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Abstract: It is widely known that there are significant uncertainties in the design of foundation systems. Specifically these
uncertainties are categorised into model errors, uncertainties due to the spatial variation of soils and test and procedural
effects. Geotechnical engineering professionals have aimed to minimise the magnitude of these uncertainties by adopting
refined testing techniques, numerical design procedures and increased site investigation schemes. However the magnitude
of the uncertainty still remains unknown. This paper introduces a method to quantify the effectiveness of undertaking site
investigations of increasing scope as well as the use of varying testing techniques and foundation design models. The
process involves simulating soil profiles using random field theory with nominated statistical parameters. This allows the
soil properties to be known in detail at all locations — a situation that is not possible with real sites. Several design methods
are employed using either complete knowledge of the soil profile or data derived from simulated site investigations. Designs
are compared on a failure and over-design basis, where conclusions regarding the sensitivity of the design model and scope
of site investigation are drawn. A Monte Carlo analysis is undertaken where numerous soil profiles are generated to
develop probabilities of failure and over-design.

INTRODUCTION

A typical foundation design involves undertaking a site
investigation of nominated scope and using the results
from such an investigation to define mechanical soil
properties. These properties are used in any one of a
number of different design models, developed using
differing theories, to estimate the settlement or bearing
capacity of the soil and foundation. However, inherent
uncertainties exist in this design procedure. Firstly, soils
are inherently variable and consequently, site
investigations do not always accurately characterise the
actual soil conditions. This can severely affect the results
of the estimated soil property and the resulting
foundation design. There are also inherent uncertainties
in the models used to estimate the response of a
foundation system. This is a result of assumptions and
simplifications in the theory used to develop the model
and the model itself.

The framework of using random field theory [1] and a
three dimensional finite element analysis to investigate
the reliability of varying site investigation scopes has
been introduced by Jaksa et al. [2]. The method involves
simulating soil profiles based on random field theory,
thus enabling all soil properties to be known at all
locations in detail. A “traditional” design is undertaken
using the results of a simulated site investigation. This is
compared to an “optimal” design determined using the
complete knowledge of the soil profile and a finite
element analysis. Preliminary results have been
published by Goldsworthy et al. [3] for a single pad
footing. The research presented in this paper extends
these results to investigate the reliability of various
traditional design models using the results obtained from
various site investigation schemes. This allows
conclusions to be drawn about the effectiveness of the
current available settlement models with respect to the
magnitude of information gained from a site
investigation scheme.

UNCERTAINTIES IN A FOUNDATION DESIGN

The typical stages involved in a foundation design
procedure as identified by Bowles [4] & Holtz [5] are:

1. Establish the scope of the problem including the
location of the site and loads;

2. Investigate the conditions at the site;

3. Design and undertake a subsurface exploration
programme including in-situ and/or laboratory tests;

4. Determine relevant design soil parameters from the
exploration programme in Step 3; and

5. Undertake the design of the foundation.

There are complex uncertainties in all of the above stages
of a foundation design. Phoon & Kulhawy [6] identify
the uncertainties inherent in the process of obtaining a
soil design parameter as being due to:

1. Inherent soil variability;
2. Measurement errors; and
3. Transformation errors.

The uncertainties indicated by Phoon & Kulhawy [6], as
shown in Figure 1, in addition to the uncertainty of the
design model itself (Step 5), contribute to the overall
uncertainty of the foundation design process.
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Figure 1. Uncertainity in soil property estimates [7].



Statistical methods have been used to quantify the
uncertainty due to the inherent spatial variability of soils.
The more common recent statistical methods include
random field theory [1] and geostatistics [8], both of
which involve modelling the spatial correlation of soil
properties [9; 10]. In reality the spatial characteristics of
a soil are rarely known for a foundation design and
therefore, site exploration strategies are implemented to
estimate them. The scope of these exploration strategies
also affect the uncertainty of the process. Parsons &
Frost [11], Azzouz & Bacconnet [12] and
Subrahmanyam & Ng [13] have attempted to quantify the
uncertainty due to limited site exploration strategies
through the use of statistics and probability.

The contribution of measurement error to the overall
uncertainty of a design process has been investigated by
many authors [6; 14-18] and generally includes the
effects due to sampling errors and testing errors. The
transformation model uncertainties are sometimes
difficult to distinguish from measurement errors,
however Phoon & Kulhawy [19] and Ronold & Bjerager
[20] have attempted to quantify these effects. The design
model implemented also attributes to the overall
uncertainty of the design process. This appears to be the
least researched form of uncertainty and is one of the
focuses of the research presented in this paper.

FOUNDATION DESIGN SCENARIO

A foundation system founded on six different soils based
on the statistical parameters shown in Table 1 has been
investigated. Analyses are restricted to serviceability
criteria with a constant Poisson’s ratio, requiring only the
Young’s Modulus, E, to be simulated by a random field.
A foundation system of nine pad footings, evenly spaced
and subject to column loads is modelled as shown in
Figure 2.

