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Introduction 

As many major slope failures have occurred 
during medium and strong earthquakes, the 
asse ssment of the seismic stability of slope s 
in earthquake-prone areas is of great concern to 
engineers. Prior to 1 9 6 ^ , little attention was 
given to the development of rational aseismic 
de sign methods for earth si ope s. Most de sign 
methods were based on a s tat ic analy si s used 
in conjunction with an arbitrarily selected 
lateral for ce acting on the si ope with soil 
strengths determined by conventional laboratory 
tests. However, the catastrophic slope failure s 
which occurred during the Alaskan earthquake of 
1 9 6 ^ , resulted in a considerable reappraisal of 
such static de sign 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 slope s and 
embankment s to earthquake s, and new concept s of 
aseismic de sign methods for earth slope s. 
A l t h o u g h re search has yet to provide all the 
answers, the current state of knowledge at least 
provides an improved guide to engineering 
judgeme nt in the asse ssment of the stabili ty of 
earth slopes during earthquakes• 

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

1. Shallow surf ace siide s in slope s of dry 
cohe sionle s s soils. 

2o Slides caused by liquefaction of saturated 
cohe sionless soils, which may be subdivided 
into :-

(a) Flow siide s cau sed by 1iquefact ion of 
large deposit s of cohesionless soils. 

(b) Slides caused by 1 i q u e f a c t i o n of thin 
seams or lenses of sand. 

3 . Slide s in cohe sive soils. 

Seed ( 1 9 6 7 ) has pre sented a comprehensive 
state of the art review where the nature of 
such siide s are de scribed, and problems assoc­
iated with earthquake stability analyses pre-
sent ed. The maj ority of catastrophic slides 
occurring in past earthquake s, such as the 
extensive slides which occurred during the 
Alaskan earthquake, f a l 1 into the second cate­
gory noted above. Relatively few siides in 
cohesive earth slope s re sulting f rom an earth­
quake are reported in the 1 i t e r a t u r e . One of 
the few si ides reported is the bank failure of 
a section of the All America Canal, which 
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occurred during the 1 9 ^ 0 El Centro Ear thquake. 
The extent of the movement is shown in F i g o 1 . 
There have, however, been many reports of sub­
sidence of road and rail embankment s f ounded on 
soft cohe sive soils, e.g. Inangahua, 1 9 6 8 
(Douglas, 1 9 6 8 ) , Alaska, 1 9 6 ^ ( Seed, 1 9 7 0 ) . Th<-
Lack of case h i stories is probably due to the 
fact that only with low static factors of safety 
will significant slides be induced in cohe sive 
slope s, and that slumping movement s characteris­
tic of such siides might generally not be con­
sidered important in compari son with other earth­
quake damage. However, it is apparent that when 
such siide s occur in motorway cu tt ings, r a i 1 w a y 
embankment s, or earth dams, they result in 
serious disruption of essential transportation 
route s, and po ssible loss of lif e in the case 
of earth dams. 

In thi s paper, the problem of the earth­
quake re si stant de sign of cohe sive earth slopes 
is considered in detail, with particular ref­
erence to slope s in saturated clays. 

Response of E m b a n k m e n t s and Earth Slopes to E a r t h q u a k e s 

Although earth structure s are often assumed 
to act as rigid bodies for the purpose of 
asei smic de sign, their behaviour during earth­
quake s is in fact governed by their dynamic 
r esponse characteristics. As such character­
istics determine the magnitude and distribution 
of accelerations and stresses acting within the 
earth struetu re during an earthquake, dynamic 
analyses are an important part of the overall 
asse ssment of sei smic stability. The dynamic 
earthquake re sponse is controlled by the nature 
of soils within and beneath the slope or embank­
ment (that is their deformation characteristics 
under cyclic 1 o a d i n g ) the height and geometric 
characteristic s 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 n o n - 1 i n e a r materials. As a re sult, dynamic 
re sponse analy se s necessitate many simplifying 
assumptions. In particular, most published 
solutions assume a two-dimensional structure 
(that is, infinitely long) with materials 
assumed linearly elastic, and energy dissipation 
re sulting f rom equivalent vi scou s damping. 
Dynamic ear thquake re sponse analyse s for earth 
dams or embankments have been improved p r o g r e s s -
ively si nee first appearing in the 1 iterature in 
1 9 3 6 , recent development s being di scus sed by 
Martin ( 1 9 6 7 ) , Chopra ( 1 9 ^ 7)> Ambraseys and 
Sarma ( 1 9 6 7 ) and Chopra et. al. ( 1 9 6 9 ) 0 
Solut ions f or the dynamic earthquake re sponse 
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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earthquake., Consider for example, point F shown 
in Fig. k9 which is assumed to be on a critical 
failure surface. The horizontal earthquake 
acceleration has maximum value s (in each 
direction) at 2 . 0 and 2.2 seconds after the 
onset of the earthquake a The average inertia 
force acting on the siiding mass at the se 
instants is shown in Figure 6 ( a ) , expressed as 
a se i smic coefficient. Princ ipal stresses 
induced by e ar thquake force s are shown in 
magnitude and direction in 6 ( b ) . The se are the 
super impo sed stresses caused by the earthquake. 
Combining these ve ct orially wi th the initial 
stat ic stresses yields the re sultant stre sse s 
shown in Figure 6 ( c ) . Initial static stresses 
were obtained from an elastic soluti on similar 
to those presented by Duncan and Bunlop ( 1 9 6 9 ) . 
The significance of the stre ss change s will be 
discussed later with re spect to laboratory 
te st ing procedure s c 

