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SUMMARY

Since the last World Conference on Earthquake Engineering in New
Delhi in 1977, many advances have been made in the fields of Engineering
Seismology and Earthquake Engineering. The incorporation of new method-
ologies into consulting practice generally requires a degree of caution
on the part of the consultant as the State-of-the-Art is far from unanim-
ous in certain key issues.

The following is a brief account of D'Appolonia's experience and
contribution to the practice of earthquake engineering.

INTRODUCTION

The aim of the paper is to discuss examples of the application of
seismic analyis in practice. This is donme by discussing methodologies as
applied to specific cases.

The performance of seismic analyses in practice requires that the
results of State-of-the-Art research are used to determine practical
engineering solutions. Where these analyses are not simple, they require
the understanding of soil and structural behavior under seismic loading.
Thus, for example, nuclear power plants have been successfully licensed
using a State-of-the-Art engineering approach, rather than by adhering
strictly to regulatory guidelines. The same engineering approach can also
be beneficial to other types of structures, where safety or protection of
sensitive equipment is important, such as offshore platforms, industrial
and research buildings.

The following discussion covers a range of topics including:

Seismic input,

Soil liquefaction,
Soil-structure interactionm,
Structural analysis, and
Bearing capacity.
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SEISMIC INPUT

In recent years, considerable thought has been given to the effects
of surface waves and near-field earthquakes on the seismic response of
structures. Each of these phenomena has been investigated and applied in
recent projects.

Surface Waves
All earthquakes generate a wide variety of waves including:

e Obliquely propagating compression (body) waves,
e Obliquely propagating shear (body) waves,

e Rayleigh waves, and

e Love waves.

The last two types of waves are known as surface waves since they
propagate horizontally and are confined to the near-surface soil or
rock layers. These waves travel with about the same velocity as a
shear wave at a depth of roughly one wavelength and as they impinge on
a structure they may impose torsional and rocking motions.

Love waves are always dispersive whereas Rayleigh waves are dispers-
ive in layered media.

The usual simplification in the present state of practice is to
assume vertically propagating body waves which implies that all points on
the foundation of a structure move together. However, since surface waves
travel across the base of the foundation at a finite velocity, seismic
znalysis for surface waves must consider that different points along the
foundation are excited out of phase. These can be modelled by.specifying
as input the foundation vertical and horizontal time histories of motion,
with a time lag between the input to the various points along the found-
ation consistent with the velocity of propagation of the seismic wave.

Using this approach, the torsional and rocking effects of traveling waves
on the foundation mat were investigated for a nuclear power plant founded
on aseismic bearing pads. The soil compliance for the soil-structure
interaction was represented by a higher order Winkler model (Hall et al.,
1979) in order to compute the horizontal, vertical and rocking responses
simultaneously. The structural response obtained from the traveling wave
excitation was found te be approximately equal to that obtained from the
usua% assumption of vertically propagating body waves (Richli et al.,
1980).

Near-Field Earthquakes

For most structures which have been seismically analyzed, the response
of the structure has been computed considering excitation by distant
earthquakes i.e., those events which occur at a distance from the site
over which the use of an attenuation relationmship is plausible. Design
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seismic excitation is usually in the form of one or several appropriate
real acceleration time histories or an artificial acceleration time
history matching a specified response spectrum. Such design time histo-
ries generally have a duration of 20 to 30 seconds, exhibit moderate
accelerations (0.1 to 0.3g), and have predominant frequencies between one
and five Hertz. Since important structures such as nuclear power plants
are generally located in areas remote from major zones of seismic activity
these events are qualified as distant earthquakes. However, it is gener-
ally not feasible to have the site in a totally aseismic area, therefore
where seismotectonic conditions dictate a near-field earthquake is postu-—
lated. A near-field earthquake is an event of small Magnitude, shallow
focal depth and short duration of strong ground motion (about three
seconds). The radius of effect of such earthquakes is typically 5 to 15
kilometers. The ground motion is characterized by a high frequency
content (four to eight Hertz) and a few exceptionally high acceleration
spikes, typically in the range of 0.4 to 0.7g. The acceleration amplitudes
appear to be very dependent on factors such as the nature of the causative
fault. The seismic design of a structure based on a distant earthquake
is, when appropriate, verified for near-field effects by using one or
several suitable acceleration time histories recorded at a station located
near an epicenter.

