(p0) space, k*, the gradient of the unloading and reload-
ing line in e � ln(p0) space, j*, the aspect ratio of the yield surface,
M*, Poisson’s ratio, m*, and the value of voids ratio at a mean effec-
tive stress of 1 kPa on the critical state line in e � ln(p0) space, e�cs.

For reconstituted soils, it was found that for a unique value of
the combined parameter c0B=p0�co, where c0 is the effective unit
weight of the soil, curves of the non-dimensional bearing pressure
qav=p0�co plotted against the non-dimensional footing settlement dB
were almost the same, irrespective of the individual values of each
variable. Islam [5] also demonstrated this result using a constitu-
tive model developed specifically for carbonate sand.

When the additional voids ratio sustained by the structured soil
at the time of first yielding, Dei, is zero, the Structured Cam Clay
Model simulates reconstituted soil behaviour. Therefore, in this
section, the influence of the reconstituted soil properties on the
bearing response is studied using the Structured Cam Clay model
with zero Dei. Each soil parameter defining intrinsic properties of
the soil has been varied separately by keeping all other parameters
equal to the values given in Table 1. Influence of Ko has not been
considered here, as it does not significantly influence the bearing
response. This has been observed by Woodward et al. [20] as well.
For each parameter set, analysis was repeated for six different val-
ues of c0B=p0�co (viz., 0.76, 1.52, 2.28, 3.04, 3.8 and 4.75), which fall
within the range of c0B=p0�co encountered in practice.

5.1.1. Influence of j* on bearing response
Fig. 4 shows the influence of j* on the bearing response for a

5 m diameter surface circular footing. The value of j* has been var-
ied from 0.005 to 0.1. With a decrease in j*, the elastic gradient of
the bearing response curve increases showing a stiffer response.
The influence of j* on the yield point and the plastic gradient are
not very significant, and they have been ignored for simplicity.
To establish the proposed method for predicting the bearing capac-
ity curve, only the influence of j* and c0B=p0�co on the elastic gradient
has been considered.

Fig. 5 shows the variation of elastic gradient with j* and c0B=p0�co.
The influence of j* on the elastic gradient generally increases with
increasing c0B=p0�co. For j* > 0.03, the elastic gradient does not vary
significantly with c0B=p0�co. For the data points obtained from the fi-
nite element analyses shown in Fig. 5, the elastic gradient for the
reconstituted soil, Fr, can be related to j* and c0B=p0�co as follows:

ðFrÞj� ¼ 1:25ðj�Þ�1 c0B
p0�co

� �0:6

ð1Þ
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Fig. 4. Influence of j* on the bearing response (B = 5 m).
5.1.2. Influence of k* on bearing response
Fig. 6 shows the bearing response for a 5 m diameter circular

footing when k*, the plastic compressibility parameter for the soil,
changes from 0.12 to 0.35. According to Fig. 6, the elastic gradient
and the yield point are nearly the same for all values of k* consid-
ered in the analyses. However, beyond the yield point, the bearing
pressure at a given settlement increases with decreasing k*. For
example, when the footing displacement is 10% of the footing
diameter, the bearing pressure obtained for k* = 0.12 is twice that
obtained with k* = 0.35. Therefore, in the establishment of the pro-
posed simplified method, only the influence of k* on the plastic gra-
dient, Gr, has been taken into account.

Variation of the plastic gradient of the bearing response with
c0B=p0�co for different values of k* is shown in Fig. 7. If c0B=p0�co 6 1,
k* does not show any significant influence on the plastic gradient
of the reconstituted soil, Gr. With an increase in c0B=p0�co, the plastic
gradient increases with decreasing k*. For example, when
c0B=p0�co ¼ 4:75, the plastic gradient obtained with k* = 0.12 is three
times that obtained with k* = 0.35. To sufficient accuracy the values
of plastic gradient, Gr, obtained from the finite element predictions
satisfy the following equation:
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ðGrÞk� ¼ 5ðk�Þ�0:4 c0B
p0�co

� �n

ð2Þ

where n = 0.25(k*)�0.6.