Table 1. Statistical properties of soil profiles investigated

Young’s Modulus (E)
No Mean COV Scale of Fluctuation, 6 | V
MPa (%) X Y Z
20R 30 20 1 1 1 0.3
20M 30 20 4 4 2 0.3
20C 30 20 8 8 4 0.3
50R 30 50 1 1 1 0.3
50M 30 50 4 4 2 0.3
50C 30 50 8 8 4 0.3

The naming convention in Table 1 is based on the overall
variability of the soil deposit (coefficient of variation of
20% or 50%) and the spatial variation of the field
(random, medium or continuous). It is important to note
the scale of fluctuation, which is a measure of the

distance within which soil properties are considered
reasonably correlated [21].

Figure 2. Layout of foundation system & design loads

The column loads applied to the nine rigid pad footings

are indicative of a 20 metre X 20 metre, 3-storey building
with a 3 kPa live load and a 5 kPa dead load.

FOUNDATION DESIGN TECHNIQUES

There are numerous foundation design models that are
used to estimate the settlement of a foundation for design
purposes. Many of these models relate the results of in-
situ tests directly to the settlement of a footing.
However, these models are notoriously uncertain [4] and
models that are based on soil mechanics are generally
preferred. The model proposed by Timoshenko and
Goodier [22], is based on the theory of elasticity (Eq. 2).
This model uses an averaged Young’s Modulus, E; and a
uniform Poisson’s Ratio, v, with three influence factors
1 1s 12 and If

_ qdili-v?)

£ 2)

P

s

Schmertmann’s [23] settlement realtionship (Eq. 3) is
recommended for use with granular soils, however
Bowles [4] suggests it is suitable for most soils. The
relationship uses two correction factors, C; and C,, which
account for embedment and time effects, as well as an
Influence factor, I,, which idealises the strain profile into
a triangle. Unlike the Timoshenko & Goodier method,
Schmertmann’s method integrates with depth, allowing
effects from layering and varying Young’s Modulus
values.
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Numerous settlement models are based on linear
elasticity (Eq. 4) theory. The models differ when
determining the distribution of stresses throughout the
soil mass. The “2:1 Method” was proposed by the US
Army Corp of Engineers and involves scaling the
magnitude of stresses in the soil at a ratio of 2:1. The
resulting stress, g, at depth, z, is determined by Equation
5, where B is the width of the footing, L, is the length and
Q is the applied load.
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The Bousinessq method develops a stress profile in the
soil mass and Equation 5 is used to find the stress
increment, ¢, at depth z, for an applied load ¢go. The
values, M, N, V and V, are all functions of the footing
geometry, B & L and depth, z [4]. Alternatively, the
Westergaard method [24] has the advantage of including
Poisson’s Ratio, accounting for varying lateral and
vertical strains. The Westergaard equation is shown in
Equation 6 and includes the a term given by Equation 7,
incorporating Poisson’s Ratio.
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To obtain design values for use within the
aforementioned design models, a simulated site
investigation is undertaken. This site investigation
consists of up to 8 test locations arranged as shown in
Figure 3. It involves sampling from the random field
representing the soil profile in a discrete manner. This is
representative of a Standard Penetration Test (SPT)
where soil properties are typically obtained at 1.5 metre
depth intervals. It is important to note, at this stage, that
no test uncertainty has been included in the results.
Consequently, the results do not measure the
effectiveness of the test method, rather the number and
location of the test and the use of discrete sampling.

The dashed line in Figure 3 represents the boundary of
the site investigation, while the solid line represents the
site boundary. The naming convention used represents
the scheme number, while the letters “RG” refer to a
regular grid arrangement. The last number refers to the
number of tests in the scheme. This convention is
consistent throughout this paper.

It was concluded from non-compliance and over-design
probabilities published by Goldsworthy et al. [3] that
positioning a single test directly beneath the proposed
footing location significantly influences the results. The
test at the centre of the proposed footing location
provides the best representation of the underlying soil
conditions. However, few site investigations allow
boreholes to be located at the centre of all of the
proposed footing locations. Therefore, the test patterns

shown in Figure 3 are considered a more typical
representation of most site investigation plans.
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Figure 3. Site Investigation Schemes

Each design is compared with an optimal design
achieved by utilising the completed knowledge of the
simulated soil profile and a finite element analysis. The
finite element analyses are three-dimensional and
incorporate the stochastic variability of the soil
properties.

EFFECTIVENESS OF SITE INVESTIGATION
SCHEMES

Figures 4 and 5 show the probability of non-compliance
and overdesign of the foundation system, designed with
Schmertmann’s settlement model for highly variable
(COV=50%) soil profiles. Results from the soil profile
with high COV are used exclusively for the remainder of
the paper, as the uncertainty in the characterisation of the
soil profile is proportional to the uncertainty in the
properties of the soil profile. For the purposes of the
research presented in this paper, non-compliance is
defined as the design from the simulated site
investigation being smaller than the design using
complete knowledge of the soil profile or optimal design.
Conversely, overdesign occurs when the design using site
investigation data is greater than the optimal design.
Future studies will investigate the use of the finite
element analysis to analyse all designs to provide a better
definition of non-compliance and overdesign.