Analyses using near-field time histories have recently been per-
formed to check the design of nuclear power plants. Examples of a design
artificial time history and that of a near—field earthquake utilized by
D'Appolonia are shown in Fig. 1. '

SOIL LIQUEFACTION

The possibility of soil liquefaction under seismic excitationm has
required many analyses of liquefaction potential for nuclear power
plants founded on sandy profiles, and an increasing number of such
analyses for offshore structures, such as gravity bases for single
point moorings. Once the design earthquake has been evaluated, the
first step should be a study of the soil profile, and in particular
the results of standard pemetration tests.

Quite convincing correlations have been developed between the field
evidence of liquefaction or its absence, and the standard penetration
resistance (Peck, 1979). Furthermore an understanding of the process of
liquefaction and relative importance of the various factors imvolved leads
an experienced engineer to a better position te assess the liquefaction
potential of a site. If the empirical correlatioms indicate no lique-
faction (e.g. consistently high values of SPT count) parallel analytical
approach can be forgone. However, if low blow counts are measured a
two-fold approach is adopted:

e Judicious examination of the blow ceunts, e.g.,
consideration of clay content of location where

low blow counts were observed.

e Seismic assessment of the site and appropriate
laboratory tests.
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The results of both approaches will provide the basis for the engin-
eer to decide on the liquefaction potential of the site. This approach
was used in a recent study to rule out liquefaction at the site where
a few low SPT N-values corrected for the in-situ overburden pressure
were recorded.

A liquefaction study based om analysis and laboratory results in-
volves the following major steps: the laboratory determined shear stress-—
es to cause liquefaction, the computation of in-situ seismic shear stresses
and finally the computation of the factor of safety.

The in-situ seismic shear stresses can be determined using a simpli-
fied procedure (Seed and Idriss, 1971) or by using the computer program
SHAKE or FLUSH. The factor of safety is determined by dividing the real
resistance (corrected laboratory resistance) by the in-situ seismic shear
stresses.

The usual procedure to date, in determining the in-situ shear stresses
has been to use one or more appropriate real acceleration time histories
as the seismic excitation, since the use of an artificial acceleration
time history with its high frequency content yields unrealistically high
shear stresses in the soil. However, an artificial time history can be
used as the seismic excitation if the appropriate correction factors are
employed (Lu et al., 1976).

SOIL~-STRUCTURE INTERACTION

Our soil-~structure interaction analyses emphasize the use of the
lumped parameter approach and our research efforts have been directed
toward improving the lumped parameter modeling techniques for situations
such as distributed compliances and deeply embedded structures, since this
method is economic and flexible.

Structures on Soil

The analysis of a nuclear power plant founded on aseismic bearing
pads incorporated a recent advance in soil-structure interaction modeling
known as a higher order Winkler model (Hall et al., 1979). This model is
shown schematically in Fig. 2.

In a ‘conventional Winkler model, the soil springs do not differen-
tiate between vertical and rocking motions. Im actuality, however, the
soil pressure beneath a point due to vertical translation is different
from the soil pressure due to the vertical component associated with
rocking of the foundation. The Winkler model cannot handle this condition
since only the diagonal terms of the soil stiffness matrix are represented.
Therefore, a higher order Winkler model was developed which includes
off-diagonal terms in the soil stiffness matrix so as to simultaneously
account for translational and rotational modes of soil~structure inter-—
action. This is achieved by introducing elements with the capability
of converting rotations into translatioms. The higher order Winkler
element is physically an assemblage of two rigid beam elements connected
by a moment spring. The rigid links connect two adjacent soil nodes
with the twor corresponding foundation nodes and have the capability of
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transmitting shear only due to the rotation of the moment spring. In
this way, the moment from the rotational spring is converted into a
force at the foundation and soil nodes so that rotation of the founda-
tion is resisted only by the force applied at the foundation nodes.
The total soil reaction at any soil node is then given by the sum of
the direct translational component and of the higher order Winkler
spring. A similar procedure was adopted for the distribution of damping
parameters.

In the case of uniform vertical translation (vertical mode) the
coupling elements are not activated and, therefore, the vertical stiff-
ness is correctly predicted.

The derivation of .the complete higher order Winkler model involves
the following steps:

e Compute the distributed linear springs compatible with
each translational and rotational mode of vibration
(vertical, horizontal, rocking and torsional). A set
of springs is computed for each mecde.

e Retain the distributed springs corresponding to the
translational modes and compute coupling springs so
that the stiffness for the rotational modes is
correctly predicted.

These two steps are described in more detail by Hall et al. (1979).

