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Liquefaction of quicksand under stress

A person trapped in salt-lake quicksand is not in any danger of being sucked under completely.

People or animals caught in quicksand find it
very hard to escape'. Here we show that quidk-
sand acts as a trap because it becomes unstable
when it is forced to move — first it liquefies,
and then it collapses. But a simple sinking test
demonstrates that it is impossible for a human
to be drawn into quicksand altogether.

The natural quicksand that we study here
consists of fine sand, day and salt water. Rheo-
metrical tests (Fig. 1a, b) reveal its extreme
sensitivity to very small variations in stress.
At rest, its viscosity slowly increases with time
— a behaviour characteristic of clays™. This
reflects the formation of a fragile colloidal
gel that has a random, delicately balanced
structure. At higher stress, a spectacular lique-
faction of the material takes place: the steady-
state viscosity changes by several orders of
magnitude for a variation in stress of less than
1%. The higher the stress, the more liquid
the quicksand becomes, so movement by a

trapped body canses it to sink in deeply.
Why is it that, once sunk in quicksand, it is
so difficult to escape? Because the apparent
viscosity of quicksand increases after the initial
stress-induced liquefaction, unlike that of day
or sand alone®*. After liquefaction, the quick-
sand isseen tosegregate into a water-rich phase
and a sand-rich one. The apparent viscosity
increase is therefore due to the formation of
sand sediment, which has a very high volume
fraction {¢h==0.8) and viscosity. It is the diffi-
culty of moving this densely padked, wet sand
that leads to trapping. Water must be intro-
duced into the compacted sand to liquefy it,
which requires huge forces: to introduce water
ata speed of 1 cm s ™", say; a pressure of 10° pas-
cals (Pa) is needed', assuming a typical sand-
pore size of 10 pm. To pull out a foot at this
speed, a force of some 10" newtons is required
— about that needed to lift a medium-sized car:
By mixing sand and clay in salt water, a
laboratory quicksand can be
created with a structure that

reproduces the behaviour of
natural quicksand. It is just
strong enough to support the
weight of an adult person' ata
very low volume fraction of
sand (gh = 0.4): the correspond-
ing stress of about 5 % 10* Pa is
similar to the measured elastic
modulus of quicksand (Fig. 1c).
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This very loosely packed sand
does not collapse under its own
weight owing to the yield-
stress of the colloidal clay gel.
However, if the delicately bal-
anced structure is perturbed,
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Figure1| Rheological and mechanical determination of quicksand

properties. a, Liquefaction under shear of natural quicksand
from a salt lake near Cuom, Iran. Viscosity is plotted against time
for quicksand (water content, 50% by weight (wt%); grain size,
mostly montmorrilonites; salinity,
0.1 M) for the imposed stress levels indicated in the figure. b, Az a,
bt with laboratory quicksand (90 wi% sand, 10 wt% bentonite in
salt water; total water, 50 wt%). Salinfty higher than 0.02 Mis
necessary for collapse, which Is visible as a viscosity increase after
., Shear elastic modulus, G*, of natural and of
laboratory quicksand for different volume fractions of water,
measured with a rheometer (frequency, 1 Hz; deformation, 0.195).
d, Sinking experiment, showing viscosity asa function of depth of
sinking in a quicksand column (50% water) for different amplitudes
of shaking, For comparison with results in a, b, we converted the
falling speed into an effective viscosity by using Stokes law”.

the gel will liquefy, rendering
the packing of the sand unsta-
ble and leading to collapse®.
Salt is an essential ingredient
for the collapse in laboratory
and natural quicksand —the
latter originates from salt lakes
whose salinity is close to that of
the Dead Sea. The salt destabi-
lizes the colloidal gels, cansing
the colloids to flocculate?,
which subsequently destroys
the granular network.

We also simulated someone
moving in quicksand to see
whether — once partially sub-
merged — the victim would

C2005 Nature Publishing Group

sink helplessly beneath the surface. A sinking
test® was used in which the speed at which
an aluminium bead (radius r= 2 mm) sinks
into quicksand is measured. At rest, the
bead remains on the surface, although it has
a higher density (p) than the quicksand
(2.7 g ml ™" compared with 2 g ml™"). If the
whole system is mechanically shaken to mimic
movement in the quicksand, the results agree
with the rheological findings (Fig. 1a, b). At
small amplitudes (acceleration a <3.16 ms™%),
the bead stays afloat; however, liquefaction
occurs at larger amplitudes and the resulting
low viscosity causes the bead to fall to the bot-
tom of the container (Fig. 1d). Liquefaction is
s0 rapid in this case that sedimentation does
not have time to occur.

Viscosity values differed for the rheology and
sinking experiments as the initial states were
different: in the sinking test, the sample had
been allowed to age to enable it to support the
bead. However, the critical acceleration does
give roughly the same critical stress (exerted by
the bead) for liquefaction as the rheology mea-
surement of 1.3 Pa: Apra/3 was about 1.5 Pa.

The most important conclusion from the
sinking experiment is that it is impossible to
sink beads with a density of 1 g ml ~*: they con-
tinue to “float’ As this is typically the average
density of humans and animals, any unfortu-
nate victim should sink halfway into the
quicksand, but could then take solace from the
knowledge that there would be no risk of being
sucked beneath the surface.
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