5.1.3. Influence of M* on bearing response
In the general bearing capacity equation proposed by Terzaghi

[17], which is a widely used method to determine the bearing
capacity of footings, the friction angle plays a major role in deter-
mining the drained or long-term bearing capacity. In the Struc-
tured Cam Clay model, M*, which is the aspect ratio of the yield
surface, is a function of the ultimate friction angle, u0cs, as shown
below:

M� ¼ 6 sin /0cs

3� sin /0cs
ð3Þ

Therefore, the influence of M* on the bearing response reflects the
influence of friction angle of the soil. Since the dependency of M*

on Lode’s angle is not significant for axisymmetric problems, a con-
stant M* has been used in the analysis.

Fig. 8 shows the computed influence of M* on the bearing re-
sponse. The elastic gradient, Fr, which demonstrates predomi-
nantly the elastic penetration of the footing, does not depend on
M*. However, the yield point, Yr, and the plastic gradient, Gr, which
reflect the plastic penetration of the footing, change significantly
with M*.

Fig. 9 shows the combined influence of M* and c0B=p0�co on the
yield point. With an increase in M*, the yield point increases show-
ing a stiffer soil response. Also, for a particular value of M*, the yield
point increases with c0B=p0�co. Based on the results obtained from the
finite element analysis of footing response given in Fig. 9, the influ-
ence of M* and c0B=p0�co on the yield point can be described to suffi-
cient accuracy by:

ðYrÞM� ¼ ðM
�Þ1:25 c0B

p0�co

� �m

ð4Þ

where m = 0.25(M*)�0.75.
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Fig. 10 shows the influence of M* and c0B=p0�co on the plastic gra-
dient, Gr. With an increase in M*, the plastic gradient increases sig-
nificantly. For example, there is a 7-fold increase in the plastic
gradient when M* increases from 0.7 to 1.6 for c0B=p0�co ¼ 4:75.
The influence of M* on the plastic gradient is more pronounced
for larger values of c0B=p0�co than for smaller values of c0B=p0�co. Based
on the results obtained from the finite element analyses of the
footing response given in Fig. 10, the combined influence of M*

and c0B=p0�co on the plastic gradient, Gr, can be represented by:

ðGrÞM� ¼ 6ðM�Þ3 c0B
p0�co

� �l

ð5Þ

where l = 0.75(M*)�0.6.

5.1.4. Influence of m* on bearing response
In the Structured Cam Clay model, a constant value of Poisson’s

ratio, m*, is usually assumed. Fig. 11 shows the influence of m* on the
bearing response for m* varying from 0.1 to 0.4. For all values of m*,
the plastic gradient of the bearing response curve is nearly the
same. Also the variation of yield point with m* is not significant.
Since the plastic gradient and yield point reflect predominantly
plastic penetration of the footing, it can be concluded that the
influence of Poisson’s ratio is significant only during the elastic
penetration. Therefore, in establishing the proposed simplified
method for the assessment of bearing response of circular footings,
the influence of m* on both yield point, Yr, and plastic gradient, Gr,
has been ignored.

Fig. 12 shows the influence of m* on the elastic gradient (Fr) for
c0B=p0�co varying from 0.76 to 4.75. For c0B=p0�co 6 1:0, the influence of
m* on the elastic gradient is small compared to the larger values of
c0B=p0�co. Using the results given in Fig. 12, the influence of m* and
c0B=p0�co on elastic gradient, Fr, can be represented by:
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ðFrÞm� ¼ ð35� 60m�Þ c0B
p0�co

� �0:6

ð6Þ
5.1.5. Influence of e�cs on bearing response
In this section, the influence of e�cs on the bearing response of a

circular footing is investigated. Fig. 13 shows the bearing response
for a 5 m diameter footing for e�cs varying from 1 to 3.2. With an in-
crease in e�cs, the bearing resistance at a given footing displacement
increases. For example, when e�cs increases from 1 to 3.2, the mobi-
lized bearing resistance is doubled at a footing displacement of 10%
relative to the diameter of the footing.

