SOIL AND FOUNDATION BEHAVIOUR DURING EARTHQUAKES

by

H, Bolton Seed®

I. Earthquake Effects on Soils and Foundations

One of the main tasks of the engineer in producing adequate design
is to clearly recognize the problems invclved 2-d %the manner in which
failures might occur. Thus it is importent to recognize the kinds of
soil problems that can develop during earthquakes, especially those
influenecing the foundations and performance of structures,

It has long been recognized that vibration is an effective means of
compacting cohesionless soils, Thus it is not surprising to find that
the ground vibrations caused by earthquakes often lead to copaction of
cohesionless soils and associated settlement of the ground surface, If
the ground is near the coast line, then ewtensive land areas may be sub~
merged. Fig, 1 shows an island in Chilel which was partially submerged
during the Chilean earthquake of 1961, Similar effects occurred in the
Alaskan earthquake of 19642, At Portage, for example, the underlying
rock dropped some three or four feet, but the ground surface dropped some
seven or eight feet, Thus there was, in fact, four or five feet of
settlement of the ground surface caused by compaction of the cohesionless
sediments overlying the rock, As a result, the town was under water at
high tide and residents had to be evacuated.

Settlements of this type may cause differential movement of engineer-
ing structures, Fig, 2 shows a bridge in Portage. The piers and abut-
ments were supported on piles, but the abutment piles extended to a
greater depth than those under the piers. As a vesult, the piers settled
more than the abutments and the deck now spans across the stream bed,
unsupported by the piers on which it is supposed to be resting.

If the sediments which compact during an earthquake are saturated,
then water from the voids is forced to the ground surface where it emerges
in the form of muc spouts or sand boils. Fig. 3 shows a series of sand
boils which developed during the recent earthquake in Nigata, Japan3o In
many cases an entire area has been covered with boils of this type.

Often the water rushes from the ground surface with considerable
velocity. Reports from Portage, for example, speak of water spouting 100
feet into the air,

*

Professor of Civil Engineering and Chairman, Department of Civil Engineer-
ing, University of California, Berkeley., Member of Executive Committee,
Soil Mechanics and Foundation Division, ASCE and Department of Soils
Geology and Foundations, Highway Research Board.

VIiI-

1




The upward flow of water resulting from compaction of saturated
deposits will often turn the soil into a "quick" condition. It may be
recalled that quicksand is caused by an upward flow of water through the
soil, If the soil becomes quick or liquefies, it loses its supporting
capacity with the result that structures or firmer areas may settle into
the ground, Fig. 4 shows an area that liquefied during the Chilean
earthquake, e + ummocky topography resulted from the even settlement,
and the building settled considerably into the ground, Settlement of a
bridge abutment in Nigata is shown in Fig. 5., Perhaps the most dramatic
case of foundai ' or failure due to liquefaction that has been recorded to
date is the severe tilting of blocks of apartments in Nigata as a result
of the recent Japanese earthquake, One apartment building tilted
through an angle of about 8009,

If a liquefied scil mass is not confined on one side, then it flows
towards that side producing a mass movement of soil termed a flow=slide,
Fig. 6 shows a flow-slide which occurred in Kansu Province, China, during
an earthquake in 1920.% Th: soil involved was a loose deposit, Large
flew~slides occurred over an area 100 square miles in extent, In one
area a piece of roadway, with its border of poplar trees, was transported
and set down one mile from its original location. Some reports say that
200,000 pecple were killed during these enormous land movements.

Flow-slides also occurred in Valdez and Seward during the recent
Alaskan earthquake. At Seward much of the slide was underwater, but a
substantial portion of the dock area was carried away by the slide,
Flow-slides occurred around Lake Merced during a very small earthquake
near San Francisco in 1957 and sections of the highway were carried some
distance into the lake., Large lateral translations of soll masses are
characteristics of flow-slides.

Very often loose saturated sands occur in thin seams or layers under-
lying firmer materials. In such cases liquefaction of the sand may cause
a large mass of land to slide lateralily along its base (see Fig, 7), When
this happens, a zone of soil at the back end of the sliding mass sinks
into the vacant space, forming a depressed zone known as a "graben', This
type 1f movement occurred extensively in Anchorage during the Alaskan
earthquake, It can, of course, cause extensive damage to buildings,
Structures on the main slide mass are translated laterally, often without
significant damage, but buildings in the graben area are subjected to
such large differential settlements that they are often completely destroyed.
Furthermore, buildings near the toe of the slide area where the soil pushes
outwards are coften heaved upwards or pushed over by the lateral thrust,

Fig. 8 shows an aerial view of the I~Street slide area in Anchorage,®
The graben can readily be discerned, winding its way across the landscape.
In this slide, the land mass moved about 15 feet, resulting in the forma-
tion of a graben about 10 feet deep and 100 feet wide.
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The disastrous effect on a building straddling the graben is shown
in Fig. 9, while Fig. 10 shows the effect on buildings at the toe of the
slide. The large building was heaved upwards in the middle and sags on
both sides, A similar type of slide occurred along u4th Avenue in Anchor-
age, and another, with rather more extensive land movement, in the Govern-
ment Hill area. This latter slide wrecked a school and cut some buildings
completely in two,

