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SUMMARY

This paper reviews the main issues to be addressed in the design of shallow and deep foundations
which may be subject to earthquake loading. Information is presented on the soil properties
required as well as the various design analysis techniques with a view to assessing the current state-
of-the-art and highlighting areas in which further techniques need to be developed. The paper sets
out, by way of an overview, a sequence of steps that a designer may follow in developing a
foundation system. It is concluded that, at present, the greatest deficiencies lie in the areas of most
potential use to designers. A secondary aim of the paper is to enhance communication between
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geotechnical and structural engineers on aseismic foundation design.

INTRODUCTION

The intention of this keynote paper is to review the current state-
of-the-art of the aseismic design of foundations. It is written
with a general, rather than specialised geotechnical, audience in
mind. The aim is to highlight those areas for which design
methods, as distinct from methods of analysis, are in need of
development.  Places in the text where these topics are
mentioned are marked at the end of the relevant sentence(s) with
the symbol: (®).

Aseismic foundation design cannot be isolated from structural
design as important soil-structure interaction questions must be
considered. Something of a quandary confronts the designer as
structural behaviour can be specified with considerable
precision, whereas geotechnical considerations are so often
clouded by uncertainties in soil behaviour and properties. The
design concepts set out in this paper are presented with these
difficulties in mind and are intended to stimulate foundation
design processes based on the real behaviour of soil during
earthquake loading. '

The main criteria for successful foundation performance under
earthquake loading are similar to those for static loading and
centre around capacity and acceptable deformations. However,
the relative infrequency and brief duration of earthquake loading
mean that, in comparison with static loads, it is possible to
tolerate the mobilisation of a larger proportion of the foundation
capacity and possibly some inelastic deformation.

The paper reviews briefly the nature of the design process and
introduces the term design analysis to cover the analytical or
computational phase of the process. In the space available the
general steps of the design process and the type of knowledge
required are reviewed.
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Where possible recommended methods are supported by
reference to specific instances of the observed performance of
foundations, or data obtained from prototype or near prototype
field tests, or information gleaned from centrifuge and shaking
table tests.

GEOTECHNICAL DESIGN PROCESS

To reach a satisfactory solution to a geotechnical problem -
regardless of whether we are dealing with aseismic foundation
design, or the design of a foundation for static, wind, or wave
loading - information is needed under the following headings:

(i) We need to know about the geological environment of the
site, the processes leading to the formation of the soils
present, and the stratigraphy as well as variations thereof
with depth and position across the site. This
understanding requires input from engineering geology,
information about adjacent sites, and site investigation.
Eventually the information gathered, when supplemented
with soil property data (obtained in step three below), will
be synthesised into a geotechnical model of the site.

(ii) In addition we require details of the loads that will be
applied to the foundation soil by the facility to be
constructed and information about the required
performance. Loads and load factors are specified in
loadings standards (for example the NZ Loadings Standard
NZS 4203:1992 [94], the Australian Loading Code
AS1170.4:1993 [93], Eurocode 1 [12], or the Uniform
Building Code [35]). Generally a higher mobilisation of
the system capacity is accepted for earthquake loading.
Performance criteria, . usually stability and deformation
limits, are iikely to be set during the initial stages of a
design or specified as part of the design brief.
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(iii) Having an understanding of the site, the loads that will be
applied, and the performance requirements of the proposed
facility, values need to be estimated for the soil parameters
which are of importance. This can be done with
traditional sampling and laboratory testing, but
correlations based on penetrometer results are likely to be
a more direct source of preliminary design information as
are in situ test results and information derived from nearby
sites with similar geology.

(iv) The next step is to investigate possible solutions to the
problem in hand and estimate the performance of the
various options. This involves, among other things,
calculations of load capacity, assessment of factors of
safety or other measures of reliability, and estimates of
deformation under the expected loads. This process will
be referred to herein as design analysis; it is discussed
below.

(v) A further stage in arriving at a solution is to consider
methods of construction and related processes such as
ground improvement.

