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On liquefaction
A propos de liquéfaction

ROBERT V. WHITMAN, Professor of Civil Engineering, Massachusetts Institute of Technology, Cambridge, Massachusetts, USA

SYNOPSIS

Failure mechanisms associated with cyclic straining of saturated sands are

identified and classified, with special emphasis upon failures in actual field situations. The
role of analysis in engineering studies of this problem is examined. The aim is to clarify

divergent viewpoints concerning "liquefaction".

The artificial word "liquifailure" is suggested

as a convenient label for the totality of these problems.

INTRODUCTION

Several viewpoints have been expressed con-

cerning the failure of saturated cohesionless
soils during and after severe earthquakes:

* Seed has emphasized the build-up of excess
pore pressures during cyclic straining, and
the large strains that develop after a con-
dition of zero effective stress is first
reached.

* Casagrande and Castro have focused upon con-
ditions where sands can deform continuously
under the action of only very small shear
stresses.

* Schofield has pointed out that a combination
of low effective stress and large gradients
within pore water can cause soil to fail in a
brittle manner.

This diversity of viewpoints is the cause of
some confusion among engineers and regulators,
if not researchers. The word "liquefaction"
has been associated with each of these
viewpoints.

This paper aims to give a clearer perspective
on these matters. The emphasis is upon mecha-
nisms by which masses of saturated cohesionless
soil subjected to cyclic loading can fail; i.e.
experience excessive deformations. The writer
has drawn freely upon many excellent references
on this subject such as (1, 2, 3, 4, 5, 6, 7).

STATES OF SOIL

For purposes of this paper, sands may be in
either of two states (See Fig. 1). State I is
characterized by an undrained stress path with
p' = (01'+ 03')/2 monotonically decreasing and
a peak shear resistance substantially larger
than the final resistance g¢r remaining at
large strains. State II is characterized by
monotonically increasing q = (91-093)/2. What
is important in this classification is that a
sand in State I can sustain a static shear

stress gqg dreater than the steady state
resistance ger, Whereas a sand in State II can-
not do so.

Various names have been suggested for these
states. Unfortunately the several systems of
nomenclature are inconsistent, which is why the
indicators State I and State II have been
adopted here. The boundaries between the two
states may not be well defined, and there may
even be stress paths that do not fit into
either of the two definitions. Nonetheless,
this simple categorization will serve for the
present purposes.

Q4 a. STATE I

Fig. 1 Undrained Stress Paths
Characterizing Two States
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DISINTEGRATIVES FAILURES

In laboratory cyclic straining tests with
constant total volume (globally undrained),
sands in both States I and II can be brought to
a condition in which the effective stress is
zero during at least a small portion of each
subsequent cycle of straining. There may be
some exceptions to this statement. Further,
this experimental observation may in some cases
be associated with redistribution of void ratio
within the sample during cyclic straining. Let
us accept it as an experimentally confined
generalization. Presumably the same may, in
general, be said for a cyclically strained sub-
mass of a saturated sand in an actual problen,
assuming that the submass is undrained and that
a sufficient number and amplitude of strain
cycles are applied. The key question is: What
does this "fact" imply with regard to failure
of actual sand masses?

First it is necessary to define "failure".
"Disintegrative failure" describes the con-
dition where a soil mass can deform con-
tinuously under a shear stress less than or
equal to the static shear stress applied to it.
Such a condition will cause slope instability
or bearing capacity failure. Equilibrium is
restored, if at all, only after enormous
displacements or settlements. The flow
failures from the tailings dams in Chile in
1965, the failure of the lower San Fernando Dam
in 1971, and the bearing capacity failures in
Niigata in 1964 are all examples.

"Non-disintegrative failures" involve unaccep-
tably large permanent displacements or settle-
ments during (and/or immediately after)
shaking, but the earth mass remains stable
following shaking without great changes in
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geometry. Examples are settlements of oil
tanks and the slumping and cracking of earth
dams. Such movements can, if of sufficient
magnitude, be the cause of tanks being damaged
or dams permitting excessive seepage.