The off-shore platform described by Gurpinar et al. (1980) required
the modeling of a complex three-dimensional structure founded on piles.
The dynamic analysis also had to consider the inertia effect of the
platform body accelerating under water and the effect of hydrodynamic drag
on the structural members. The inertia was included in the analysis by
means of the so~called "added" or "virtual" mass, while the drag was found
to be insignificant. The four groups of piles supporting the platform
structure were modeled as vertical and horizontal springs and dashpots.
The spring constants were computed using the formulation of Poulos (1979)
at a stress level compatible with the stresses induced by the design
earthquake ground motion, while the radiation damping for the soil pile
system was evaluated from a study by Roesset and Angelides (1979). The
structure itself, was modeled as a network of beam elements with '"virtual
mass' added to the elements located below the water level. Of the two time
histories presented in Fig. 1 the near-field earthquake was predicted to
give negligible response in comparison with the artificial time history
although the peak acceleration for the near-field is three times greater.

The dynamic analyses of the above structures were performed with the
computer code DAPSYS (D'Appolonia, 1977). This general purpose structural
analysis program can be used with spring and dashpot models of the found-
ation soil and various lumped mass or finite element models of the struc-
tureé. The dynamic analysis can be performed by several methods:

Response history analysis by mode superposition,
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e Response history analysis by direct integration, or
e Response spectrum analysis.

Modal damping in the program is computed by the method proposed by
Roesset et al. (1973) which is an extension of Biggs (Whitman, 1970)
energy method. Therefore, the composite modal damping for each mode of
the dynamic soil structure interaction model of a structure includes both
hysteretic (material) and viscous (radiation) damping.

Structures In Soil

The seismic analysis of structures buried or deeply embedded in
soil has advanced considerably in recent years. Two types of buried
structures, shallow horizontal tunnels (Constantopoulos et al., 1980) and
vertical deep well casings (Michalopoulos and Ries, 1980) have been
studied in detail. In addition, a method of analysis for deeply embedded
structures (Hall and Kissenpfennig, 1975) has been applied to a nuclear
power plant structure having a deep foundation.

Relatively flexible buried structures (such as pipelines) are frequent-
ly analyzed by postulating strain compatability between the structure and
the soil, i.e., the structural strains are considered equal to the strains
of the surrounding soil and the stresses are computed by multiplying these
strains by the modulus of the tunnel material (Newmark and Hall, 1977).
Such an analysis, which neglects soil-structure interaction is applicable
due to the high coupling stiffness, the high natural frequency, the
high radiation damping and low structural stiffness associated with these
buried structures. For a stiff tunnel, however, this method of analysis
is very conservative and soil-structure interaction effects must be
considered to reduce this comservatism. Constantopoulos, et al. (1979,
1980) have presented a simplified method of analysis for tunnels which
considers bending and longitudinal loads induced by traveling surface
waves and transverse loads induced by compression, shear and Rayleigh
waves. Constantopoulos et al. (1980) paper also provides stress modifi-
cation factors based on finite element soil-structure interaction analyses
which can be employed in the proposed analytical method.

The seismic analysis of a dewatering system presented by Michalopoulos
and Ries (1980) analyzes a flexible diaphragm wall and deep wells. The
analysis of the diaphragm wall is similar to that for a tunnel but it can
be shown that soil-structure interaction effects can be ignored since the
diaphragm has approximately the same stiffness as the surrounding soil.
The seismic analysis of the deep wells also considered shear, axial and
bending stresses induced by shear and compression waves. An interesting
aspect of the project was the analysis of the pump and discharge pipe
supports within the casing using a traveling wave analysis for a vertical-
ly propagating shear wave.

In order to compute a more realistic response for deeply embedded
tfoundations, a recent development in lumped parameter modeling (Hall and
Kissenpfennig, 1975) has been applied to a nuclear power plant structure
having an embedment ratio (embedment depth to minimum foundation width) of
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U.6. The soil stiffnesses were computed using a procedure deveioped by
Johnson et al. (1975) to determine the horizontal and rocking springs for
an embedded foundation. In addition to the horizontal and rocking springs,
this procedure also yields a stiffness coupling parameter which defines
the location of the resultant horizontal stiffness in terms of its dis-
tance above the base of the foundation. For simplicity the coupling term
may be removed from the stiffness matrix bv applying the horizontal spring
at this point. The rocking spring at the base of the foundation must then
be adjusted to account for the rocking stiffness induced by the offset
horizontal spring. This approach has been applied to a narrow, deeply
embedded building and yielded considerably lower seismic moments than the
usual lumped parameter approach considering all the springs and dashpots
attached at the base of the foundation. This result is reascnable since
it is known that embedment significantly increases radiation darping
(Novak and Beredugo, 1971) and, therefore, reduces structural response.