(vi) Constraints that need to be satisfied (usually finance and
time) must be considered in the design process. This often
means that a solution must be reached without all the data
that would be regarded as necessary in an ideal world.

(vii)The final step of the problem solving process is the
exercise of judgement which often requires an assessment
of risk.

What we are involved with here is a design process; design in
the widest sense embracing initial conception, investigation,
idealisation of the soil profile, design analysis, detailed design,
and development of a means of construction. This is a very
broad activity requiring the synthesis of insight, creativity,
technical knowledge, and experience. The problem solving
process is presented above as a sequence. In reality it is more
likely to be cyclic with several passes through the steps
outlined (and perhaps others). A central difficulty is obtaining
adequate information about the soil conditions and properties.
One additional step, intended to overcome some of the
difficulties of site investigation, may be the application of the
observational method, Peck [73], to confirm, modify, or
improve design decisions during construction.

Design for earthquake loading is one facet of the wider
foundation design process outlined above. Apart from the
requirements for the fourdation to have adequate capacity and
acceptable deformation, the designer must address the changes
that the earthquake induces in the soil profile. Among these are
the generation of excess pore water pressures, leading to
liquefaction, and post-earthquake settlement.

SITE INVESTIGATION

In essence what is needed for foundation design is information
about the local geology, soil layering and soil type, and the
depth to rock. It is of particular importance to note any abrupt
contrast in properties between soil layers and underlying rock or
even sharp changes between adjacent soil layers. This needs to
be followed by information about the soil strength and stiffness;
for aseismic design these are usually undrained properties.

A good indication of soil types and properties can be obtained
from a penetration test. The two commonly used versions of
these are the Standard Penetration Test (SPT) and the Cone
Penetration Test (CPT). The SPT is able to penetrate stronger
soils than the CPT but does not give the continuous record of
penetration resistance, which makes it possible to identify thin
layers,  nor measure the sleeve resistance, which enables soil
classification. Further, the CPT device is capable of taking
additional instrumentation which can enhance the information
obtained.

The strength of the soils penetrated, undrained shear strength for
clays and friction angle for sands, can be estimated with
correlations based on penetration resistance. In addition
correlations exist between penetration resistance and the shear
wave velocity (and hence the small strain stiffness) of soils.
Although this is indirect, it has the advantage that the
complications of sample retrieval and disturbance do not arise.
In recent years there has been much work on penetration
techniques, interpretation, and the development of correlations.
This can be expected to continue and reflects the popularity of
the penetrometer over more sophisticated in situ testing devices.
A very extensive source of correlations is the report by Kulhawy
and Mayne [45]. A word of caution: correlations should be
validated before being relied on as in many cases the origin of
the correlation is a different soil type on another continent.
Another warning relates to the use of correlations based on the
SPT; one needs to be aware that practice varies from one
country to another and so the standard energy may not be
delivered to the penetrometer.

More sophisticated in situ testing revolves around the use of
pressuremeters, Clark [16], and geophysical methods, the
current state of which is summarised in the volume edited by
Woods [103].

A site investigation might make several penetration soundings
and back these up with a smaller number of “calibration”
boreholes from which samples are recovered. When cohesive
soils are present the standard classification tests give the
liquidity index from which the expected behaviour of soil can be
inferred and against which data from sophisticated laboratory
testing can be gauged. With good quality sampling techniques it
is possible to obtain the dynamic properties for clay from cyclic
testing in the laboratory, although one needs to be aware that the
small strain shear modulus is sensitive to even small amounts of
disturbance (discussed further below). In the case of
cohesionless soils successful undisturbed sampling is very
difficult.  Japanese workers have overcome some of these
problems with in situ freezing prior to sampling, Yoshimi et al
[117]. The samples are kept frozen during transportation to the
laboratory and during the specimen preparation for cyclic
triaxial testing. Thawing takes place only once the confining
pressure is applied. This work has also been extended to
gravels by Hatanaka et al [29]. An alternative, suggested by
Hughes [32] for obtaining data on the cyclic degradation of
saturated sands, is to perform cyclic in situ testing with a self-
boring pressuremeter.