Soil in State I: If some of the soil within an
earth mass is in State I, there clearly is a
potential for a disintegrative failure. Cyclic
loading of sufficient amplitude and duration
can "push the soil over the peak" of the stress
path in .Fig. 1a, thus reducing the resistance of
the sand to shear. 1In the case of an infinite
slope (Fig. 2a), a flow slide will result if
the static shear stress required for
equilibrium is greater than the steady state
shear resistance; i.e. if gg > gcr. With the
other situations described in Fig. 2, disin-
tegrative failures can occur if the total shear
force required for equilibrium along failure
surfaces exceeds the steady state shear
resistance of the soil in State I plus the
available resistance of the remaining soil.

Soil in State II: If all the soils within an

c. IMPERMEABLE
SOIL

Fig. 2 Sands Beneath Impermeable

Soils
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earth mass are in State II, disintegrative
failure cannot occur unless there is redistri-
bution of void ratio within the soil; i.e.
there must be local deviations from the
undrained condition. There are two
possibilities:

* The sand in question is enclosed by much less
pervious soils, so that it is undrained in a
global sense. Consider the infinite slope of
Fig. 2a or the thinly bedded slope of Fig. 2b.
I1f, during or after shaking, the disturbed sand
settles away from the overlying, less pervious
soil leaving a liquid film at the interface, an
unstable situation occurs. Actually, it is
only necessary for a thin layer atop the sand
to loosen enough that its steady state
resistance becomes less than the static shear
stress. Such a redistribution of void ratio
has been observed in laboratory tests, and is
to be expected in the field as well. A similar
situation might develop for the slope of Fig.
2c. Alternatively, a thin zone through the
sand possibly can progressively loosen during
cyclic action while overlying and underlying
zones density.

* High excess pore pressures developed within
cohesionless soils will tend to spread out into
overlying and surrounding soils, thus reducing
their shear resistance. Upward pressures may
well cause overlying cohesive soils to crack,
allowing sand to be carried upward into these
cracks; the result is a loss of strength of the
cohesive soil as a whole (and incidentally the
formation of sand boils). If the total shear
resistance along potential failure surfaces
decreases sufficiently, instability occurs.
Obviously undrained conditions no longer exist.

The foregoing discussion has identified three
mechanisms of disintegrative failure in cohe-
sionless soils subjected to cyclic straining.

A. A loss of static shear resistance during
truly undrained shear; i.e. undrained glo-
bally and locally.

B. A loss of static shear resistance within a
portion (usually the upper portion) of a



mass of cohesionless soil owing to
redistribution of density within the soil.

C. A loss of static shear resistance within
soils surrounding cohesionless soil in
which high pore pressures develop, owing
to reduction of effective stress and
possibly cracking as pore pressures push
outward from the offending zone.

While any of these mechanisms by itself could
be the cause of a disintegrative failure, it
seems likely that all three are present to some
degree in most cases.

All three mechanisms can contribute to a
failure while shaking continues, although it is
probable that failures involving mechanism C
will occur at some time following the end of
shaking. If failure occurs solely as a result
of mechanism A, it must occur during or right
at the end of shaking.

One interesting question is: Is it possible to
identify the offending mechanism by examining
a mass of soil after failure has occurred?
That is, does the fact that sand moved upward
and outward during a failure, as happened at
the Lower San Fernando Dam (9), imply that the
sand was in State I prior to the failure? The
writer suspects not. Once a soil mass begins
to move and break-up, there are gradients that
can make a sand "flow" to a considerable
distance in several directions.

NON-DISINTEGRATIVE FAILURES

Even though an earth mass does not fail totally
and move large distances, there may be per-
manent deformations large enough to constitute
a failure in the engineering sense. Such move-
ments may occur because: {a) the stresses
have, at several moments, reached the steady
state resistance of the soil, thus permitting
increments of plastic deformation; (b) per-
manent deformations developed from stresses
less than the steady state resistance; and (c)
strength or stiffness was lost within one part
of an earth mass, thus throwing greater
stresses (and hence strains) into the remaining
stronger portions. Failure might also result
simply from excessive transient motions,
occurring because a cohesionless soil has been
softened by the development of excess pore
pressures.

SUMMARY OF FAILURE MECHANISMS

Table 1 summarizes the failure mechanisms that
have been discussed.