Behaviour of Saturated Cohesive Soils During Dynamic Loading 

The maj ori ty of dynami c laboratory te sting 
of soils relevant to earthquake p r o b l e m s , has 
been carried out by means of cyclic load tests 
in triaxial apparatus. Such apparatus may be 
stress or strain-controlled, the former being 
used to examine conditions 1 e a d i n g to failure, 
w h i 1 e the latter is generally used to study 
deformat ion behaviour wi th a view to obtaining 
equivalent elastic moduli and vi scou s damping 
factors for us e in earthquake response analy se s. 
Dynamic triaxial apparatus for use in such 
studie s together wi th typi cal test result s has 
been described by (among others) Seed ( 1 9 6 0 ) , 
Taylor and Hughes ( 1 9 6 5 ) , Seed and Chan ( 1 9 6 6 ) , 
Taylor and Bacchus ( 1 9 7 0 ) . 

Strength Under Dynamic Loading; 

Fig. ? shows a typical test re sult from a 
stress controlled dynamic triaxial test, where 
a number of cycles of deviator stress* were 
applied to a sample of an ini tially ani so tropi­
cal ly consolidated saturated clay. Such an 
initial condit ion is typical of a soil element 
in a siope. It is noted that failure (or 20% 
axial strain) occurred after about 5 cycles, 
being due to a build up In pore water pre s sure 
and associated reduction in strength leading to 
permanent deformation during the dynamic load­
ing. 

Al ternat ively, sample s may be i sotropically 
consolidated, and a stat ic deviator stress 
applied wi th the sample undrained, just prior to 
the dynamic test. If such tests are carried 
out wi th a variety of combinati ons of initial 
static and dynami c deviat or stre sse s, and the 
number of cycle s to failure noted, the results 
may be plotted in a non-dimensional form 
(originated by Seed, i 9 6 0 ) where in static and 
dynamic deviator stress, each expressed as a 
r r a c t i o n of that causing failure in a static 
test (i.e. as a fraction of compressive 
strength) are plotted f or various value s of N, 
the number of cycles required to cause failure 

* In triaxial tests, the deviator stress is 
defined as (a x - c ? 3 ) . As changes in all round 
or hydrostatic pressures do not affect the 
undrained def ormation behaviour of saturated 
c l a y s f triaxial testing of such materials may 
be carried out by maintaining constant, and 
applying axial stresses equal to changes in 
deviator stress occurring in the field. 

methods of analysis, that solutions have become 
possible. 

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 F i g 0 

2® By assuming a particular strain distribution 
within each element (say constant or l i n e a r ) , 
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 
technique s. Analyses yield complete time 
histories of displacement, velocity, accelera­
tions stresses and strains at the nodal points 
(for the assumed equivalent viscous damping 
f a c t o r s ) . Also time histories of net inertia 
force acting on any potential siiding mass may 
be determined. The u se of the me thod f or ear th 
si ope s has been de scribed by Idriss and Seed 
( 1 9 6 7 ) , Idriss ( 1 9 6 8 ) , and Idriss, Seed and 
Dezfulian ( 1 9 6 9 ) . 

To illustrate the effects of dynamic earth 
siope response to an earthquake ground motion, 
a n e xample is taken from the paper by Idriss 
and Seed ( 1 9 6 7 ) , The earthquake ground motion 
shown in Fig. 3 was applied as a base motion to 
the 5 0 f t c high earth bank shown in Fig. 2 and 
the dynamic response computed using the finite 
element me thod wi th an e 1 e m e n t network as shown 
in the figure. Material properties used were: 

6 
Youngs modulus E = 2 x 1 0 p.s.f. 
(Typical of stiff cohe sive soils} 
Poi sson•s ratio y = 0 . ^ 5 and unit weight y = 

1 2 0 Ib/cu.ft. 

An equivalent viscous damping factor of 0 , 2 0 
w a s used in each mode. The fundamental period 
of the bank was computed to be 0 . 8 9 seconds, 
The dynamic stresses re sult i ng from the earth­
quake at three typical points in the earth bank 
are shown in Fig. kf while Fig. 5 shows the 
variation of maximum surface accelerations. It 
should be noted that the magnification of 
horizontal base accelerations at points remote 
from the slope equals that which would be 
obtained for the response of a horizontal soil 
1 a y e r using the shear de format ion theory 
described by Idriss and Seed ( 1 9 6 8 ) , The 
calculated fundament al periods of horizontal 
layers 5 0 ft, and 1 0 0 ft thi ck compri sing the 
same material are 0 . U>6 seconds and 0 . 9 2 seconds 
re spectively, The hi gh magnification of motion 
over the .50 ft layer is due to the fact that Its 
f undamental period corre sponds closely to the 
period giving the peak acceleration in the El 
Cent ro acceleration re sponse spectrum. It has 
been shown that the re sponse to the ver t ical 
ground motion has little effect on the magnitude 
of the hor i zontal motions in the slope. 