DESIGN LOADING

Earthquake design loadings are derived from horizontal
accelerations which produce inertia forces at the centre of mass
of the building, which in turn generate a base shear and



overturning moment at the foundation level.  Earthquake
recordings typically have three orthogonal components: one
vertical and two horizontal. Recorded vertical accelerations are
usually significantly less than the horizontal, consequently
vertical accelerations are not commonly considered in aseismic
foundation design (although one needs to be aware that the
bearing capacity of a foundation subject to moment is very
sensitive to vertical load). Since the maxima in the two
horizontal directions do not occur simultaneously many loading
codes give methods for combination. The Uniform Building
Code [35], for example, specifies that loadings are to be derived
from 100% of the prescribed seismic actions in one direction
plus 30% acting in the perpendicular direction. Alternatively
the square root of the sum of the squares in two orthogonal
directions can be used. The NZ Loadings Standard [94] is the
exception in this matter, as design actions are derived from
unidirectional earthquake motion.

The simplest level for assessment of the design loading is a
building code which gives a mandatory level of earthquake
excitation for routine design. A response spectrum is the usual
way of portraying the frequency content of a given earthquake
motion. We need to distinguish between the spectrum for a
recorded ground motion and that used for design. The former
will contain peculiarities of the particular motion. A design
spectrum, on the other hand, presents a smoothed curve which
attempts to represent the main features of the motions expected
to occur at a given site. For important or unusual structures a
site specific study is commonly used to develop a design
spectrum that takes account of the seismicity of the region, the
details of the soil profile at the site, the importance of the
facility, and the consequences of failure. There are good
discussions of the procedures for developing design spectra in
Gupta [28] and Clough and Penzien [17]. A refinement in the
preparation of design spectra is the processing of recorded
ground motion data to yield curves having, at each period, the
same probability that the spectral acceleration will be exceeded.
Such uniform hazard spectra are not achieved by simply
averaging a large number of recorded ground motions.
Simplified methods for deriving these are explained by Clough
and Penzien [17] and by Loh et al [51].

Code provisions generally have two levels for earthquake
resistant design of buildings. In New Zealand these levels are
expressed in terms of limit state design [94]. Loadings at the
serviceability limit state (SLS) may occur a few times during the
life of the structure. The structure and foundation system are
proportioned to resist the intensity of ground motions associated
with this event without significant damage. Secondly, there is
the ultimate limit state (ULS) event which is envisaged as
causing significant structural damage without endangering life
by the collapse of the building. Foundation performance criteria
are different for the SLS and ULS events. For the SLS loading
there will be mobilisation of a larger proportion of the
foundation capacity than occurs under gravity loading but a
reasonable margin against foundation failure is still required. In
the ULS case the norm is the mobilisation of a large proportion
of the foundation capacity with consequent permanent
deformation.

For the ULS an inelastic design spectrum, specified in terms of
structural ductility, is the basis for deriving the design actions.
In NZ capacity design principles are followed. In effect we then
have two sets of loads to consider for the ULS case - those from
the code requirements and those from capacity design
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considerations. In capacity design a ductile yield mechanism is
adopted and the structure and foundation are proportioned to
ensure that the chosen mechanism is the only one possible. This
requires the remainder of the structure, including the
foundations, to have a nominal strength in excess of the
maximum possible strength of the yield zones in the mechanism.
These strengths are controlled by member overstrength and
consequently the resulting foundation actions are usually larger
than the code ULS actions. Thus for the capacity actions the
mobilisation of even more of the foundation capacity is accepted
than in the ULS case. Some capacity design mechanisms
involving foundation failure suggest themselves but, as structural
capacities can be more reliably specified than those of the
foundation, more confidence can be placed on mechanisms
which restrict ductile behaviour to the superstructure. Structural
engineering viewpoints of the foundation requirements for
capacity design are given by Taylor and Williams [101] and
Paulay and Priestley [72].

