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EARTHQUAKE RESISTANT DESIGN

OF COHESIVE EARTH SLOPES

G. R. Martin* and P. W. Taylor*

Introduction

As many major slope failures have occurred
during medium and strong earthquakes, the
assessment of the seismic stability of slopes
in earthquake-prone areas is of great concern to
engineers, Prior to 1964, 1little attention was
given to the development of rational aseismic
design methods for earth slopes. Most design
methods were based on a static analysis used
in conjunction with an arbitrarily selected
lateral force acting on the slope with soil
strengths determined by conventional laboratory
tests, However, the catastrophic slope failures
which occurred during the Alaskan earthquake of
1964, resulted in a considerable reappraisal of
such static design methods. In recent years
significant progress has been made in developing
new methods of laboratory testing to determine
dynamic soil properties,; improved techniques of
analysing the dynamic response of slopes and
embankments to earthquakes, and new concepts of
aseismic design methods for earth slopes.
Although research has yet to provide all the
answers the current state of knowledge at least
provides an improved guide to engineering
judgement in the assessment of the stability of
earth slopes during earthquakes.

The problems of slope instability during
earthquakes may be placed into three broad
categories:

1. Shallow surface slides in slopes of dry
cohesionless soils.

2. Slides caused by liquefaction of saturated
cohesionless soilsy, which may be subdivided
into -

(a) Flow slides caused by liquefaction of
large deposits of cohesionless soils.

(b) Slides caused by liquefaction of thin
seams or lenses of sand.

3. Slides in cohesive soils.

Seed (1967) has presented a comprehensive
state of the art review where the nature of
such slides are described, and problems assoc-
iated with earthquake stability analyses pre-
sented. The majority of catastrophic slides
occurring in past earthquakes, such as the
extensive slides which occurred during the
Alaskan earthquake, fall into the second cate-
gory noted above. Relatively few slides in
cohesive earth slopes resulting from an earth-
gquake are reported in the literature. One of
the few slides reported is the bank failure of
a section of the All America Canal,; which

occurred during the 1940 E1 Centro Earthquake.
The extent of the movement is shown in Fig. 1.
There have; however, been many reports of sub-
sidence of road and rail embankments founded on
soft cohesive soils. e.g. Inangahua, 1968
(Douglas, 1968), Alaska, 1964 (Seed, 1970). The
lack of case histories is probably due to the
fact that only with low static factors of safety
will significant slides be induced in cohesive
slopes, and that slumping movements characteris-
tic of such slides might generally not be con-
sidered important in comparison with other earth-
quake damage. However, it is apparent that when
such slides occur in motorway cuttings, railway
embankments, or earth dams, they result in
serious disruption of essential transportation
routes, and possible loss of 1life in the case

of earth dams.

In this paper, the problem of the earth-
quake resistant design of cohesive earth slopes
is considered in detail; with particular ref-
erence to slopes in saturated clays.

Response of Embankments and Earth Slopes to Earthquakes

* Senior Lecturer, Departwment of Civil Engineer-
ing, University of Auckland.

Although earth structures are often assumed
to act as rigid bodies for the purpose of
aseismic design, their behaviocur during earth-
quakes is in fact governed by their dynamic
response characteristics. As such character-
istics determine the magnitude and distribution
of accelerations and stresses acting within the
earth structure during an earthquake, dynamic
analyses are an important part of the overall
assessment of seismic stability. The dynamic
earthquake response is controlled by the nature
of soils within and beneath the slope or embank-
ment (that is their deformation characteristics
under cyclic loading) the height and geometric
characteristics of the slope or embankment, and
the depth of foundation soils,

Cohesive earth slopes and embankments are
often non homogeneous and deform as inelastic
and non-linear materials. As a result, dynamic
response analyses necessitate many simplifying
assumptions. In particular, most published
solutions assume a two-dimensional structure
(thut is, infinitely long) with materials
assumed linearly elastic, and energy dissipation
resulting from equivalent viscous damping.
Dynamic earthquake response analyses for earth
dams or embankments have been improved progress-
ively since first appearing in the literature in
19365 recent developments being discussed by
Martin (1967), Chopra (1967),; Ambraseys and
Sarma (1967) and Chopra et. al. (1969).

Solutions for the dynamic earthquake response
of earth slopes however, have only recently
been considered, for it has only been in recent
years, with the development of finite element
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methods of analysis,
possible,

that solutions have become

In the finite element approach, the earth
structure is replaced by a network of triangular
linear elastic elements interconnected at a
finite number of modal points as shown in Fig.
2. By assuming a particular strain distribution
within each element {(say constant or linear),
element stiffness characteristics may be
determined and a stiffness matrix computed for
the complete element assemblage. Also, by
lumping the mass of each element at the nodal
points, a mass matrix can be formulated, and
hence natural frequencies and mode shapes for
the section can be computed using the standard
methods for multi-degree-of-freedom systems.
Having established the natural frequencies
and mode shapes,; the earthquake response for
both vertical and horizontal ground accelerations
can be obtained by standard modal superposition
techniques. Analyses yield complete time
histories of displacement, veloccity, accelera-
tiony stresses and strains at the nodal points
(for the assumed equivalent viscous damping
factors}). Also time histories of net inertia
force acting on any potential sliding mass may
be determined. The use of the method for earth
slopes has been described by Idriss and Seed
(1967), Idriss (1968}, and Idriss, Seed and
Dezfulian (1969}).