Figure 4 shows an increasing trend of non-compliance
probability for larger scope site investigations, however,
the trend in Figure 5, suggests that the probability of
overdesign reduces significantly with the increase in site
investigation scope. This seemingly unusual trend in the
probability of non-compliance is clarified in Figure 6,
which presents the mean design area resulting from the
Schmertmann model using the site investigation data and
an optimal design using the complete knowledge of the
soil profile. Figure 6 shows the mean design area
reducing for increasing knowledge of the soil profile
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Figure 4. Probability of non-compliance for foundation
system designed using Schmertmann’s method

Figure 6. Mean of design area using Schmertmann’s
method and optimal design for soil profile 50C.
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Figure 5. Probability of overdesign for foundation system
designed using Schmertmann’s method

(larger site investigation scope), however for site
investigation 6RG(8), where there is the greatest
knowledge of the soil profile, there is a 6 m* difference in
the mean design area. This represents the error
associated with the Schmertmann model for this load and
soil profile scenario. Hence, the Schmertmann model
provides a less conservative design method where the
resulting foundation design is less than the optimal
design, leading towards non-compliance, as defined in
this paper.

Figure 7 compares the error in the design area when non-
compliance (underdesign) and overdesign occurs for the
Schmertmann model compared with the optimal design.
Although Figure 6 indicates that the Schmertmann model
is under-conservative and tends to underdesign
foundations for this soil profile and design loading
scenario, it appears from Figure 7, that when an
underdesign occurs its magnitude is not large.
Conversely, when overdesign occurs there appears to be
a large difference in the design areas. Figure 7 also
shows a strong trend indicating that an increased site
investigation scope will approach the optimal design as
the difference between the underdesign and overdesign
lines narrow for increasing site investigation scope.

Figure 7. Design area comparison (underdesign &
overdesign) with optimal for Schmertmann’s method

EFFECTIVENESS OF DESIGN MODELS

For each of the design methods, a reliability analysis was
undertaken. This analysis involves investigating the
differences in the resulting foundation design with the
optimal design derived from complete knowledge of the
soil profile. Figure 8 presents the mean design area of
the foundation system for each design model and site
investigation plan. The dashed line in Figure 8 indicates
the mean design area resulting from the optimal design
incorporating the complete knowledge of the soil profile.
It is apparent from Figure 8, that all of the design models
are less conservative showing smaller mean design areas
than the optimal design for most of the site investigation
schemes. This conforms with the conclusions drawn in
the previous section. However, it is apparent from
Figure 8, that the Schmertmann model and the 2:1
technique are more conservative than the other design
models.

Figure 9 shows the uncertainty in footing design area for
each model and site investigation plan. As knowledge
about the soil profile increases (larger site investigation
scope), the uncertainty in the design area is reduced. The
trend for each of the design models appears to be the
same, indicating this is a function of the soil profile and
investigation strategy, rather than the model.
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Figure 8. Mean of design areas for all foundation design
models for soil profile 50C.
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Figure 9. Standard deviation of design areas for all
foundation design models for soil profile 50C.

Figure 10 provides the best comparison of design
models, where the design area is compared with the
optimal design area as a percentage error. The distance
between the overdesign and underdesign line of each
design method can be viewed as the uncertainty of the
model, where a large distance represents large model
uncertainty and a small distance indicates small model
uncertainty. The model bias is measured by the distance
the mean of the overdesign and undersign lines stray
from zero. This is also a measure of the conservatism of
each model.

Using these measures, it is apparent from Figure 10 that
the Schmertmann and 2:1 models are very similar in both
uncertainty and bias, while the other models (Bousinessq,
Westergaard and Timoshenko) show similar behaviour.
Figure 10 also further clarifies that the Schmertmann and
2:1 models are more conservative than the other models
leading towards overdesigns of greater error than the
other models. It is also concluded from Figure 10 that
the Schmertmann model needs less information from a
site investigation scheme to provide the best design. This
is shown by the overdesign and underdesign lines
reaching an asymptote faster than the other models.
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Figure 10. Design area comparisons (under-design and
over-design) with optimal design for all design models for
soil profile 50C.
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CONCLUSIONS

The uncertainties in a foundation design due to a limited
site investigation and the use of idealised and simplified
design models have been quantified. It has been shown
that an increased knowledge about the site from a larger
scope site investigation will not only reduce the
uncertainty associated with a foundation design, but will
also reduce the possibility and magnitude of overdesign.
The results also indicate that, although a greater
knowledge of the soil profile reduces the probability of a
foundation overdesign, it increases the probability of
obtaining a design which does not meet all the design
criteria (non-compliance). This is a result of the design
approaching the optimal design and reducing the
magnitude of overdesign. It has been shown that
common design models have varying inherent
conservatism, uncertainty and bias. It was also apparent
that different design models approach their optimal
design using different degrees of site knowledge. It is
hoped that the results presented in this paper will assist
geotechnical professionals to select site investigation
plans and design models to suit the site conditions and
design requirements.
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