Finally, in connection with liquefaction, it should be recognized
that fills placed behind quay walls and bulkheads are often in a loose
condition, Being adjacent to the water, they are also saturated. Thus,
they are very vulnerable to liquefaction during major earthquakes. The
liquefied soil will often push out the wall or flow around the sides of
the wall, Extensive failures of this type occurred in the Chilean earth-
quake of 1960 and the Nigata earthquake of 1964,

Major damage can also result from failure of clay soils, Such a
slide occurred in the soft clay soils underlving the Turnagain area of
Anchorage during the Alaskan earthquake.5 The slide area (see Fog, 11)
was about 2 miles in length along the coast line and extended inland an
average of 900 feet.

In addition to those problems already described, damage may also
result from failure of retaining walls and bridge abutments to withstanc
the extra soil pressure exerted on them during an earthquake, Fig, 12
shows a bridge abutment in Chile which was pushed out by the soil behind
it, causing a change in configuration of the bridge. Less sturdy bridge
structures may collapse completely, as was the case for many bridges in
the Portage area of Alaska (see Fig. 13).

II, Soil Behaviour Under Earthquake Loading Conditions

In order to determine the possibility of damage resulting from
earthquake effects on soils it is necessary to evaluate the characteris-
tics of the deposits in some appropriate way. The susceptibility of a
sand to liquifaction is controlled to a large extent by its relative density
and this characteristic can be conveniently evaluated in the field by means
of the standard penetration test. Fortunately the experience of Nigata3
has provided valuable information on the characteristics of the sand deposit
in the area in which major danger occurred. The soil conditions in this
area consisted of a loose sand (standard penetration resistance N= 7) to a
depth of about 25 feet after which the density increased relatively uni-
formly to a penetration resistance of N = 30 at a depth of about 50 feet.
The ground water table was about 3 feet below the ground surface. Case
histories of this type are invaluable in extending engineering experience to
other areas,

In cases where penetration tests cannot readily be conducted the
liquefaction potential of a sand can be studies by laboratory tests in
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which samples representative of in-place conditions are subjected to cyclic
loading, During an earthquake an element of soil in the ground is sub-
jected to a complex system of deformations resulting from the erratic
sequence of ground motions induced by the earthquake. However, in many
earthquakes a major part of soil deformations may be attributed to the
upward propagation of shear waves from underlying layers so that an ele-
ment of soil may be considered to be subjected to a series of cyclic shear
strains which reverse directions many times during the earthquake., Before
the earthquake there is no shear stress on the horizontal planes., During
the earthquake the normal stress on these planes remains constant while
eyclic shear stresses are induced for the duration of ground shaking.

Such deformation conditions can best be reproduced in the laboratory
by a simple shear test conducted under cyclic loading conditionss However,
they may also be reproduced with reasonable accuracy for saturated soils by
cyclic loading triaxial tests in which a sample is initially consolidated
under an ambient pressure condition and then s:bjected to cyclic deviator
stress applications,

The results of a test of this type performed on a sample of loose sand
are shown in Fig, 14, In this test a cyclic deviator stress, ag, of con-
gtant amplitude (%*1,5 kg per sq cm) was applied with a frequency of 2 cycles
per second to a sample of saturated sand under a confining pressure of 5 kg
per sq cm and the resulting changes in axial strain and pore-water pressure
vere recorded. The sand was sufficiently pervious that pore-pressure
equalization in the sample ~ccurred almost immediately after the stress
applications, The test data in Fig, 1% show the changes in stress, strain
and pore-water pressure with time.

It will be seen that during the first 60 cycles of stress application
the sample showed no noticeable deformation although the pore-water
pressure built up gradually. However, during the 61lst stress cycle the
pore pressure suddenly increased to a value equal to the externally
applied confining pressure and the sample developed large strains which in
the 63rd cycle exceeded 20 percent; in fact the soil had liquefied, the
effective confining pressure was reduced to zero and over a wide range of
strains the soil could be observed to be in a fluid condition.

Of particular interest is the suddenness of the liquefaction phenome-
non; for eight stress cycles the soil behaved as a solid material yet in
the course of one more cycle it was transformed into a fluid condition.,
This type of behaviour is characteristic of loose sands, In some cases
similar samples have withstood several hundred stress cycles without
noticeable deformation but have then liquefied suddenly in the course of
cne or two additional eycies,

It should perhaps be noted that for given conditions of sample
density and confining pressure, the number of stress cycles required to
cause liquefaction decreases as the magnitude of the cyclic deviator
stress is increased. For the same test conditions as those for the
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sample shown in Fig, 14 the relationship between cyclic stress and
number of ecycles to cause failure is shown in Fig, 15, The form of
this relationship is typical of those for other test conditioms.