To illustrate the effects of dynamic earth
slope response to an earthquake ground wmotion,
an example is taken from the paper by Idriss
and Seed (1967). The earthquake ground motion
shown in Fig. 3 was applied as a base motion to
the 50 ft. high earth bank shown in Fig. 2 and
the dynamic response computed using the finite
element method with an element network as shown
in the figure. Material properties used were:

Youngs modulus E = 2 x 106 pPesS.f.

(Typical of stiff cohesive soils)

Poisson's ratio u = 0.45 and unit weight y =
120 1b/ecu.ft.

An equivalent viscous damping factor of 0,20
was used in each mode. The fundamental period
of the bank was computed to be 0.89 seconds.
The dynamic stresses resulting from the earth-
quake at three typical points in the earth bank
are shown in Fig. L4, while Fig. 5 shows the
variation of maximum surface accelerations. It
should be noted that the magnification of
horizontal base acceleraticns at pecints remote
from the slope equals that which would be
obtained for the response of a horizontal soil
layer using the shear deformation theory
described by Idriss and Seed (1968). The
calculated fundamental periods of horizontal
layers 50 ft. and 100 ft thick comprising the
same material are 0.46 seconds and 0.92 seconds
respectively. The high magnification of motion
over the 50 ft layer is due to the fact that its
fundamental period corresponds closely to the
period giving the peak acceleration in the E1
Centro acceleration response spectrum. It has
been shown that the response to the vertical
ground motion has l1little effect on the magnituae
of the horizontal motions in the slope.

As it is desirable to duplicate earthqguake
locading conditions on laboratory soil samples in
order to assess strength and deformation charact-
eristics under dynamic stress, it is of interest
to examine changes in both the magnitude and
direction of principal stresses during the

earthquake, Consider for example, point F shown
in Fig. 4, which is assumed to be on a critical
failure surface. The horizontal earthquake
acceleration has maximum values (in each
direction) at 2.0 and 2.2 seconds after the
onset of the earthquake. The average inertia
force acting on the sliding mass at these
instants is shown in Figure 6(a), expressed as
a seismic coefficient. Principal stresses
i1nduced by earthquake forces are shown in
magnitude and direction in 6(b}. These are the
superimposed stresses caused by the earthquake.

Combining these vectorially with the initial
static stresses yields the resultant stresses
shown in Figure 6(c}. Initial static stresses
were obtained from an elastic solution similar
to those presented by Duncan and Dunlop (1969).
The significance of the stress changes will be
discussed later with respect to laboratory
testing procedures.

Behaviour of Saturated Cohesive Soils During Dynamic Leading

The majority of dynamic laboratory testing
of soils relevant to earthguake problems, has
been carried ocut by means of cyclic load tests
in triaxial apparatus. Such apparatus may be
stress or strain-controlled, the former being
used to examine conditions leading to failure,
while the latter is generally used to study
deformation behaviour with a view to obtaining
equivalent elastic moduli and viscous damping
factors for use in earthquake response analyses.
Dynamic triaxial apparatus for use in such
studies together with typical test results has
been described by (among others) Seed (1960),
Taylor and Hughes (1965), Seed and Chan (1966},
Taylor and Bacchus (1970).

Strength Under Dynamie Loading:

Fig. 7 shows a typical test result from a
stress controlled dynamic triaxial test, where
a number of cycles of deviator stress* were
applied to a sample of an initially anisotropi-
cally consolidated saturated clay. Such an
initial condition is typical of a soil element
in a slope. It is noted that failure (or 20%
axial strain) occurred after about 5 cycles,
being due to a build up in pore water pressure
and associated reduction in strength leading to
permanent deformation during the dynamic load-
ings,

Alternatively, samples may be isotropically
consolidatedy, and a static deviator stress
applied with the sample undrained, just prior to
the dynamic test. If such tests are carried
out with a variety of combinations cof initial
static and dynamic deviator stresses, and the
number of cycles to failure noted, the results
may be plotted in a non-dimensional form
(originated by Seed, 1960) wherein static and
dynamic deviator stress,; each expressed as a
“raction of that causing failure in a static
test (i.e. as a fraction of compressive
strength) are plotted for various values of N,
the number of cycles required to cause failure

* In triaxial tests,

defined as (o, - 03). As changes in all round
or hydrostatic preSsures do not affect the
undrained deformation behaviour of saturated
clays, triaxial testing of such materials may
be carried out by maintaining o constant, and
applying axial stresses equal td changes in
deviator stress occurring in thke field.

the deviator stress is



in the dynamic test.