As it is desirable to duplicate earthquake 
1 o a d i n g condition s on laboratory soil sample s in 
order to assess strength and deformation charact­
eristics under dynamic stress, it is of interest 
to examine change s in bo th the magnitude and 
di rection of principal stresses duri ng the 



in the dynamic teste 

Figure 8(d) summarizes results of a 
number of tests saturated compacted samples of 
a Wanganu i clay-si 11. For points to the right 
of the dot t ed line, the amplitude of cyclic 
loading is 1e ss than the initia1 static load, 
and the major principa1 stre ss 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)o Thus, at one part of each 
cycle, lateral (compressive) stress is greater 
than tha t in the axial di rec t ion, i.e. the 
major principal stress, now horizontal, is 
9 0 ° from its original direction. This results 
in shear stress reversal on every plane through-
out the sample. If stress reversal is not 
allowed to occur, 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 degree, in soils wi th 
a higher clay fraction than that used in the 
test described. (See, for example, Seed and 
Chan, 1 9 6 6 ) . 

Test results, plotted in the non-dimen­
sional form shown, have be en f ound to be relat­
ively independent of confining pressure and 
principal stress ratio during consolidation,, 

Dynamic 1oad-deformat ion characteri stic 5; 

Fig. 9 shows the typical non-linear dynamic 
load vs. def ormat ion characteristies f or a sat­
urated clay, obtained in a strain controlled 
dynami c test. It is seen that the si ope of the 
loops decrease s with time as the pore water 
pre s sure increase s. From such tests, it is 
possible to assess equivalent elastic moduli 
and viscous damping factors for use in elastic 
response analyses. However, a further diffi-
culty ari se s in that such parameters vary wi th 
strain amplitude. Values of equivalent viscous 
damping factor may range from 5 - 2 0 % depending 
on strain ampli tude mobilized during the earth­
quake response wi th equivalent elastic m o d u l i 
d e c r e a s i n g by a factor of 3 or more over the 
same amplitude range. 

The re suit s of such tests as used for 
elastic re sponse analyse s, are discussed by 
Seed and Idriss ( 1 9 6 9 ) and Parton and Smith 
( 1 9 7 1 ) . 

Laboratory Simulation of Earthquake Loading 

In order to simulate earthquake stresses 
using 1aboratory triaxial apparatus, several 
p r o b l e m s ari se. As shown in F i g o 6, principal 
stre sse s change in both magnitude and orient­
ation during an earthquake, with values 
varying in an almost random manner throughout 
the earthquake. Triaxial apparatus provide s 
for e i ther no change in principal stre ss 
d i r e c t i o n or a 9 0 ° change during loading. The 
latter loading condition is particularly 
severe, as previously noted. The significance 
of principal stress re-orientation in the field 
with reference to the problem of laboratory 
simulat ion is now examined. 

Consider the stresses at point F, as 
shown in Fig. 6 c . In Fig. 1 0 a , the shear 
stress T acting on piane s at angle a to the 
maj or (static) principal plane is shown for 
thi s point. For static conditions, of course, 

53 
T ha s its max imum value when a is U5°. Shear 
stresses at 2.0 and 2.2 seconds are also shown 
wi th a referred to the same axes. Maximum 
values are found on planes with ot = 28° and 6 9 ' 
respectively 0 Reversal of shear stress direct 
ion occurs only wi th in the zones marked RZ 0 

It should be noted that even at the se extreme 
states, (corresponding to the largest horizon-
tal pu1se in each direction, during the entire 
ear thquake record) the max imum static shear 
stresses do not c ome wi thin 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 suitabl 
dynamic triaxial test which wi11 have the same 
effect on sample strength as the variation in 
stresses within the slope will have on the in 
situ strength, bearing in mi nd that, in the 
triaxial test, principal stress reorientation 
cannot occur, except through 9 0 ° • To ignore 
principal stre s s reorientation entirely by 
considering only the change in max imum re sult-
ant shear stress (Fig. 6 c ) , would result in 
small dynamic stresses being applied and would 
underestimate the effect of the earthquake o 
As shown in Fig. 1 0 a , the maximum shear stress 
varies be tween 1 0 0 0 and 1 2 7 0 lb/sq„ft. , a 
range of only 2 7 0 lb/sq,ft. On the other hand, 
any test in whi ch there is reversal of shear 
stress on every piane is not representative of 
field condi ti ons and, a s ha s been shown, is 
unduly severe. 