Both elastic and plastic gradients increase with increasing e�cs,
but the influence of e�cs on the yield point is not significant. Figs.
14 and 15 show the influence of e�cs on the elastic and plastic
gradients of the bearing response curve, respectively, for c0B=p0�co

varying from 0.76 to 4.75. When c0B=p0�co 6 1, the influence of e�cs

on the bearing response can be ignored. However, for c0B=p0�co > 1,
both the elastic and plastic gradients increase with increasing e�cs

and the combined influence of e�cs and c0B=p0�co on these gradients
can be expressed as:
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ðFrÞe�cs
¼ 15ðe�csÞ

0:7 c0B
p0�co

� �0:6

ð7Þ

ðGrÞe�cs
¼ 8ðe�csÞ

0:6 c0B
p0�co

� �0:72

ð8Þ
5.1.6. Derivation of the bearing response curve for reconstituted soil
Eqs. (1), (2) and (4)–(8) show the influence of each critical state

soil parameter on the elastic gradient, Fr, yield point, Yr, and the
plastic gradient, Gr for reconstituted (destructured) soil. Some
reduction of these expressions is possible, so that ultimately only
three equations are needed to represent the combined influence
of the critical state parameters on Fr, Yr and Gr, which define the
complete bearing response of the reconstituted soil. Subsequently
the influence of structural properties of the soil will be incorpo-
rated into these three equations to obtain expressions for Fs, Ys

and Gs, which describe the response of a structured soil.
A simple multiplicative technique has been used to derive equa-

tions for Fr, Yr and Gr incorporating the influence of all reconsti-
tuted soil properties and c0B=p0�co. For the elastic gradient, Fr, only
j*, m* and e�cs have a significant influence. Since the influence of
j* on the bearing response was derived assuming m* = 0.25 and
e�cs ¼ 1:8, an expression for Fr that incorporates other values of m*

and e�cs is derived assuming that the effect of each parameter is
multiplicative, as follows:

Fr ¼ ðFrÞj�
ðFrÞm�
ðFrÞm�¼0:25

ðFrÞe�cs

ðFrÞe�cs¼1:8
ð9Þ

By substituting ðFrÞj� , ðFrÞm� and ðFrÞe�cs
from Eqs. (1), (6) and (7),

respectively, the elastic gradient, Fr, can be represented in terms of
c0B=p0�co, j*, m* and e�cs as shown below:

Fr ¼ ðj�Þ�1ð1:5� 2:55m�Þðe�csÞ
0:7 c0B

p0�co

� �0:6

ð10Þ

In the derivation of Eq. (10), it has been demonstrated that the
influence of k* and M* on the elastic gradient, Fr, is small enough to
be ignored. The accuracy of this approach will be demonstrated la-
ter in the paper.

The yield point, Yr, varies significantly only with M* and c0B=p0�co

and therefore Yr is given by Eq. (4), which is repeated below for
completeness:

Yr ¼ ðYrÞM� ¼ ðM
�Þ1:25 c0B

p0�co

� �m

ð11Þ

where m = 0.25(M*)�0.75.
The plastic gradient, Gr, varies significantly with three parame-

ters k*, M* and e�cs. Therefore, similar to Fr, an equation for Gr can be
derived as shown below:
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Gr ¼ ðGrÞk�
ðGrÞM�
ðGrÞM�¼1:2

ðGrÞe�cs

ðGrÞe�cs¼1:8
ð0:25ðk�Þ�0:6 þ 0:75ðM�Þ�0:6 � 0:67Þ

¼ 2:0ðM�Þ3ðk�Þ�0:4ðe�csÞ
0:6 c0B

p0�co

� �
ð12Þ

Eqs. (10)–(12) can be used to obtain values for Fr, Yr and Gr for a cir-
cular footing of any diameter if the intrinsic soil properties j*, k*, M*,
m* and e�cs are known. For convenience these expressions are also
summarized in Table 2.

5.2. Bearing response curve for a structured soil

In this section, the influence of soil structure on the long-term
(fully drained) bearing response is studied by varying the parame-
ters, which govern the structural features of the soil, i.e., b, Dei, x
and p0co for different values of c0B=p0�co.

As shown in Fig. 1, for a given structured soil, the size of the
yield surface, p0co, and the parameter Dei/(k* � j*) are linked and
their values can be related to the size of the yield surface for the
same soil in a reconstituted state, p0�co, as shown below:

p0co ¼ p0�co exp
Dei

k� � j�

� �
ð13Þ

Hence, the parameter Dei/(k* � j*), takes into account the combined
influence of both Dei and p0co for a particular soil and can be used to
define the degree of soil structure with respect to the same soil in a
reconstituted state. It is convenient to define an additional param-
eter, De0i, as follows:

De0i ¼ Dei= k� � j�ð Þ ð14Þ

The finite element analyses carried out by varying x show that
its influence on the long-term bearing capacity is not significant.
Therefore, in this section, the influence of soil structure on the
bearing response of a particular footing is studied by varying only
the destructuring index, b, and the degree of soil structure defined
by De0i. The values of other parameters used for this study are the
same as those given in Table 1.