Figure 8(d) summarizes results of a
number of tests saturated compacted samples of
a Wanganui clay-silt. For points to the right
of the 45° dotted line, the amplitude of cyclic
loading is less than the initial static load,
and the major principal stress is always vert-
ical. The variation of deviator stress with
time for one such test (point 1 in Figure 8(d)
is shown in 8(a). The corresponding diagram
for point 2, where reversal of deviator stress
occurs, is 8(b). Thus, at one part of each
cycle, lateral (compressive) stress is greater
than that in the axial direction, i.e. the
major principal stress, now horizontal, is
90° from its original direction. This results
in shear stress reversal on every plane through-
out the sample. If stress reversal is not
allowed to occury, then a considerably higher
maximum deviator stress may be sustained as is
shown in 8(c) for point 3. This effect is also
apparent, but to a lesser degreey; in soils with
a higher clay fraction than that used in the
test described. {Seey for example, Seed and
Chan, 1966).

Test results, plotted in the non-dimen-
sional form shown, have been found to be relat-
ively independent of confining pressure and
principal stress ratio during consclidation.

Dynamic lcad-deformation characteristics:

Fig. 9 shows the typical non-linear dynamic
load vs. deformation characteristics for a sat-
urated clay, obtained in a strain controlled
dynamic test. It is seen that the slope of the
loops decreases with time as the pore water
pressure increases. From such testsy, it is
possible to assess equivalent elastic moduli
and viscous damping factors for use in elastic
response analyses. However, a further diffi-
culty arises in that such parameters vary with
strain amplitude. Values of equivalent viscous
damping factor may range from 5-20% depending
on strain amplitude mobilized during the earth-
quake response with equivalent elastic moduli
decreasing by a factor of 3 or more over the
same amplitude range.

The results of such tests as used for
elastic response analyses, are discussed by
Seed and Idriss (1969) and Parton and Smith
(1971).

Laboratory Simulation of Earthquake Loading

In order to simulate earthquake stresses
using laboratory triaxial apparatus, several
problems arise. As shown in Fig. 6, principal
stresses change in both magnitude and orient-
ation during an earthquake, with values
varying in an almost random manner throughout
the earthquake. Triaxial apparatus provides
for either no change in principal stress
direction or a 90° change during locading. The
latter loading condition is particularly
severe, as previcusly noted. The significance
of principal stress re-orientation in the field
with reference to the problem of laboratory
simulation is now examined.

Consider the stresses at point F, as
shown in Fig. 6c. 1In Fig. 10a, the shear
stress T acting on planes at angle g to the
ma jor (static) principal plane is shown for
this poirt. For static conditions, of course,
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T has its maximum value when o is Uso. Shear
stresses at 2.0 and 2.2 seconds are also shown,
with o referred to the same axes. Max imum
values are found on planes with @ = 28° and 69°
respectively. Reversal of shear stress direct-
ion occurs only within the zones marked RZ.
It should be noted that even at these extreme
states; (corresponding to the largest horizon-
tal pulse in each direction, during the entire
earthquake record) the maximum static shear
stresses do not come within the reversal zones.
Also to be noted is that the range of maximum
resultant shear stress is not very great.

The problem, then, is to devise a suitable
dynamic triaxial test which will have the same
effect on sample strength as the variation in
stresses within the slope will have on the in
situ strength, bearing in mind that, in the
triaxial test, principal stress reorientation
cannot occur, except through 90°. To ignore
principal stress reorientation entirely by
considering only the change in maximum result-
ant shear stress (Fig. 6c), would result in
small dynamic stresses being applied and would
underestimate the effect of the earthquake.

As shown in Fig. 10a, the maximum shear stress
varies between 1000 and 1270 1b/sq.ft., a
range of only 270 1b/sq.ft. On the other hand,
any test in which there is reversal of shear
stress on every plane is not representative of
field conditions andy, as has been shown, 1is
unduly severe,

Strength reduction occurs as a result of
an increase in pore water pressure, brought
about by the stress changes induced by the
earthquake. Hence, as reorientation of
principal stress axes is not possible in the
test, it is not the resultant stresses which
should be applied, but the superimposed
stresses (Fig. 6b). The maximum values of
superimposed shear stress at 2.0 and 2.2
seconds are, respectively, - 735 and 810 lb/sq.
ft., giving a range of 1545 1b/sq.ft. A
reasonable simulation of these two maximum
earthquake pulses would therefore be to impose,
on the sample consolidated under the static
principal stresses existing in situ, deviator
stress changes which result in these changes
in maximum shear stress. It is noted that
these values differ very little from the shear
stresses acting on the horizontal surface
through F, as shown in Fig. 4, viz., - 700 and
800 1b/sq.ft.