Internationally there have been several large earthquakes causing
much damage to buildings and infrastructure in the last decade
or so. The large expenditure required for re-establishment means
that there is currently a trend towards strengthening the ultimate
limit state requirements to protect investment as well as life.

The factors which affect the earthquake motion at a given site
are: earthquake magnitude, distance from the causative fault, the
nature of the motion at the earthquake source, the wave path
between source and site, the site topography (surface and
subsurface soil-rock boundary), the soil type(s) present, and
details of the soil profile. The last three of these refer to site
effects which are the particular local features influencing the
earthquake motion that will be recorded at the ground surface.
For a level ground site, in which the lateral extent of the soil
profile is considerably wider than the depth of the soil layer,
useful insight into site effects is obtained by assuming that the
earthquake motion is generated by one dimensional vertical
propagation of shear waves. If one considers the soil to behave
in an elastic manner then seismic excitation at the surface of the
soil will be amplified with respect to the motion at an adjacent
rock outcrop. The amount of amplification depends on the
damping in the soil and the contrast in properties between the
soil and the underlying rock, but not on the depth of the soil
layer (although this affects the period of the soil layer).
Geotechnical engineers have long held that soil is a nonlinear
material with the consequence that, as the level of earthquake
excitation increases, the amplification caused by the soil will be
reduced. There has been a spirited discussion of this between the
geotechnical community and seismologists and geophysicists. A
gradual resolution of this debate, reviewed by Pender [76], has
occurred since the Mexico City earthquake of 1985 with
additional new information presented by Iwasaki [38] and
Beresnev et al [4]. Although the evidence for nonlinear
behaviour is now quite strong, recent earthquakes have lead to
further developments in the understanding of the site effect
phenomenon by geotechnical engineers. It has been recognised
that clays with a high plasticity index behave in a more or less
elastic manner at shear strains much higher than 10%%. The
main evidence for this was obtained from the Mexico City
earthquake of 1985 with further indications from recordings on
San Francisco Bay Mud obtained during the 1989 Loma Prieta
earthquake. An additional consequence involves the relative
values of the recorded ground accelerations at the surface of a
soil profile with respect to those at an adjacent rock outcrop. At
some ground motion intensity, the rock outcrop and soil surface
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PGA will be the same. For rock outcrop PGA values less than
this the soil surface values are larger, for values greater the soil
site values are attenuated. It used to be thought that this “cross-
over” acceleration was of the order of 0.1 g. It now appears that
the cross-over does not occur until the rock PGA is as large as
0.3 g or more, Idriss [34]. More data, for which we are totally
dependent on the recording of earthquake ground motions on
suitable soil profiles, is required to confirm this.

Guidance given in design codes on handling site effects lags
behind this maturing understanding. There has recently been a
concentrated effort to revise the soil profile factors for the
United States Uniform Building Code. A preliminary report on
this work is given by Martin and Dobry [55]. Other information
is given by Borcherdt [S] and Seed et al [89].

SOIL PROPERTIES

Aseismic foundation design requires information about cyclic
soil strength and stiffness. As the number of cycles during an
earthquake is not large, the information required is rather
different from that needed for a foundation subject to a large
number of cycles, such as a machine foundation or the subgrade
for a highway. For cohesive soils, the liquidity index is a good
indicator of likely behaviour under cyclic loading, whereas for
cohesionless soils the relative density is the comparable
parameter.

For both cohesive and cohesionless soils the shear wave velocity
profile gives an upper bound on site stiffness and natural
frequency. This velocity is obtained indirectly from
penetrometer correlations or directly from in situ measurements.
The traditional in situ technique is cross hole determination, but
more recently the seismic CPT, which gives an average velocity
between the surface and the depth of the cone, has become
popular. In addition the geotechnical characterisation of sites
using the spectral analysis of surface waves, Stokoe et al [95],
has recently become feasible for routine work because of the
relative ease with which data from recorded motions can be
processed to obtain a shear wave velocity profile.