5.2.1. Influence of degree of soil structure on the bearing response
Fig. 16 shows the influence of De0i on the bearing capacity for a

5 m diameter surface circular footing when b is 0.25. As De0i in-
creases, the soil shows much stiffer response. For example, when
De0i ¼ Dei=ðk� � j�Þ changes from 1.0 to 2.5, the bearing resistance
at a footing displacement equivalent to 12% of the footing diameter
shows a 3-fold increase. If soil structure is not taken into account,
the predicted bearing resistance is only about half of that obtained
for a structured soil for which De0i is 1.5 (p0co ¼ 4:5p0�coÞ. According to
Fig. 16, De0i has a significant influence only on the elastic gradient,
Fs, and the yield point, Ys, of the bearing response curve for struc-
tured soils. For different values of De0i the plastic portions of each
Table 2
Summary of approximate expressions describing the bilinear bearing response of a
rigid circular footing

Quantity Expression

Reconstituted soil – j*, k*, M*, m*, e�cs

‘‘Elastic” gradient Fr ¼ ðj�Þ�1ð1:5� 2:55m�Þðe�csÞ
0:7 c0B

p0�co

� �0:6

‘‘Yield” point Yr ¼ ðM�Þ1:25 c0B
p0�co

� �0:25ðM� Þ�0:75

‘‘Plastic” gradient Gr ¼ 2:0ðM�Þ3ðk�Þ�0:4ðe�csÞ
0:6 c0B

p0�co

� �ð0:25ðk� Þ�0:6þ0:75ðM� Þ�0:6�0:67Þ

Structured soil – j*, k*, M*, m*, e�cs, Dei, b
‘‘Elastic” gradient Fs ¼ expð0:5De0iÞFr ; where De0i ¼ Dei=ðk� � j�Þ
‘‘Yield” point Ys ¼ exp De0i

� �
Yr

‘‘Plastic” gradient Gs ¼ ð10bÞ
�0:52 c0B

p0�co

� ��1:17

Gr
curve are virtually parallel to each other, and so the influence of
De0i on the plastic gradient can be ignored.

Figs. 17 and 18 show the combined influence of De0i and c0B=p0�co

on the elastic gradient, Fs, and the yield point, Ys. When De0i 6 1, the
influence of soil structure on the bearing response is small and the
bearing response is about 20% greater than that of the reconsti-
tuted soil. For De0i > 1, the influence of soil structure on bearing
resistance is significant. If the influence of soil structure is ignored
for De0i > 1, the error in the predicted response would be very large.
Also, the influence of soil structure is more significant for larger
values of c0B=p0�co. Based on Figs. 17 and 18, the variation of the elas-
tic gradient and yield point with c0B=p0�co and De0i is given by:

ðFsÞDe0
i
¼ 20 expð0:5De0iÞ

c0B
p�0co

� �0:6

ð15Þ

ðYsÞDe0
i
¼ 1:1 expðDe0iÞ

c0B
p�0co

� �0:2

ð16Þ
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5.2.2. Influence of destructuring index on bearing response
The destructuring index, b, of a structured soil defines the rate

at which soil structure is lost during yielding. For soils with higher
values of destructuring index, the structure is completely lost with
only a small change in the stress state beyond first yield. Fig. 19
shows the influence of the destructuring index on bearing response
for a 5 m diameter surface circular footing when the degree of soil
structure, De0i, is 1.5. It can be seen that b has an influence on the
bearing capacity only beyond the yield point where the soil behav-
iour is predominantly plastic.

Fig. 20 shows the variation of plastic gradient with the loga-
rithm of b for a range values of c0B=p0�co. For all values of c0B=p0�co,
the plastic gradient reduces with increasing b and the change in
plastic gradient with b is significant only when b 6 4. The finite ele-
ment predictions given in Fig. 20 can be fitted quite well to the fol-
lowing equation:

ðGsÞb ¼ 6:68
c0B
p�0co
� 3:14

� 	
b�0:518 c0B=p�0coð Þ�1:17

ð17Þ
5.2.3. Derivation of bearing response curve for structured soil
In Section 5.1.6 a method was suggested to obtain the bearing

response curve for any reconstituted soil based on the intrinsic soil
parameters, neglecting the influence of soil structure. In this sec-
tion expressions derived for a reconstituted soil are modified by
incorporating the influence of soil structure.