In dynamic testing it is convenient to
apply a number of symmetrical cycles of dyn-
amic load of equal amplitude, and hence the
magnitude and number of cycles which would
result in similar deformations to those
caused by the almost random series of pulses
in the earthguake record must be assessed.
Fig. 11 shows the typical logarithmic form of
pulse distribution obtained in an earthquake.
The graph was developed from the plot of time
history of horizontal shear stress at point F
shown in Fig. 4. Little research has been
carried out on methods of assessing equivalent
dynamic loading. However, an applied shear
stress amplitude of approximately 2/3 of the
maximum amplitude from the earthquake record
with the number of cycles being determined by
the duration of the earthquake divided by the
fundamental period of the structure should
provide a conservative approximation. From
this the range of maximum shear stress during
the test for point F would extend to + 500 1b/
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sqs.ft. from the static value, as shown in Fig.
10b.

Concepts of Earthquake Stability Analysis

Pseudo-static Approach:

Many generally accepted methods of assessS-
ing the stability of earth slopes and embank-
ments during earthquakes, are based on the use
of a static seismic coefficient in conjunction
with a conventional slope stability analysis.
That is, a minimum factor of safety against
siliding is computed for the cass where a hori-
zontal static force expressed as the product of
a seismic coefficient k and the weight of the
potential sliding mass is included in the
limiting equilibrium analysis. Generally
static strength parameters are used, and the
section is usually considered unsafe if the
factor of safety approaches unity. In effect,
the dynamic forces are replaced by a static
force, and hence the approach could be termed
a pseudo-.static method of analysis.

One of the majcr problems in the use of
this method is the selection of the design
seismic coefficient. There appear tc be three
basic philosophies regarding the meaning of
the coefficient selected:

{1} The seismic coefficient could be selected
as representing the maximum average acceleration
acting on the sliding mass during an earthquaks,
on the basis that limiting eguilibrium should
never be exceeded. That is, the development of
any permanent deformation, no matter how small,
would be considered to constitute a failure.
{2} The seismic coefficient could be chosen to
reflect a static acceleration, which would be
equivalent in effect to the time~varying lat-
eral accelerations induced during the earth-
quake; that isy producing the same permanent
deformations, and as such, much less than the
maximum average acceleration.

{3} The third, and perhaps most common
approach is simply to regard the seismic
coefficient as an empirical constant which
lends to a more conservative design. Empiri-
cally chosen values of the order of 0.1 appear
to have become traditiconal through repeated
use,

During an earthgquake, the lateral forces
acting on a slope change in direction and mag-
nitude many times. If the induced dynamic
stresses are sufficiently high, permanent
deformations of the slope will occur, the
averall effect of the cyclic loading being a
cumulative displacement of a section of the
slope. Once the ground motion has ceased, no
further deformation will occur unless the soil
strength has been decreased significantly. As
the induced deformations may be insignificant,
the criterion that limiting equilibrium should
never be exceeded would appear far too con-
servative. The choice of a static coefficient
equivalent in effect to the dynamic loading,
while an attractive concepty; is impossible to
evaluate. While it is possible that empirical
values of the order of 0.1 could lead to safe
slopes for a particular earthguake magnitude
and certain types of soils, with little field
experiesnce to serve as a guide, and the lack
of a method to assess their validity, their
use would seem guestionables

With the development of dynamic response

theories for earth embankments, various
suggestions have come forth regarding their
application in assisting with the selection of
the magnitude of static seismic coefficients f
embankment or earth dam design. The use of
these theories for this purpose is discussed by
Seed and Martin (1966}.

O

Deformation or Dynamic Approach:

In view of the deficiencies of the pseudo-
static approach outlined above, it would seem
logical to attempt to assess earth slope stab-
ility during an sarthquake in terms of perman-
ent deformations resulting from the earthquake.
The necessity for such a method, which would
involve the consideration of the entire time
history of lateral forces acting on a slope,
is further demonstrated by the experimental
evidence which has shown that the strength mob-
ilized by so0ils under dynamic loadingy iS5 a
function of both the magnitude and number of
stress cycless. Failure to consider this latter
factor, would be a serious deficiency of any
design procedure.

The concept of assessing earthguake stab-
ility in terms of resulting permanent deform-
ations was first proposed by Newmark. The
design criterion required permanent displace-
ments occurring over a sliding zone to be less
than a prescribed tolerable value., Newmark
{1965} presented an analysis based on this
concept for the case where displacements could
be assumed to occur over a well defined slip
plane, and where the s0il was assumed to behave
as a rigid-plastic material having a well
defined yield point.

For this case; by integration of those
portions of the dynamic lateral accelerations
acting on the sliding mass, which lie above
the yield acceleration, permanent displacements
on the sliding surface may be evaluated. This
approach has been used successfully in analysing
results of shaking table tests on banks of
cohesionless soil {Goodman and Seed {1966) }.
For cchesive soilsy however, where significant
permanent deformations may occur at stress
levels less than the strength, permanent deform-
ations could occur over a large area within a
cohesive soil slope during an earthquake. As
a result, an analytical evaluation of cohesive
slope deformations due to an earthquake has
vet to be developed. The analytical approach
is further cowmplicated by pore pressure
increases during dynamic loading, which affect
the deformation and strength characteristics
during the course of the earthquake.