Strength reduction occur s as a re sult of 
an increase in pore water pre s sure, brought 
about by the stress change s induced by the 
earthquake. Hence, as reorientation of 
principal stress axes is not possible in the 
test, It is no t t he re sultant stresses which 
should be applied, but the superimposed 
st re s se s (Fig. 6 b ) • The maximum value s of 
superimposed shear stress at 2 . 0 and 2 . 2 
seconds are, re spectively, - 7 3 5 and 8 1 0 lb/sq 
ft., giving a range of I 5 U 5 lb/sq.f t. A 
reasonable simulation of the se two maximum 
earthquake pulse s wo u1d therefore be to impo se 
on the sample consolidated under the static 
principal stresses existing in situ, deviator 
stress change s whi ch re sult in the se change s 
in max imum shear stress. It is noted that 
the se valu e s di ffer very little from the shear 
stresses acting on the horizontal surface 
through F, as shown in F i g Q k, v i z . , - 7 0 0 and 
8 0 0 lb/sq.ft. 

In dynamic te sting it Is convenient to 
apply a number of symme trical eye1e s of dyn­
ami c load of equal amplitude, and hence the 
magnitude and number of cycles which would 
result in s imilar deformat ions to tho se 
caused by the almost random serie s of pulses 
in the earthquake record must be assessed. 
Fig. 1 1 shows the typical logarithmic form of 
pulse distribut ion obtained in an earthquake. 
The graph was developed from the plot of time 
hi story of hori zontal shear stress at point F 
shown in F i g o k. Li 1 1 1 e re search has been 
carried out on methods of asse ssing equivalent 
dynamic loading. However, an applied shear 
stre ss amplitude of approximately 2 / 3 of the 
max imum ampli tude from the ear thquake record 
wi th the numbe r of cycle s being de t ermined by 
the duration of the earthquake divided by the 
fundamental period of the structure should 
provide a conservat ive approximation. From 
thi s the range of maximum shear stress during 
the test for point F would ex tend to + 5 0 0 lb/ 
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Pseudo-static Appr o a ch: 

Many generally accepted methods of assess­
ing the stability of earth slopes and embank­
ment s during earthquakes, are based on the use 
of a static seismic coefficient in conjunction 
with a conventional slope stability analysis. 
That iSj a minimum factor of safety against 
sliding is computed for the case 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, 
trie dynamic forces are replaced by a static 
force, and hence the approach could be termed 
a pseudo™static method of analysis. 

One of the major problems in the use of 
this method is the selection of the design 
seismic coefficient. There appear to 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 earthquake, 
on the basis that limiting equilibrium 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
q u a k e ; that is, producing the same permanent 
d e f o r m a t i o n s , and as such, much less than the 
m a x i m u m average accelerat i on, 
(31 The third, and perhaps most common 
a p p r o a c h 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 0 1 appear 
to have become traditional through repeated 
u s e . 

During an earthquake, the lateral forces 
a c t i n g 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 
overall effect of the cyclic loading being a 
cumulative displacement of a section of the 
slope. Once the ground m o t i o n 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 concept, 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 earthquake magnitude 
and certain types of soils, with little field 
experience to serve as a g u i d e , and the lack 
of a method to assess their validity, their 
use would seem questionable. 

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 for 
embankment or earth dam design. The use of 
these theories for this purpose is discussed by 
Seed and Martin ( 1 9 6 6 ) . 

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-
i1ity during an earthquake 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 soils under dynamic loadings is a 
function of both the magnitude and number of 
str ess cycles. Failure to cons ider thi s latter 
factor s would be a serious deficiency of any 
design procedure. 

The concept of assessing earthquake stab­
ility In terms of'resulting permanent deform­
ations was first proposed by Newmark. The 
de sign criterion required pe rmanent di splace-
ment s occurring over a siidi ng zone to be less 
than a prescribed tolerable value 0 Newmark 
{ 1 9 6 5 ) pre sented an analysi s based on thi s 
concept for the case where di spla ceme nt s could 
be as sumed to occur over a well def ined siip 
plane, and where the soil was assumed to behave 
as a rigid-plastic material having a well 
def ined yield point, 

For thi s case, by integration of those 
portions of the dynamic lateral accelerations 
acting on the sliding m a s s , whi ch lie above 
the yield acceleration, permanent displacements 
on the sliding surface may be evaluated. This 
approach has been used successfully In analysing 
re suit s of shaking table tests on banks of 
cohesionless soil (Goodman and Seed ( 1 9 6 6 ) ) „ 
For cohesive soils, however, where significant 
permanent def ormations may oc cur at stress 
levels less than the strength, permanent de form­
at ions could occur over a large area wi thin a 
cohe sive soil slope during an earthquake. As 
a re sult, an analyti cal evaluation of cohe sive 
slope deformations due to an earthquake has 
yet to be de veloped. The analytical approach 
is further complicated by pore pressure 
Increases during dynamic loading, which affect 
the deformati on and strength characteristics 
during the course of the earthquake. 