According to the results presented in Section 5.2.1, only the de-
gree of soil structure has an influence on the elastic gradient and
the yield point. When De0i is zero, soil does not have any structure
and behaves similar to the same material at the reconstituted state.
Therefore, the influence of degree of soil structure on the elastic
gradient and the yield point can be described to sufficient accuracy
by:
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Fs

Fr
¼
ðFsÞDe0

i

ðFsÞDe0
i
¼0
¼ expð0:5De0iÞ ð18Þ

Ys

Yr
¼
ðYsÞDe0

i

ðYsÞDe0
i
¼0
¼ expðDe0iÞ ð19Þ

The plastic gradient of the bearing response curve is influenced
significantly only by the destructuring index, b. For any value of b,
the plastic gradients are nearly the same for all values of
De0i ¼ Dei=ðk� � j�Þ. However, when b is 0.1, plastic gradient, Gs, of
a structured soil and plastic gradient for the reconstituted soil
of the same material, Gr, are nearly the same. Hence, the influence
of b on plastic gradient of the bearing response curve for a struc-
tured soil can be represented by:

Gs

Gr
¼ ðGsÞb
ðGsÞb¼0:1

¼ ð10bÞ�0:52ðc0B=p�0coÞ
�1:17

ð20Þ

When applying this method, first Fr, Yr and Gr have to be calculated
using Eqs. (10)–(12), respectively, based on the intrinsic properties
of the reconstituted soil. If De0i 6 1, the influence of degree of soil
structure on bearing capacity can be ignored. If De0i > 1, Eqs. (18)
and (19) can be used to compute Fs and Ys. Finally Eq. (20) can be
used to incorporate the influence of the destructuring index, b, on
the plastic gradient of the bearing response curve, Gs. For conve-
nience, these relationships are summarised in Table 2.
6. Validation of the new method

In order to validate the proposed procedure, results predicted
for different De0i and b using Eqs. (10), (11), (12), (18), (19) and
(20) are compared with the results obtained from the finite ele-
ment analyses. According to the results given in Table 3, it is clear
that the error in predicted values are less than 10%, which is gen-
erally acceptable for foundation design purposes. Although results
are given in Table 3 for some selected cases, the proposed method
has shown reasonable agreement with the finite element analyses
for different soil conditions and foundation sizes.

Next the capability of the proposed method for predicting the
long-term or drained bearing response of surface circular footings
have been demonstrated using the plate load tests carried out by
Consoli et al. [3]. These tests were carried out in homogeneous
lightly cemented residual soils in Southern Brazil. The upper sur-
face soil at this site consisted of 4 m of lightly cemented homoge-
Table 3
Comparison of finite element results with the proposed equations

c0B=p0�co De0i ¼ 2:5
b = 0.25

Fs Ys Gs

FEM Eq. (18) FEM Eq. (19) FEM Eq. (20)

1.52 89.74 93.3 14.6 14.7 10.5 10.0
2.28 114.46 119.0 15.0 16.1 15.9 16.7
3.04 132.4 141.5 15.54 17.2 20.7 21.7
3.8 150.0 161.8 16.34 18.0 25.4 26.0
4.75 170.1 184.0 16.94 18.9 30.5 31.1

c0B=p0�co De0i ¼ 1:5
b = 4

Fs Ys Gs

FEM Eq. (18) FEM Eq. (19) FEM Eq. (20)

1.52 59.25 59.5 6.18 5.72 4.51 4.3
2.28 75.05 75.9 6.43 6.25 9.19 9.16
3.04 89.02 90.2 7.08 6.7 14.9 14.0
3.8 101.62 103.1 7.72 7.0 20.1 19.0
4.75 115.59 117.9 7.97 7.3 25.46 24.3
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neous sandy silty red clay. Below that there was a 2 m thick layer
of highly cemented red silty clay. The tests were carried out using
rigid circular steel plates to load the soil at a depth of 1.2 m below
the ground level. There were no embedment effects on the footing
response because the upper 1.2 m of soil was removed over a large
area of the test site.