To overcome these difficulties,; Seed
{1966) has suggested an approach, where soil
samples are subjected in the laboratory to
stresses similar to those occcurring on soil
elements in the field both before and during
the earthguake. The method is based on the
use of dynamic stress controlled triaxial
tests similar to those previously described.
The various steps in the method are as follows:

(1} Soil samples are initially consolidated
using principal stresses equal to those at
points on a potential failure circle. These
initial stresses are calculated by making use
of a conventional static stability analysis.
{2) Samples are then subjected to a range of
pulsating stress amplitudes to determine con-
ditions leading to either failure or a



selected permanent deformation. Seed considers
that 13% axial strain could be indicative of
undesirable distortions in cohesive embankments.
A selected number of pulses are used, depending
on the duration of the particular "design"®
earthquake. The critical conditions are
expressed in terms of the allowable maximum
shear stress Trf (static and dynamic) acting

on the potential failure circle, for the
various initial stress conditions. This may be
greater or less than the static shear strength,
depending on the nature of the soil, the

number of cycles usedy, and the failure con-
dition selected.

(3} In order to determine whether actual
maximum shear stresses acting on the failure
plane during the design earthquake will reach
the allowable values or not, Seed makes use of
a further static stability analysis incorpor-
ating an equivalent static seismic coefficient.
It is suggested that dynamic response analyses
be used to compute the time history of average
dynamic seismic coefficients acting on the
sliding mass, with the equivalent static
seismic coefficient for use in the stability
analysis being equal to say 2/3 of the maximum
dynamic value (Seed and Martin (1966) ).

{4} As a result of the stability analysis, a
factor of safety analogous to that determined
in a normal static stability analysis is
determined. By analysing a large number of
poctential failure surfaces, the minimum factor
of safety could be found.

The method thus attempts to take into account
the dynamic response of the slope to a design
earthquake of given duration, and the partic-
ular deformation or strength characteristics

of the soil during dynamic loading. Ellis and
Hartman (1967) have illustrated the use of this
approach in the design of earth structures
associated with the San Luis Canal in California.
However, their analyses were limited to taking
into account dynamic strength characteristics
in stability analyses, seismic coefficients
being empirically assigned rather than being
assessed from dynamic response analyses.

As a practical design tool, it is felt
that the method proposed by Seed has the
disadvantage of requiring the performance of
a large number of dynamic triaxial tests in
order to assess critical conditions leading
to failure or a prescribed permanent deform-
ation for various initial conditions. This
could be economically justified only for a
ma jor earth structure such as a large earth
dam. Also, while for compacted earth slopes
it is possible to prepare a large number of
uniform samples, for natural cohesive earth
slopes, the possibility of obtaining large
numbers of uniform samples is often remote due
to non-homogeneous in situ conditions. Also
in order to calculate factors of safety, the
allowable maximum shear stresses Trf determined
from the dynamic test program are compared
with shear stresses on the potential failure
plane, as determined from a static stability
analysis incorporating an average sSeismic
coefficient. Howevery, as the changes in
superimposed principal stresses are thought
primarily responsible for pore pressure
increases and associated permanent deformations,
it is felt the method of laboratory simulation
propesed herein, is preferable.

In view of the above it is felt that a
simplified method of analysis is desirable,
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which would be suitable for routine earthquake
resistant design of cohesive earth slopes.

Such a method should, however,; retain the
desirable features of including dynamic
response effects as well as the deformation and
strength characteristics of the soil under
dynamic conditions.

Development of Proof Test Analysis

In order to limit the number of dynamic
triaxial tests necessary for analysis, it is
felt that use could be made of a "proof test®

concept. Such a concept has been suggested
by Taylor (1967) for earthquake resistant
design of spread footing on cohesive soils,
With this procedure, tests would simulate
actual stresses resulting from the "design"
earthquake at various points within the slope.
The safety of the slope would then be assessed
in terms of the sample behaviour observed.
Obviously if samples fail, some concern must
be felt regarding the safety of the slope
during the earthquake. If samples do not fail,
or deform a significant amount during the-
tests, then it is reasonable to assume that
the slope is likely to be essentially stable.
In view of the present inability to quantitat-
ively correlate sample behaviour and field
performance under earthquake loading and con-
sidering all the assumptions necessary to
simulate earthquake stresses in the lab, it is
felt unrealistic to attempt to put some quant-
itative figure on a factor of safety. Rather
it is better to use one's engineering judgement
having observed the results of laboratory
testsy; to decide whether the slope is satis-
factory, or whether preventative measures or
more conservative design is required.

The following outlines the proof test proced-
ure:

Initial Sample Stresses: The first stage of
the test procedure is to consolidate sanples
using stresses representative of in situ
conditions., Consider a soil element on a
potential failure surface, as shown in Fig. 12.
The initial consolidation stresses Oy and
03 may be obtained either from either some
form of elastic solution as previously des-
cribedy, or from a static stability analysis.
Normally a long term static stability analysis
would be in terms of effective stress and
would be based on the method of slices. Hence
one could determine the magnitude of the normal

~effective and shear stresses on the base of

the slice, and by assuming the failure surface
is at an angle of 45 + $' to the plane of the
ma jor principal stress O1cs the magnitudes
of 93¢ and %3¢ can be computed. (¢' = the
apparent angle of friction in terms of effect-
ive stress.)