It is worthy of note that the stresses required to cause liquefaction
of saturated sand in cyclic loading tests are much smaller than those
required to cause failure under static loading conditions. In fact,
soil behaviour under cyclic loading is quite different from that
developed under static loading conditions and it is impossible, at the
present state of knowledge, to predict the behaviouw under cyclic
loading conditions from the results of tests performed under conven-
tional static loading conditionms,

It should also be noted that the stress conditions to which a soil
element is subjected during an earthquake are quite different from those
involved in a transient loading test used for investigating other dynamic
effects on soils, In a transient loading test an initially unstressed
sample of soil is loaded to failure in a very short period of time, as
illustrated in Fig, 16a. Under earthquake loading conditions, an initi-
ally stressed soll element is subjected to a series of stress pulses, none
of which would necessarily cause failure by itself, but the cumulative
effect of which is to induce failure or significant deformations., This
type of loading is illustrated in Fig. 16b, where for convenience the
stress pulses are shown to be of equal magnitude and may be considered to
represent only the major pulses developed during an earthquake.,

This difference is “llustrated by the data presented in Fig., 17.
Samples of soft clay were first tested under normal rate of lr:ding
conditions and transient loading conditions, The normal compressive
strength was found to be 0.4 kg per sq cm and the transient strength for
a time of loading of about 0,1 second, was 0.77 kg per sq cm, almost
100 percent larger. A third sample was then loaded two~thirds of the
way towards failure in a normal loading test and allowed to remain under
this load until deformations had stopped. At this stage it was subjected
to a single transient stress pulse (time of loading about 0.1 second)
which increased the stress to a value slightly more than the normal
strength of the soil, but markedly below the transient strength of the
soil, The only effect of this stress pulse was to increase the axial
strain of the sample by about 0.2 percent, as shown in Fig., 17a. Finally,
the same stress pulse was repeated 20 times; the deformation increased
progressively with each application, and on the 21st application the
specimen failed completely as shown in Fig, 17b. The maximum stress
applied to the specimen was never more than 56 percent of the transient
strength but the series of 20 transient pulses was able to induce failure,

It is apparent that deformations under such loading conditions are
markedly different from those occurring under transient loading conditioms.

A comprehensive test program to study the behaviour of clays under
cyclic loading conditions has been conducted at the University of
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California.’ The procedure in a typical test is illustrated by the data
in Figs., 18 and 19 for a compacted silty clay having a degree of saturation
of about 95 percent., A series of samples of the clay soil to be tested
were prepared and the strength of the soil was determined by a conventional
undrained loading procedure; the stress-strain relationship for the soil
determined in this way is shown by the dashed line in Fig, 7 and the
strength by the dashed line in the upper part of Fig. 6, A second sample
of the soil was then loaded in the same way to a stress level expressed

as some proportion of the normal undrained strength (67 percent for the
sample in Figs, 18 and 19) and allowed to come to equilibrium, For the
data shown in Fig, 18, this condition was achieved in about 30 minutes,

At this stage a series of 100 transient stress pulses were applied and

the resulting deformations of the sample were recorded. The progress

of deformation with time is shown in Fig, 18 and the stress vs strain
relationship for the sample is presented in Fig. 19, Following the

stress pulsations, the original sustained stress was left on the sample

for a period of time wntil deformations ceased and the sample was then
loaded to failure in the normal fashion,

For the test illustrated in Figs., 18 and 19, the sample defomued
almost 5 percent under the initial sustained stress; however the super-
position of 100 transient stress pulses caused an additional axial strain
of almost 1l percent, even though the maximum stress applied throughout
the loading operation did not exceed 90 percent of the normal strength
(see Fig. 19), The combination of stresses used in this test (sustained
stress equal to 67 percent of the normal undrained strength and pulsating
stress equal to 23 percent of the normal strength) did not produce failure
but they did induce a deformation of the sample sufficient to cause
severe distortion,

By reading the strain after different numbers of transient stress
applications the deforming effects of different combinations of sustained
and pulsating stresses can readily be determined.

It may be seen from Fig, 19 that the magnitude of the deformations
occurring in such a test (assuming the frequency and duration of the
stress pulses are maintained constant) will depend, for any given soil,
on three factors:

(1) the magnitude of the sustained stress

(2) the magnitude of the superimposed pulsating stress
and (3) the number of stress pulses applied,
Accordingly, test programs have been developed to investigate the effects
of different combinations of these three factors,

A typical example of the relationship between sustained stress,
cyclic stress and number of stress cycles causing failure of a silty
clay soil as shown in Fig, 20, It has been found that the form of the
relationship depends on the nature of the loading conditions {one-
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directional or two-directional), the soil type, the frequency and
duration of the pulsating stresses, the number of stress pulses and the
form of the stress pulse although the latter does not appear to be too
significant within a reasonable range of variations in the practical
range of stress conditions. However, the form of the stress pulse can
have a marked effect on the number of stress pulses required to cause
failure at certain stress levels,

Test programs of the type described above can throw considerable
light on soil behaviour under earthquake loading conditions. A method
of utilizing the information for the design of embankments is described
in Reference (8) and similar approaches have been used for determining
soil parameters for evaluating the response of bridges on long piles
passing through deep deposits of soft clay.? Analvses of this type are
likely to find increasing use in foundation engineering practice.
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