To overcome the se difficultie s, Seed 
( 1 9 6 6 J has suggested an approach, where soil 
samples are subjected in the laboratory to 
stresses similar to those occurring on soil 
elements in the field both before and during 
the earthquake. The me thod Is based on the 
u se of dynamic stre ss control1ed triaxial 
tests similar to those previously de scribed. 
The various steps in the method are as follows; 

( 1) Soil sample s are initially consolidated 
using principal stresses equal to tho se at 
points on a potential failure circle. The se 
initial stresses are calculated by making u se 
of a conventional stat1c stability analysi s 0 

(2) Sample s are then subj ected to a range of 
pulsating stress amplitudes to determine con­
ditions 1eading to either failure or a 

sq.ft. from the static value, as shown in Fig. 
lObc 

Concepts of Earthquake Stability Analysis 



selected permanent def ormat ion . Seed considers 
that 13% axial strain could be indicative of 
unde s i rable di stort ions in cohe sive embankment s. 
A selected number of pulse s are used, depending 
on t he durat ion of the part i cular "de sign" 
ear thquake. The cri t i cal condi t ion s are 
expressed in terms of the allowable max imum 
shear stress Tff (static and dynamic) acting 
on the potential failure circle, for the 
various initial stress condi tions. This may be 
greater or less than the static shear strength, 
depending on the nature of the soil, the 
number of cycle s used, and the failure con­
di t ion selected. 
( 3 ) In order to determine whether actual 
maximum shear stresses act ing on the f ailure 
plane during the design earthquake will reach 
the allowable values or not, Seed makes use of 
a further stat i c s tabili ty analysis incorpor­
ating an equivalent stat ic sei smic coef ficient. 
It is sugge s ted that dynamic re sponse analy se s 
be used to compute the time hi story of average 
dynamic sei smic coefficient s acting on the 
sliding ma s s, wi th the equivalent static 
sei smic coef ficient f or use in the stability 
analy si s be ing equal to say 2 / 3 of the maximum 
dynami c value (Seed and Martin (1^66) ). 
(k) As a re sult of the stability analy si s, a 
f ac tor of saf e ty analogou s to that det ermined 
in a normal static stabi 1ity analy si s is 
determined^ By analysing a large number of 
potential failure surfaces, the minimum factor 
of safety could be found. 

The me thod thus attempt s to take into account 
the dynamic response of the si ope to a design 
earthquake of given duration, and the partic­
ular def ormation or strength characteristics 
of the soil during dynamic loading,, Ellis and 
Hartman ( 1 9 ^ 7 ) have illustrated the use of thi s 
approach in the design of earth structures 
associated with the San Luis Canal in California• 
Howeve r, their analyse s we re 1imit ed to taking 
into account dynamic strength characteristies 
in stability analyses, sei smic coefficient s 
being empirically assigned rather than being 
assessed from dynamic re sponse analyses. 

As a practical design tool, it is felt 
that the method proposed by Seed has the 
disadvantage of requiring the performance of 
a 1 a r g e 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 
major earth structure such as a large earth 
dam. Also, while for compacted earth siope s 
it Is possible to prepare a large number of 
uniform sample s, for natural cohe sive earth 
slope s, the possibility of obtaining large 
numbers of unif orm sample s is often remote due 
to non-homogeneous in situ conditions. Also 
in order to calculate factors of safety, the 
allowable maximum shear stresses iff determined 
from the dynamic test program are compared 
with shear stre sse s on the potential failure 
p l a n e , as determined from a static stability 
analysis incorporating an average seismic 
coefficient. However, as the changes in 
superimpo sed pri ncipal stresses are thought 
primarily responsible for pore pre ssure 
increase s and associated permanent deformat i on s, 
It is felt the method of laboratory simulation 
proposed herein, is pref erable . 

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 rout ine ear thquake 
re si stant de sign of cohe sive earth si ope s 0 

Such a me thod should, however, retain the 
de sirable feature s of including dynamic 
response effect s as well as the def ormation and 
strength characteristics of the soil under 
dynamic conditions. 

Development of Proof Test Analysis 

In order to 1imit the number of dynamic 
triaxial tests nece ssary for analy si s, it is 
felt that use could be made of a "proof test" 
concept. Such a concept has been suggested 

by Taylor ( 1 9 ^ 7 ) f or earthquake re sis tant 
de sign of spre ad f ooting on cohe sive soils 0 

With thi s procedure, tests would simulate 
actual stresses resulting from the "design" 
earthquake at various points within the slope 0 

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 si ope 
during the earthquake. If samp 1e s do not f ail, 
or def orm a signif icant amount during the' 
tests, then it is reasonable to assume that 
the slope is likely to be e s sentially stable. 
In view of the pre sent 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 unreali stic to attempt to put some quant­
itative f igure on a factor of safety e Rather 
it is better to use one•s engineering judgement 
having observed the result s of laboratory 
tests, to decide whether the siope is satis­
factory 9 or whether preventative measure s or 
more conservative design is required. 