Design Earthquake: In order to compute dynamic
stresses to apply to the sample, it is
necessary in the first instance to select a
"design®" earthquake. If it is assumed that
the fundamental mode dominates the magnitude
of dynamic stresses, then the design earth-
quake may be characterised by an acceleration
response spectrum and a duration. The current
N.Z. code uses the El1 Centro (1940) earthquake
as a "standard" for intensity and duration.
However, as it would seem that the E1 Centro
records were affected by the nature of the
soil deposits at the recording site (Shepherd
and Travers (1970) ), and as a design earth-




56

quake should characterise bedrock motions, it
is felt that the continued use of E1 Centro
should be discouraged. Alsoy; the E1 Centro
record was characteristic of a Richter Magni-
tude 7 earthquake, whereas a truly great earth-
guake could have a magnitude of 8 in the
vicinity of the epicentre.

Jennings, Housner and Tsai (1968) have
suggested fhe use of simulated earthquakes to
overcome the lack of strong motion accelero-
grams, and have generated several artificial
earthqguake records typical of earthquakes of
various durations and intensities, It is
not intended to enter in to the controversial
topic of the probability of occurrence of
earthqguakes of various magnitudes throughout
New Zealand. However,; it is suggested that as
Wellington lies in a highly active earthquake
belt, an M8 earthquake lasting say 60 seconds
could be taken as the ®design® earthguake in
the area. In the case of Auckland; the closest
probable epicentre of an M8 earthquake would
conceivably lie in the general area of the
Coromandel Peninsula, a distance of about A0
miles from the centre of the city. (Low
intensity earthquakes occurred in this area
in 1970}, Hence the maximum acceleration of
bedrock motion would be somewhat less than
that in the vicinity of the epicentre. Curves
presented by Seed, Idriss and Kiefer (1969)
suggest maximum accelerations could be reduced
by a factor of 0.4,

Fig. 13{a) shows the smoothed acceleration
response spectra for an artificial M8 earth-
guake generated by Jennings et al and that for
the same earthquake with accelerations reduced
by a factor of 0.4 TFor the former curve
{characterising a Wellington earthquake) a
damping factor of 0.2 is used, which would be
appropriate for cohesive soils undergoing
cyclic deformations of a large amplitude. For
the latter curve {(characterising an Auckland
earthquake} a lesser damping factor of 0.15
is used, as the lower dynamic strain amplitudes
in the responding soils would be expected to
have a reduced damping factor. It is suggested
that the "design® earthquake for Auckland have
a duration of 30 seconds, ’

For code purposes, it would seem desirable
to further simplify the design spectra. This
has been done as shown in Fig., 13(b} using the
form adopted in NZSS 1900, Ch. 8, 1965, for
Public Buildings. It can be seen that the
suggested code spectra for cohesive soil
response may be obtained by multiplying the
existing structural code values by a factor of
b, In the case of the structural code, "the
design lateral force is scaled down by consid-
erations of damping, ductility and elastic
design stresses® (SANZ: MP2:196%5 Commentary
on Chapter 8 of NZSS 19006} Such considerations
arey to a large extent,; inapplicable to scil
structures, as ‘limiting equilibrium® methods,
rather than elastic methods, are employed in
design.

Number of Loading Cycles in Dynamic Test:
Assuming that the fundamental period dominates
the dynamic response of the slope to earthquake,
then for a given "design® earthquake duration,
the number of loading cycles could be obtained
by dividing the earthquake duration by the
fundamental period. As the fundamental period
of the slope itself may only be computed by
means of a finite element analysis, it is

suggested that for the purpose of a design pro-
cedurey sufficient accuracy 1is obtained if use
is made of the one dimensional elastic shear
leformation theory for horizontal soil deposits,
(Idriss and Seed (1968}.)} For a thickness H of
soil {(assumed uniform} above bedrock, the one.
dimensional theory gives the fundamental period
as

L
= = 1
T, 7 seconds (1)
s
where VS = shear wave velocity of the soil.

Hence the number of loading cycles would vary
for different sections of the slope, that is,
the number of cycles would be smaller where the
depth to bedrock is greater., This 1s certainly
true for points well removed from the slope,
and is felt to be a redasonable approximation in
the vicinity of the slope.

For practical use, eguation (1) may be
simplified in the following manner.

The shear wave velocity

v, = [G.g/y]% (2}

where G = elastic shear modulus
Y unit weight of soil

As previously noted, equivalent elastic moduli
for soils during dynamic loading are strain
amplitude dependent. However, it has been
found that for typical Auckland saturated clays,
for dynamic strain amplitudes of the order of
those that might be expected in a strong earth-
quake, G # 100 cy, where ¢y is the undrained
shear strength of the clay. Taking an average
unit weight for clays of 100 1b/cu.ft., and
substituting for G and v in equation (2},

gives VS e (g‘cu)g. Substituting for VS in

equation (1) gives

o= ME (3)

1 3
(g.cu)

For non-uniform slope materials; c, could be
taken as the average undrained shear strength
over the vertical section being considered.