Sensitivity Analysis

One of the main advantages of the lumped parameter approach for
seismic analysis is the ease and economy with which parametric studies can

be performed. In a lumped parameter model, the stiffness and damping
parameters can easily be varied to determine the effects on the seismic
response of the structure. Recently an approach has been presented

to evaluate the effects which field and laboratory measurements of soil
properties have upon the values of the stiffness parameters and the range
necessary to be considered in the analysis (Michalopoulos et al., 1979).

The soil-structure interaction stiffness parameters, as determined
from half space solutions are a function of the following soil properties:

Shear wave velocity,

Poisson's ratio,

Total unit weight, and

The reduction in shear modulus with increasing shear strain.

Since all of the above field and laboratory measurements were perform-
ed using the same State-of-the~Art techniques, variations in the measure-
ments are due primarily to differences in the soil properties rather than
to systematic errors in the measuring techniques. For each type of
measurement, the values of mean and standard deviation were determined. A
series of stiffness coefficients were generated for each mode of vibration
by selecting random values of each soil property within the range of the
mean plus and minus one standard deviation (with the exception of Poisson's
Ratio which showed very little variation). For each mode, the values of
the mean and standard deviation were then computed for the generated set
of stiffness parameters. A sensitivity factor, defined as the ratio of
the mean stiffness plus or minus the standard deviation divided by the
mean stiffness was computed for each mode of vibration and was found to
have a maximum value of about 1.3. It should be noted that the sensit-
ivity factor is site-specific and is a function of the variation in the
measured soil properties. This method was applied to two structures at a
nuclear power plant in order to determine an appropriate range of stiff-
ness parameters to be used in the parametric analyses of structural

response.
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BEARING CAPACITY ANALYSIS

Existing bearing capacity formulae for foundations subjected to
eccentric and inclined loads (e.g., Meyerhof, 1953), have been developed
using small scale experiments and lead to conservative factors of safety
when utilized for large structures such as nuclear power plants. A
simplified method involving an iterative solution which accepts horizontal
loads and moments as well as vertical loads has, therefore, been developed.
It should be noted that this procedure is still somewhat experimental in
nature but is presented herein to promote discussion.

Briefly, the method amounts to an initial strain non-linear analysis
whereby the stiffnesses are obtained from half space closed form formul-
ation.

The loads and moments imposed on the foundation are modeled by a
combination of uniform vertical and horizontal loads and linearly varying
loads. The foundation strata are modeled by a grid of points in an
elastic half space, chosen to give a depth and breadth appropriate to
contain the expected yield zones. This arrangement is shown in Fig. 3.
Also input into the model is the initial undrained shear strength (S;)
of the foundation material at each level of the grid, as cohesion (c) and
friction angle (9).

The stress situation due to the loads in the given grid of points
is computed using elastic half space theory (Gerrard and Harrisom, 1974).
The formulation was derived for a plane strain environment and a weight-
less soil, so at each point the stresses due to the weight of the overly-
ing soil are added to give the complete state of stress within the soil.

The soil is assumed to be elastic plastic, that is with a stress-
strain curve as illustrated in Fig. 4A.

Once the stresses and strengths at each point in the half space as
illustrated in Fig. 3 are computed, the grid is scanned for points where
the maximum shear stress (Ty,y) exceeds the shear strength. The initial
computation is generally made with the design loads acting on the found-
ation, and the shear strength is usually not exceeded at any point in the
soil mass. The foundation loads are then linearly increased in small
increments until the maximum shear stress exceeds the shear strength at a
point. Under the assumption of an elastic plastic soil, the shear stress
in excess of shear strength is computed. This excess shear stress
is resolved into horizontal and vertical normal stresses and shear stresses,
‘and balancing external load is assumed to act on the element around the
grid point in such a way as to give a resulting stress situation which
produces a Tg gy equal to the strength. The excess and balanced stress
conditions are represented by Mohr's circles M, and Mj, respectively,
in Fig. 4B, and the method of application of the redistributed stresses is
illustrated in Fig. 4C. The effect of balancing external load on the
yielding grid point is then computed at all grid points.