Mechanism A has been dealt with at length by
Casagrande, Castro and Poulos. Mechanism C is
a restatement of the process of failure
discussed by Schofield and by Seed. Mechanism
B is somewhat speculative. It is difficult to
study the phenomenon in the laboratory, because
membranes and other restaints upon deformation
inhibit a direct modelling of the actual
situation. We do not know whether or not
existence of a static shear stress in, say, a
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TABLE 1

Summary of Failur: Mechanisms

DRAINAGE STATE I STATE O
CONDITIONS | DISINTE- DISINTE- NON-DIS -
GRATIVE GRATIVE INTEGRATIVE
Undrained Mechanism Not
Locally A Possible S .
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Undrained < Mechanism PR
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direct shear test can inhibit soil from setting
entirely away from the top cap. Various fac-
tors - the time required for such settlement,
the effect of the thickness of the sample, and
the influence of the roughness of the top cap -
are poorly understood. The phenomenon seems
real, but the implications to field situations
are not clear.

Large cyclic and permanent strains have deve-
loped within State II soils during laboratory
tests. However, some have implied that these
strains are the result of void ratio redistri-
bution within the sample and that similar
strains might not occur in actual problems.
There is little doubt that void ratio redistri-
bution is present in such tests. On the other
hand, tests (10) on shaking tables have shown
excessive settlements, primarily from shear
strains, of model structures over saturated
sands apparently in State II condition and
where instability was not a factor.

It is extremely important to reach some
agreement as to whether all of these mechanisms
are important. It is not productive to discuss
the order of importance.

IMPLICATIONS REGARDING ANALYSIS

A logical first step in the analysis of a par-
ticular problem is to decide whether or not
failure by mechanism A is possible. Having
some soil in State I is a prerequisite. A sta-
tic stability analysis must then address the
question: Will the earth mass still be stable
if the State I soil is brought to its steady
state. In all other parts of the soil mass a
strength suitable for a total stress analysis
should be used. TIf the answer at this stage is
that the earth mass is potentially unstable, it
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still is necessary to decide whether or not the
design earthquake would bring it to that con-
dition.

If a failure by mechanism A is not possible, so
that deformations can occur only through mecha-
nisms B and/or C, the prediction of failure
clearly is a very complex problem. 1In prin-
ciple it is possible to carry out analyses
which predict changes with time of pore
pressure, shear strain and void ratio
throughout the mass of earth. However, such
calculations are very cumbersome and it is
quite difficult to evaluate the required soil
properties. Such analyses are today primarily
research tools, and will remain so for some
time to come. As such they can play valuable
roles. We must devote much more study to
questions such as: What amplitude and extent
of excess pore pressure development is
necessary to cause failure in typical earth
dams and typical foundation problems? Such
studies must be tied to physical tests, both at
full scale and at model scale.

In the meantime, it appears we must rely upon
the viewpoint put forth by Seed - which the
writer would phrase as follows: Failure 1is
unlikely to occur unless pore pressure is pre-
dicted to rise to some large fraction - say 60%
to 80% of the initial effective stress.
(Remember we are still talking about cases in
which failure by Mechanism A has been
excluded.) Analyses to predict dynamic
stresses are essential to the purpose. Pore
pressures caused by these stresses must be pre-
dicted, even through it is extremely difficult
to do so, using laboratory tests upon
undisturbed samples of the very highest quality
or indirectly via in situ measurements (8).

TERMINOLOGY

The writer has long been reluctant to enter the
quagmire of terminology. At the same time, the
value of precision in language is recognized.
The writer does believe that use of the word
"liquefaction" should be restricted to
mechanism A, which means that other names must
be found for the other mechanisms. Most
researchers in the field have seemed to agree.

However, engineers, administrators and regula-
tors have been resistant to change, apparently
feeling a strong need for a simple word to con-
note the entire problem of failures in cycli-
cally loaded, saturated, cohesionless soils.
Since no regular word apparently is available,
a new one must be created. The writer's
suggestion is: LIQUIFAILURE.

CONCLUSIONS

Several mechanisms have been discussed whereby
a saturated cohesionless soil might fail as
result of cyclic straining. One such mecha-
nism, applicable to a loose soil sustaining a
static shear stress greater than the steady
state undrained strength of the soil, clearly
carries the potential for failure. However,
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proving that a soil is safe against this mecha-
nism does not necessarily mean that another
form of failure cannot occur. While it is
desirable that the word "liquefaction" be used
only for failure caused by the above mentioned
mechanism, there is need for a simple word to
cover the totality of the problem. The artifi-
cial word LIQUIFAILURE is suggested for the
purpose.
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