Cyclic Stress Amplitudes: It was suggested in
discussing the problem of laboratory simulation,
that the magnitude of the cyclic deviator
stresses be set equal to about 2/3 of the
maximum earthquake value, this latter figure
being approximated as twice the magnitude of
the maximum horizontal shear stress at the
point of interest. Although the maximum
horizontal shear stress could be determined by
a finite element analysis, it is suggested
again, that for the purpose of routine design,
use be made of an approximate estimate given
by the theory for horizontal soil deposits.
Taking the fundamental mode contribution, as
approximating maximum response values, {the
fundamental contributes about 85% for the
problem shown in Fig. 5} then from the one-
dimensional shear deformation theory, it can
be shown that

8vH km

ax
T D ememese———— S ] T}
max.y 2

‘ﬂ'

()

N':ﬁ
i<



where y = depth of soil element below surface way cutt in Auckland, are shown in Fig. 15.
{see Fig. 12} The pote 1 failure surface shown was the
k = maximum Seismic coefficisent from critical ci C;e Eomputed using an EffeCti?e.
max design spectrum corresponding to the i?ress analysis zcrflan§ Eerm.statlc conditlons.
calculated period T. {equa. (3) ) Ln? stgtchfacfor o sa;?vy with refpect to ?he
1 effective stress strength parameters equals 1.57.
Tmax. v @aximum horizontal shear stress at It should be noted that the critical failure
’ depthh v from the surface. surface under static conditions would not
necessarily be associated with the maximum
Taking v *# 100 lbfcu.ft‘, then from eguation {(Ly, permanent deformations during simulated earth-
the magnitude of the cvclic deviator stress to quake loading.
apply during a dynamic test is given by
Samples:s Undisturbed test samples were cbtained
% . dvn. = 2f3 x {Tmax.v} x 2 using.u inch ?h?n'wallgd ngpling tubes, from a
’ bore in the vicinity of point A. Samples for
simulating conditions at points A and B were
* 100 k_ H sin §% (5} taken at or near the appropriate depths.

Test stresses: Initial consolidation stresses
were obtained from the long term static stabil-
ity analysis as previously described, The
magnitude of the applied dynamic deviator
stresses for each test were obtained using
equation {5}, the values of Kpax for use in this
equation being obtained using the Zone C design
spectra shown in Fig. 13b. Values of the
natural periods were obtained using equation
{3} with H equal to H, and H, for the two test
points as shown in Fig. 15, with cy computed as
the average value of undrained shear strength
over each section considered. These strengths
were those prior to construction of the cutting,
but would be sufficiently accurate for the
design procedure. The periods computed were
used o obtain kgymayx values from the design
spectra, and to calculate the number of cycles

In order to check the degree of approxima-
tion given by the use of the one dimensional
thecry; a comparison was made with maximum
horizontal shear stresses computed for the
example shown in Fig. 4, using a finite element
analysis, and those given by equation (U4},
where values of kg, . were obtained from the
acceleration response spectra for the E1 Centro
earthquake {ordinates ¢ 2) with 20% damping.
Natural periods were computed using equation (1},
with H equal to the height of the slope surface
above bedrock for the vertical section being
considered, Results of the comparison are
shown in Fig, 14, It may be seen that there is
reasonable agreement considering the approx-
imations that have been made, except that in
the vicinity of the toe of the slope, shear