The following o u t 1 i n e s the proof test proced­
ure : 

Initial Sample Stresses; The first stage of 
the test procedure is to consolidate samples 
using stresses representative of in situ 
conditions. Consider a soil element on a 
potential failure surface, as shown in Fig. 1 2 . 
The initial consolidation stresses <? l c and 
a"}c may be obtained either from either some 
form of elastic solution as previously des­
cribed, or from a static stability analysi s 0 

Normally a long term static stability analysis 
would be in terms of effective stress and 
would be based on the me thod of slices. Hence 
one could determine the magnitude of tne normal 
effective and shear stresses on the base of 
the slice, and by assuming the failure surface 
is at an angle of k$ + to the plane of the 
maj or principal stress °"lcs t h e magnitude s 
of a i c and ^ c can be computed, ( <}> 1 - the 
apparent angle of friction in terms of effect­
ive stres s. ) 

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 dominate s the magnitude 
of dynamic stre sses, then the de sign earth­
quake may be characteri sed by an acceleration 
re sponse spe ctrum and a duration. The current 
N. Z. code uses the El Centro ( 19*4 -0) earthquake 
as a "standard" for intensity and duration. 
However, as it would seem that the El Centro 
records were affected by the nature of the 
soil deposits at the recording site (Shepherd 
and Travers ( 1 9 7 0 ) ) , and as a de sign earth-
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sugge st ed that for the purpo se of a design pro­
cedure , sufficient accuracy Is obtained if use 
is made of the one dimensional elastic shear 
leforma ti on theory for horizontal soil deposits, 
(Idri ss and Seed ( 1 9 6 8 ) . ) For a thickness H of 
soil (assumed uniform) above bedrock, the one-
dimensional theory gives the fundamental period 
as 

to 

where V 

seconds 

shear wave velocity of the soil. 

( 1 ) 

Hence the number of loading cycles would vary 
for diff erent sections of the si ope, that Is, 
the number of cycles would be smaller where the 
depth to bedrock is greater^ This is certainly 
true for point s well removed f rom the slope, 
and is felt to be a reasonable approximation in 
the vicinity of the slope. 

For practical use, equation ( 1 ) may be 
simplified In the following manner* 

The shear wave velocity 

v s = CG.g/y3 * ( 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 ampli tude s of the order of 
those that might be expected in a strong earth­
quake , G ± 1 0 0 c u , where c u is the undrained 
shear strength of the clay. Taking an average 
unit weight for clays of 1 0 0 lb/cu.ft., and 
substitut ing for £ and y in equation ( 2 ) , 
give s V - ( g. c u ) 2 . Substituting for V"s in 
equat ion ( 1 ) gives 

(g. c I 
(3) 

For code purpo se s, it would seem de sirable 
to further simplify the de sign spectra. Thi s 
h a s been done as shown in F i g o 1 3 ( b ) using the 
form adopted in NZSS 1 9 0 0 , Ch, 8 , 1 9 6 5 , for 
Public E^ildings, It can be seen that the 
s ugge s ted code spe ctra for cohe sive soil 
r e s p o n s e may be obtained by multiplying the 
existing structural c ode value s by a factor of 
^• In the case of the structural code, "the 
d e s i g n lateral force is scaled down by consid­
erations of damping, ductility and elastic 
design stresses 1' ( SANZ : MP2 : 1 9 6 5 Commentary 
on Chapter 8 of NZSS 1 9 0 0 ) Such considerat ion s 
a r e , to a 1 a r g e extent, inapplicable to soil 
s t r u c t u r e s , as 'limiting equilibrium 1 methods, 
rather than elastic m e t h o d s , are employed in 
de sign. 

Number of Loading Cycle s in Dynamic Test; 
A s s u m i n g that the fundamental period dominates 
the dynamic response of the siope to earthquake, 
the n for a given "de sign" ear thquake duration, 
trie number of 1 oading 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 
^ e a n s of a finite element analysis, it is 

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

Cyclic Stre s s AmplItude s ; It was sugge sted 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, thi s latter figure 
be ing 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 analysi s, it is sugge sted 
again, that for the purpo se of routine design, 
use be made of an approximate estimate given 
by the theory for horizontal soil depos it s. • 
Taking the fu ndamental mode contribution, as 
approximating maximum response values, (the 
fundamental contributes about B$% for the 
problem shown in Fig. 5) then from the one-
dimensional shear deformation theory, it can 
be shown that 

8 Y H k 

max. y 

Try 

2H 

quake should characterise bedrock motions, It 
is felt that the continued use of El Centro 
should be discouraged. A l s o 5 the El Centro 
record was characteristic of a Richter M a g n i ­
tude ? earthquakes whereas a truly great earth­
quake could have a magnitude of 8 In the 
vicinity of the epicentre. 