The effect on the other points is computed following Melan's (1932)
equations (Poulos and Davis, 1974; 1977), which give the resultant horizon-
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tal, vertical and shear stresses for a given subsurface point load. To
account for a uniform loading on the element sides, the equations are
integrated over the appropriate length, resulting in a set of influence
factors to give the resultant stresses at any point for a given unit
load.

The excess stress on one element is thus redistributed over the whole
grid system (i.e., the half space), and the resulting stresses are added
to the existing stresses. The theoretical state of stress at each yielding
point at this stage, falls between the initial state of stress and that de-
fined by the failure criterion. The procedure is repeated, and in the sub-
sequent iterations the effects on an element of its own excess stresses
becomes smaller and smaller. Eventually, after an appropriate number of
iterations, the shear stress at all grid points does not exceed the
relevant shear strength by more than an allowed tolerance, and the material
satisfies equilibrium without violating the failure criterion, as illustrat-
ed in Fig 4A.

The applied foundation load is further increased and, since the
material is considered elastic, the effect of the increase of the surface
load is added linearly to the pre-existing stresses. After increasing the
stresses the procedure 1is repeated: the strength is recomputed, the
stresses are checked against the strength, and the excess stresses are
redistributed.

For each load stage the excess stresses are used to compute the
additional vertical displacement of the center of the footing over and
above the elastic displacement. This is done using the program HSPACE
(Lysmer, 1971) which uses Mindlin's (1936) equations, integrated numeric-
ally. It is noted that this calcualtion employs one constant value of
elastic modulus, and so the computed displacements cannot be used directly
to assess settlements.

A plot of vertical surface displacement against applied load is thus
obtained, as well as a computer print-out (and video image) of the failed
grid points at each iteration. When the plastic zone in the grid consider-
ed is fully developed, increase of load does not lead, practically, to
yield of additional points. Thus, the comditions within this plastic zone
are nearly the same and result in an almost constant increment of plastic
flow and vertical deflection with each successive load increment. These
conditions are depicted in the load deformation diagram as the curve
approaches a straight line for higher loads as shown in Fig. 6. The
failure load is defined as the intercept on the load axis of the straight
line into which the load deformation curve degenerates. The method of
redistribution of stresses from yielding points described above, is
similar to the method developed by Wittke (1977).

The analysis presented in this section incorporates the following
assumptions:

® Elastic plastic soil that is with a stress-strain
curve as illustrated in Fig. 5A.
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e Overall stress equilibrium, i.e., statically admissible
stress field is obtained, but plastic flow is not model-
ed, per se

o Dilatancy effects in sand after yield are not modeled.

e Melan's (1932) equations (Poulos and Davis, 1974; 1977)
are used to distribute the excess stresses throughout the
soil mass.

The above assumptions will give realistic results before yield, but
then are approximate once yield has been initiated. Verification analyses
comparing the results obtained with this method to conventional soil
mechanics solutions ifidicate good agreement. The method is, therefore,
considered to be adequate to assess the bearing capacity of structures
subjected to horizontal and vertical loads and moments.

RESEARCH NEEDS

The need for energy is accelerating the comstruction of more nuclear
power plants and offshore structures for production or transportation
of oil or gas. However, there is also an ever increasing awareness of the
environmental impact these structures will cause in case they fail or
malfunction. Seismic effects are some of the most critical considerations
for the design of such very important structures which have to operate at
very low risk levels. The conflict between the energy demand and environ-
mental awareness will inevitably result in more detailed and sophisticated
requirements especially for nuclear power plants.

Engineering practice is relatively capable of incorporating well
tested methods and sound data in conventional earthquake engineering.
However, for the seismic analysis of nuclear power plants the practice and
research are advancing at about the same rate. More research is needed to
give the practising engineer increased confidence in the sophisticated
methodologies he is increasingly required to use or develop. This would
also have the benefit of shortening the time required for licensing
procedures.
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FIGURE

MODEL USED IN DAPCAP PROGRAM
TO COMPUTE DYNAMIC BEARING CAPACITY
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A. Repeated looding and unloading due to redistribution of the excess siresses
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FIGURE 4

STRESS REDISTRIBUTION IN CASE OF YIELDING

211



NON - ELASTIC SOIL DISPLACEMENT BENEATH CENTER OF THE MAT (cm )
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MULTIPLIER OF DESIGN LOADS ACTING SIMULTANEOUSLY

FIGURE 5§

RESULTS OF BEARING CAPACITY ANALYSIS
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