o

stresses given by the one dimensional theory to aoply in tests
become zero whereas the finite element theory to appiy 1in v
gives stresses ¢f a reasonable magnitude . . . .
T . 3 5 . . . g‘ N Test equipment: The apparatus, described in
However,; it should be noted that the accuracy . S .
of the finite element theory is in doubt at more detall in a previous publication, (Taylor,
this point of stress concentration. Due account 1967) ) is a stress-controlled dynamic triaxial
of 50s5ibl rrors in this ion could b ad compression machine in which a sinusoidally-
possible errors in 1S regs - € mace varying dynamic axial load, combined with a
if simulated tests of soil elements in th ying as L4 s combir
if simulated tests of soil elemen in the constant {static) load b 1ied to
vicinity of the toe were being considered. ,cnajan aric) loacd can be app-ie a .
’ sample {usually 3in. diameter by 6 in. long) in
Permissible Permanent Deformations a triaxial cell. The dynamic lcading is
L8 N4 S E S = 3 it 2 Ld . 1 . .
provided by a system of springs under-going
Naturally, if any sample fails during sinusoidal deformation of adjustable freguency.
Naturally, if any sample s 1 ) . .- . .
N ; : 1l - P The static load is applied by o0il pressure
simulated earthquake lcading, some concern must . . b .
be folt for tbe‘sa?e+y of the slope during an acting on a piston (using a "Bellofram' and
earthguake similar to that assumed for design, hence having negligible friction).
and 1t is suggested that preventive measures R ;
such as jncrﬁgqirg the static factor of safety Test procedure: Each sample was first allowed
of the slobe be considered. However, it should to consolidate under applied major and minor
be borne i; mind that the failure of one sample principal effective stresses estimated to be
does n;f ;ec;s<ar1;y mean the slcnawwiil fail those acting, under static conditions; at the
s +h4; néjgz*gol ;;1; 4égerd on 1he complex : point within the slope under consideration.
(=] Vik i 13 168 v (43 Wi R a 2 £2 — - s 2 = Iy
:n+efa”tjcq ;nd stress “e&iq+rihut;“r which The deviator stress was provided by the loading
intg [oX v Wel 1@ stress 1 STrit on winli .. . . N -
will necessarily cccur if failure conditions piston. When consolidation was complete;
are réﬁnbn;“ﬂg one po;ﬂt S ;ho-cloﬂé while further drainage was prevented. The reguired
reached a ne 1r in e s i e - ~ N - -+
cther points remain in a comparitively stable number of cycies of @yfam;cL}oadlng was then
condition At this stage. such effects cannot applied while load, deformation and pore-water
be cnlsidéraé in“; qua%;iéatiVQ manner Ir pressure were determined using transducers,
samples do not fail, but deform significantly and recorded. ?hf 15a%5ng&zrequency has been
during simulated dynamic testing (say permanent found to have little effect on the results and
& = 4T [~ 13 s <~ 1 > 1 fEL . . N
axial strains > 15%) it is suggested that it was found convenient to use a freguency of
s A SRR 7 5+ = =1 e et 5 + S ; :
provided average permanent sample deformations {”HérLZ' :h? pore-gafer gres;ure 1npreased
R ed from tests at a series of points over during dynamic loading, but, in the tests
z 21 failure s rface_ do not exceed QO% described this increase was sSmall. Following
ES H e su o i N s N - : .
=10;A ay Leucnﬂsiéﬁred reasonably : the dynamic test, by slowly increasing the
= e [ g 1S1QC = - - N s . -
r “irth uake conditions pressure in the locading piston, the axial load
== auaxe < TeEEEe was increased to failure, under undrained
Use of Proof Test Pracedure conditions. This part of the test(determ:l.ned
the undrained strength after dynamic loading.

To illustrate the use of the proof test

. . . Test results: As may be seen from Fig. 15
procedure, the results of tests carried out on 7 S E1E -2
fwo soil s N taken from a oposed motor he dynamic tests resulted in negligible
W (o Samples aKen om r m - - .
- pLe axe ’ prop permanent deformation. Pore water pressure
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build-up during the dynamic tests was also
negligible, (0.3 p.s.i. in both samples A and
B} and undrained strengths as obtained from the
static tests following dynamic loading are
likely to have been little affected by the
dynamic loading. In view 0of the comparitively
small dynamic stress amplitudes, this is perhaps
not unexpected, for as can be seen from Fig. 8,
the sum of the static and dynamic deviator
stress needs to appreach the undrained compre-
ssive strength to induce significant permanent
deformation 0r failure for dynamic loadings
invelving between 10-100 cycles.

It should be noted that these test results
comprised only a portion of the overall invest-
igation. Deeper failure surfaces were also
considered.

Conclusions

Fallure of cohesive earth slopes during
earthquakes, especially those associated with
road and rail cuttings or embankments, may
result in considerable inconvenience. For
mna jor works,; it is suggested that the approach
to aseismic design should take into account
both the dynamic response characteristics of
the slope and the dynamic strength character-
istics of the soils involved. The proof test
analysis outlined provides a convenient means
of taking both of these factors intc account.

In using the method, some judgement 1is
necessary in deciding whether limiting
equilibrium methods (i.e. static stability
analyses) or elastic stress distribution
solutions should be used to determine initial
sample stresses. The finite element elastic
solutions presented by Duncan and Dunlop {1969}
have indicated that the stress conditions
estimated from limiting equilibrium analyses
aan deviate considerably from those given by
elastic theory, particularly in the case of
cuts in over-consclidated clays.

Although the method necessitates dynamic
triaxial tests, it is apparent that a prelim-
inary appraisal of stresses invoclved may
indicate the slope is safe without the need for
dynamic tests, For example if the sum of the
initial and dynamic deviator stresses are less
than say 2/3 of the undrained compressive
strength of the so0il at a particular point in
the slope under consideration, after consclida-
tion at estimated in situ principal effective
stresses, then as was indicated in the case of
the design example described; permanent deform=
ations induced by the dynamic loading are
likely to be small.

It is apparent that low slopes resting on
weak foundaticns soils with bedrock at a
shallow depth, are particularly susceptible to
earthquake damage. For such cases,; natural
periods are likely to be in the range of values
giving maximum spectral accelerations, and the
high dynamic shear stresses in the weak found-
ation scils could result in failure or consid-
erable siumping of the slope.
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