Jennings, Housner and Tsai ( 1 9 6 8) have 
suggested the use of simulated earthquakes to 
overcome the lack of strong motion accelero­
grams, and have generated several artificial 
earthquake records typical of earthquakes of 
various durations and intensities 0 It i s 
not Intended to enter in to the controversial 
topic of the probability of occurrence of 
earthquakes of various magnitudes throughout 
New Zeal and 0 However, It is suggested that as 
Wellington lies in a highly active earthquake 
belt i an M8 ear thquake lasting say 6 0 se conds 
could be taken as the "design" earthquake in 
the area c In the case of Auckland, the closest 
probable epicentre of an M8 earthquake would 
conceivably lie in the general area of the 
C o r o m a n d e 1 Penin sula, a distance of about kO 
mile s from the centre of the city. (Low 
intensity earthquakes occurred in this area 
In 1 9 7 0)o Hence the maximum acceleration of 
b e d r o c k motion would be somewhat less than 
that in the vicinity of the epicentre. Curve5 
pre sen ted by Seed, Idriss and Kiefer ( 1 9 6 9 ) 
suggest maximum accelerations could be reduced 
by a factor of 0 e k. 

Fig\ 13 ' a > shows the smoothed acceleration 
response spectra for an art ificial M8 earth­
quake generated by Jennings et al and that for 
the same earthquake with accelerat ion s reduced 
by a factor of 0 . k For the former curve 
(characterising a Weilington earthquake) a 
d a m p i n g 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 
e a r t h q u a k e ) a lesser damping factor of 0 . 1 5 
Is used, as the lower dynamic strain amplitudes 
In the re sponding soils would be expected to 
have a reduced damping factor• It is sugge sted 
that the "design" earthquake for Auckland have 
a durati on of 30 se conds . 



where y = depth of soil element below surfa.ce 
(see Pig« 12) 

k^ = maximum seismic coefficient from 
design spectrum corresponding to the 
calculated period T (equa- ;3; < 

T • -•= max imum horizontal" shear stress at 
depth y from the surface,, 

Taking y * 100 lb/ c u. f t _ then from equation ( U-) , 
the magnitude of the c y : l i : deviator stress to 
apply during a dynamic :s s t is given by 

d e dyn 0 

2 / 3 x (T i 1 max.y x 2 

100 k H sin — max 2H ( 5 ) 

In order to check the degree of approxima­
tion given by the use of the one dimensional 
theory, a comparison was made with maximum 
horizontal shear stresses computed for the 
example shown in Fig. using a finite element 
analysis, and those given by equation ( ̂4-) , 
where values of k m a x were obtained from the 
acceleration response spectra for the El Centro 
earthquake {ordinates * 2} with 20% damping• 
Natural periods were computed using equation ( 1 ) , 
with II equal to the height of the slope surface 
above bedrock for the vertical section being 
cons i d e r e d o Results of the comparison are 
shown In F i g o lk* 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 si ope, shear 
stresses given by the one dimensional theory 
become zero whereas the finite element theory 
gives stresses of a reasonable magnitude, 
H o w e v e r : it should be noted that the accuracy 
of the finite element theory is in doubt at 
this point of stress concentration, Due account 
of possible errors in this region could be made 
if simulated tests of soil elements in the 
vicinity of the toe were being considered. 

l!!:.1!5-:- "£Lx-^?-£JEgil^.n^ D e formations * 

:Ts. ;.;^.I"' if any sample fails during 
z „- 1 a. : a :_ : - quake loading, some concern must 
cs f s l " fcr "zs safety of the slope during an 
e c . " ; : c . E A 3 r i~- :.lar to that assumed for design! 
5 zi .. ' . z ~ _ g 3 3 s t e cl that preventive measures 
z „ z : iz z - ::: s s :. i n g the static factor of safe ty 

z:e rices zs considered* However, it should 
cs z z z - s r:.rd that the failure of one sample 
less ' z - r_s sarily mean the slope will fail, 
r z zrz.z :::d:;:on will depend on the complex 

; : : c : = ;: stress redistribution which 
" 1 . . .1 z. z z z i i"' 1 1 y occur if failure conditions 

z <zz .reccned 2 : one point In the slope while 
zzhzc zci" •: 3 rsmai n In a comparitively stable 
~ C . - U I T j-sz this stage, such effects cannot 

' :i z. s r e z.. ... n a quantitative manner* If 
~ r p c " 1 z fail, but deform significantly 
z r1 - g 3 :. z _1 a t s d dynami c testing (say permanent 
a • ... z 1 3:/5::: > 1 fv • 1 c is suggested that 

r u s e a~*s:rage permanent sample deformations 
= f_ c * ;ests at a series of points over 

= i:~~';:ial fs.ilure surface, do not exceed 1 0 ^j 
z^zz'z zz 3 zlcpe may be considered reasonably 
.'. z I s ; " c, 5 r earthquake conditions. 