Circular plate load tests carried out for 45 cm and 60 cm diam-
eter plates have been simulated using the finite element method
and the approximate method described previously. The values of
soil parameters used to simulate these tests are given in Table 4.
These values were obtained by simulating the drained triaxial test
results given for the samples of residual soil. Fig. 21 shows the
drained triaxial test results and numerical simulations using the
Structured Cam Clay model.
Table 4
Properties for cemented residual soil assumed for the plate load test site

Symbol Property Value

k* Gradient of the normal compression line in e � ln(p0) space 0.22
j* Gradient of the unloading and reloading line in e � ln(p0)

space
0.002

M* Aspect ratio for the yield surface 1.72
m* Poisson’s ratio 0.4
b Destructuring index 0.08
Dei Additional voids ratio sustained by soil structure 0.5
e�cs Void ratio at the p0 = 1 on the CSL in e � ln(p0) space 3.2
p0co Size of the initial (structural) yield surface at ground surface 150 kPa
dp0co=dz Gradient of p0co with depth below the ground surface 10 kPa/

m
x parameter defining the plastic potential 1
Ko Coefficient of earth pressure at rest 0.6
c bulk unit weight of soil (water table assumed at ground

surface)
20 kN/
m3
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Figs. 22 and 23 show, respectively, the plate load tests for 60 cm
and 45 cm rigid steel plates. When using the new method, firstly
the gradients and the yield pressure are calculated assuming
reconstituted soil properties. Next, based on the degree of soil
structure and the destructuring index, the gradients and the yield
pressure for the structured soil can be obtained. Finally, these val-
ues can be used to obtain the bearing response of the circular foot-
ing on the structured soil.

According to the parameter values given in Table 4, the degree
of soil structure, De0i ¼ Dei=ðk� � j�Þ, for the cemented soil is 2.3.
Since De0i > 1, the influence of degree of soil structure on the bear-
ing response is significant and it should be incorporated into the
values calculated for Fs and Ys. Also, the influence of the destructur-
ing index, b, has to be incorporated into the value selected for Gs.

Eqs. (10)–(12) can be used to obtain Fr, Yr and Gr, respectively.
For cemented soil, when B = 0.45 m, it is found that Fr = 260,
Yr = 1.6 and Gr = 20, and when B = 0.6 m, Fr = 310, Yr = 1.7 and
Gr = 20. Next, based on the structural properties of the soil, Fs/Fr,
Ys/Yr and Gs/Gr can be obtained from Eqs. (18)–(20), respectively.
These ratios are independent of footing size. Therefore, for
B = 0.45 m and B = 0.6 m, Fs/Fr = 3.1, Ys/Yr = 9.9 and Gs/Gr = 1.8. Figs.
22 and 23 show the bearing response obtained for the footings
using the new approximate method. Only displacements up to
20 mm have been plotted in order to see more closely the level
of agreement between elastic gradients obtained from the new
method, finite element results and the field tests. Although the
simplified method is derived based on the finite element results,
there is a discrepancy between the elastic gradients obtained from
the finite element method and the simplified method due to the
shape of the initially assumed bilinear distribution (Fig. 3a). Also
the finite element results show more soil compressibility during
the initial loading phase than that observed during the plate load
test. Nevertheless, there is a reasonable agreement between the
bilinear approximation predicted for the structured soil from
the new method and the bearing pressure curve obtained from
the plate load test, which is sufficient for practical purposes.

7. Conclusions

The influence of soil structure on the bearing response of circu-
lar footings has been investigated using the Structured Cam Clay
model. It was found that under fully drained conditions, deforma-
tion of the soil beneath the footing occurs as a punching or local
shear failure. A parametric study has been carried out by varying
the parameters which characterize the structural features of the
soil. A novel method has been presented to obtain the relationship
between the bearing pressure and footing displacement for a circu-
lar footing resting on a structured soil deposit. Application of the
new method has been demonstrated using field plate load
tests carried out on cemented residual soil in Southern Brazil.
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The bilinear bearing pressure curves predicted using the new
method show reasonable agreement with the field plate load tests
and finite element simulations. This suggests that the approximate
method presented in this paper could be quite useful for predicting
the bearing response of footings on structured soil.
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