Undrained Properties of Clay

The dynamic undrained shear strength of saturated clay is
expected to be greater than the static value because of rate of
loading effects, Chaney and Pamucku [14]. The very extensive
testing of Andersen et al [2] reveals that the post-cyclic
undrained shear strength of insensitive clays, even after large
numbers of cycles, is not' much different from the static value.
This suggests that the post-earthquake capacity of a foundation
will not be greatly affected by the cyclic loading. For sensitive
clays this conclusion has to be modified as mobilisation of the
peak strength will lead to cyclic degradation, Zeevaert [120].

Another aspect of the undrained strength is the effect of the
mode of shearing. Andersen et al [2] show that the undrained
strength in triaxial compression is greater than that in simple
shear which in turn is greater than that in extension. Ohta and
Nishihara [68] have shown how this relation can be expressed in
terms of fundamental soil properties. Although this
understanding has been obtained from static test results it is
expected to be as, or even more, important for cyclic testing.

The small strain shear modulus of clay, G,, is a function of the
void ratio and the square root of the effective consolidation
pressure as well as the time the material has been at the current
state of consolidation. As mentioned above, when discussing
site investigation, the preferred method for determining G, is in
situ measurement of the shear wave velocity. If this is not
available then correlations with the penetration resistance,
Kulhawy and Mayne [45], are available. Laboratory testing on
“undisturbed” specimens usually gives values different from in
situ measurements, Kokusho [44]; this is attributed to sample
disturbance and not testing the laboratory specimen at the in situ
effective stress.

The undrained stiffness of clay in cyclic loading is well known
to depend on the shear strain amplitude. The apparent shear
modulus decreases and the equivalent viscous damping ratio
increases with cyclic strain amplitude. The shape of the G - y
curves is also a function of the plasticity index of the clay. For
low plasticity clays the behaviour is approximately elastic for
shear strains less than about 10°%. High plasticity index
cohesive soils behave in an elastic manner for shear strains
considerably larger than 10%%. This became apparent after the
Mexico City earthquake of 1985. Available laboratory test data
have been summarised by Sun et al [97]. It is of note that, for
the range of frequencies of interest in earthquake loading, the
mechanism of the damping is hysteretic and independent of
frequency, Taylor [98].

The degradation in stiffness of clay is associated with the
development of excess pore pressure. Data about the effect of
cyclic shear strains on the undrained stiffness and pore pressure
build-up is given by Chaney and Pamukcu [14] and by Yasuhara
[116]. It has been found that for normally consolidated clays
shear strains less than about 0.05% give no pore pressure rise
and that this threshold strain increases with overconsolidation
ratio, Matsuda and Ohara [56]. (Note that this result is
consistent with the earlier comment about the liquidity index as
an indicator of cyclic soil behaviour.) This is an important
aspect of the cyclic behaviour of clay as it suggests that for
small strains a total stress analysis gives adequate modelling of
the seismic response.

Undrained Properties of Saturated Sand

The first thing to say about the undrained cyclic behaviour of
saturated sand is that it is a very complex phenomenon for both
the loose and dense states. A good presentation of this
complexity is given by Ishihara [37]. It appears that there
exists a characteristic stress ratio (t/c’) in both compression and
extension which divides an inner zone of relatively stable
behaviour from an outer zone in which there is a marked
degradation in the undrained behaviour of the sand. When the
stress path crosses this line large cyclic shear strains are
generated. Ishihara, Tatsuoka and Yasuda [36] call this the
phase transformation line. Vaid and Chern [108] and Negussey
et al [63] found that the angle of phase transformation is
virtually identical to the constant volume friction angle for the
sand. The laboratory test data for other than very loose sand
show that, provided the cyclic shear stresses are within the
phase transformation lines, the cyclic shear strains continue to
be small, despite the increase in pore water pressure.

Similar to low plasticity clay, the small strain stiffness of sand is
approximately elastic at shear strains less than 10*% and a
function of the void ratio and the square root of the effective