& r\ -" _' ̂  y \ rc V. - - - - . j r e 

1": ill z 3 crate the use of the proof test 
v : c z 3. di - 3 tee results of tests carried out on 
~ - z z c :. _ 3 a ~ p 1 e s taken from a proposed motor-
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way cutting in Auckland, are shown in FIg. 1 5 . 
The potential failure surface shown was the 
critical circle computed using an effective 
stress analysis for long term static conditions. 
The static factor of safety with respect to the 
effective stress strength parameters equals 1 . 5 7 • 
It should be noted that the critical failure 
surface under static conditions would not 
necessarily be associated with the maximum 
permanent deformations during simulated earth­
quake loading, 

Samples? Undisturbed test samples were obtained 
using U inch thin walled sampling tubes, from a 
bore in the vicinity of point A, Samples for 
simulating conditions at points A and B were 
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 (51 5 the values of k m a x for use in this 
equation being obtained using the Zone C design 
spectra shown in Fig. 1 3 b . Values of the 
natural periods were obtained using equation 
( 3 ) 3 with H equal to H^ and for the two test 
points as shown In Fig. 1 5 5 with c u 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 to obtain k m a x values from the de sign 
spectra, and to calculate the number of cycles 
to apply in tests. 

Test scuIpment: The apparatus, described in 
more de' ail in a previous publication, (Taylor, 
1 9 6 ^ ; ; f :s a stress -controlled dynamic triaxial 
compre ssIon machine in which a s inusoidally-
varying dynamic axial 1oad, combined with a 
constant (static) load can be applied to a 
sample (usually 3 i n . diameter by 6 in, long) in 
a triaxial cell. The dynamic loading is 
provided by a system of springs under-going 
sinusoidal deformation of adjustable frequency. 
The static load is applied by oil pressure 
acting on a piston fusing a 'Bellofram• and 
hence having negligible f r i c t i o n ) . 

Test procedures Each sample was first allowed 
to consolidate under applied major and minor 
principal effective stresses estimated to be 
those acting, under static conditions, at the 
point within the slope -under consideration. 
The deviator stress was provided by the loading 
piston. When consolidation was completes 
further drainage was prevented. The required 
number of cycles of dynamic loading was then 
applied while load, deformation and pore-water 
pressure were determined using transducers, 
'and recorded. The loading frequency has been 
found to have little effect on the results and 
It was found convenient to use a frequency of 
1 Hertz. The pore-water pressure Increased 
during dynamic 1oading, but, in the tests 
described this increase was small. Following 
the dynamic test, by slowly Increasing the 
pressure In the loading piston, the axial load 
was increased to failure, under undrained 
conditions, This part of the test determined 
the undrained strength after dynamic loading* 

Test results; As may be se en from Flg# 15s 
The™^dyrISTc~t e st s resulted in negligible 
permanent deformation. Pore water pressure 

http://surfa.ce
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build-up during the dynamic tests was also 
negligible, (0 C 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 of 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 approach the undrained compre­
ssive strength to induce significant permanent 
deformation or failure for dynamic loadings 
Involving between 1 0 - 1 0 0 cycles. 

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

C o n c l u s i o n s 

Failure of cohe sive earth si ope s during 
earthquake s, especially those associated wi th 
road and rail cu 11 ings or embankment s, may 
result in considerable inconvenience* For 
iflajor works, it is suggested that the approach 
to asei smic de sign should take into account 
b o t h the dynamic response characteristics of 
the slope and the dynamic strength character­
istics of the soils involved, The proof test 
analysi s out1ined provide s a convenient means 
of taking both of the se factors into account, 

In using the method, some judgement is 
necessary in deciding whether 1imiting 
equilibrium methods (i.e. static stability 
analyse s) or elastic stress di stribution 
solutions should be used to determine initial 
sample stresses. The f1 nite element elastic 
solutions pre sen ted by Duncan and Dunlop ( 196$f 
have i ndi cat ed that the stress condi t ion s 
e stimated from limit ing equi1ibrium analyses 
t t n deviate considerably from those given by 
elastic theory, particularly in the case of 
cuts in over-con solidated clays. 

Although the method necessitates dynamic 
triaxial tests, it 1s apparent that a prelim­
inary apprai sal of stresses involved may 
indi cat e the slope is safe wi thout the need for 
dynamic tests. For example if the sum of the 
initial and dynamic deviator st re sse s are less 
than say 2 /3 of the undrained compressive 
strength of the soil at a particular point in 
trie slope under consideration, after consolida­
tion at e stimated in situ principal effective 
stre s se s, then as was indi cated in the case of 
the design example de scribed, permanent def orm­
at i o n 3 Induced by the dynamic 1oading are 
1ikely to be small. 

It Is apparent that 1ow si ope s re sting on 
weak foundations soils with bedrock at a 
shallow depth, are particularly susceptible to 
ear thquake damage. For such cases, natural 
p e r i o d s are 1ikely to be in the range of values 
g i v i n g maximum spectral accelerations, and the 
h i g h dynamic shear stresses in the weak found­
ation soils could result in failure or consid­
erable slumping of the slope. 
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Fig. I I D I S T R I B U T I O N O F SHEAR STRESS PULSES 
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Fig. 12 P R O O F TEST - INITIAL CONDIT IONS 
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, — ID. theory (equa. 4 ) 
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