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Introduction

Aim of Paper

Liquefaction is the act or process of transforming any substance
into a liquid. It often plays an important role around and beneath
marine structures, as it may appear in saturated or nearly saturated
granular materials, like seabed sand, under circumstances such as
severe storms and earthquakes. The resulting loss of soil strength
may have catastrophic consequences, such as large horizontal
displacements of pipelines on the seabed, floating up of buried
pipelines, tilting of caissons, and shear failure of breakwater
slopes.
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The professional geotechnical literature on liquefaction is al-
ready very rich, as extensive investigations in this area of research
have been carried out for more than 30 years �see Sawicki and
Mierczynski 2006�. A famous older state-of-the-art paper is the
33rd Rankine Lecture by Ishihara �1993�. More recent general
information can be found in Youd et al. �2001�. However, unlike
for the example the theory of limit states or the theory of consoli-
dation, the knowledge about liquefaction-related phenomena has
not yet found a place in most geotechnical textbooks. This also
means that the marine engineering community is not well ac-
quainted with liquefaction related problems. A further limitation
for marine engineering is the relatively limited attention paid in
literature to wave induced liquefaction, which is characterized
by specific phenomena not very relevant for earthquake induced
liquefaction, like instantaneous liquefaction, drainage, and
preshearing.

Marine engineers will need some basic knowledge about the
physics of liquefaction in order to know when they should
seek support from geotechnical specialists and to have fruitful
cooperation with them. The aim of this paper is to provide some
physical background regarding the liquefaction of �nearly� satu-
rated, noncohesive soils, as well as related phenomena like pore-
pressure accumulation, dissipation, and pore-pressure reduction
during impact loading. Knowledge about the physical background
is needed to assess the risk of such a liquefaction induced reduc-
tion of the foundation strength that large deformations or
complete failure may occur. This paper should also help in under-
standing the papers published in this and the next issue of the
journal.

Focus on Response of Soil Elements,
Types of Liquefaction, Sandy Soils

The assessment of the liquefaction potential of the soil around a
marine structure requires an extensive analysis of the loading
conditions, such as those caused by waves and earthquakes.
It also requires extensive knowledge of the interaction between

structure and water, between structure and soil, as well as
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between water and soil, due to these loads. The load distribution
in the soil or the interaction between different parts of the soil,
e.g., different layers, also needs to be analyzed in order to find the
�loading� boundary conditions of specific soil elements and the
response of these elements to these conditions.

These issues will not be discussed extensively in this paper.
Most attention is paid to the �loading� boundary conditions of
individual soil elements and the response of the elements to
these conditions. Where, at the end of this paper, examples of the
response of a soil–water–structure system, as a whole, to loading
conditions are discussed, it is just for illustration of the phenom-
ena elaborated on in the first parts of the paper.

Several types of liquefaction can be distinguished depending
on the type of boundary conditions—monotonic or cyclic loading,
normal or shear loading, easy drainage, or no drainage and
depending on soil properties, like density and gas content. The
combinations of specific physical phenomena defining these types
will be discussed. As in other fields of physics, liquefaction can
only be described if a limited number of such phenomena are
assumed to be relevant.

This paper only deals with noncohesive soils, like sand, silt
and gravel, usually described as “sandy soil” or even “sand.” This
limitation is partly for reasons of simplicity, and partly because
sandy soils are generally the most sensitive to liquefaction. It
should be realized that certain clays show similar behavior under
certain circumstances. For a comprehensive study on the liquefac-
tion of cohesive sediments reference is made to De Wit �1995�.

Definition and Explanation of Liquefaction
of Noncohesive Soils

In their “Summary Report from 1996 NCEER and 1998 NCEER/
NSF Workshops on Evaluation of Liquefaction Resistance of
Soils,” Youd et al. �2001� refer, for the definition of liquefaction,
to Marcuson �1978�. The last committee defines liquefaction as
“The act or process of transforming any substance into a liquid.”
The committee adds: “In cohesionless soils, the transformation
is from a solid state to a liquefied state as a consequence
of increased pore pressure and reduced effective stress.” This
addition corresponds to the following intuitive, very persuasive,
explanation of liquefaction of �nearly� saturated noncohesive
soils.

A noncohesive soil can be considered as an assembly of grains
�soil skeleton� the pores of which are filled with water and or gas.
The soil skeleton behaves macroscopically as a solid material,
provided that there exist intergranular contacts enabling shear
forces to be transferred. Because of this shear strength the skel-
eton can support additional loads as, for example, loads caused by
marine structures.

The intergranular contacts in noncohesive soils can only trans-
fer shear forces through friction if they transfer normal forces
at the same time. Normal forces can be transferred through the
skeleton, but also through the pore water. Thus, normal effective
stress and pore pressure are the two components of the total
normal stress. Liquefaction occurs when the total stress remains
constant and the pore pressure increases such that the normal
effective stress becomes zero. It also occurs when the pore pres-
sure remains constant and the total stress decreases such that the
normal effective stress becomes zero, as will be explained with
the help of Figs. 29–31. The intergranular forces disappear and
the shear stress that can be transferred becomes zero as well,

when the normal effective stress becomes zero. Then, the soil
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cannot support any external load, except for a pure isotropic pres-
sure, which is characteristic for liquids and other fluids.

Thus, liquefaction requires considerable “excess pore pres-
sure.” Excess pore pressure is defined here as the difference
between the actual pore pressure and the hydrostatic pressure for
still water level. Liquefaction with an excess pore pressure high
enough to reduce the soil strength to zero, does not occur very
often around marine structures. Excess pore pressure, however,
frequently causes a significant decrease in shear resistance of part
of the soil, which may result in a large deformation or even shear
failure of the foundation. The term “liquefaction” will be used
here for all such situations, even if the soil still has some shear
resistance and does not behave like a Newtonian fluid. The terms
“partial liquefaction” versus “full” or “complete liquefaction” will
be used to distinguish between both conditions.

Soil Considered as Two-Phase Medium

In the case of saturated noncohesive soils, one deals with a two-
phase medium. The two phases are soil skeleton and pore water.
From a macroscopic point of view, such a mixture consists of two
continua, superimposed on each other. This means that at each
point of such an idealized mixture, there exist two phases, a solid
�the skeleton� and a liquid �the pore water�.

The pore water in most seabed sands is not completely satu-
rated and contains small quantities of gas bubbles. Consequently,
a third phase, gas, is also present in many cases. Nevertheless,
these gas bubbles are considered to be part of the pore water, thus
part of the liquid. Their influence can be taken into account by
considering the pore fluid as more compressible than saturated
water.

Understanding the physics of liquefaction requires understand-
ing of the stress–strain behavior of the solid phase alone and both
soil phases in combination as follows:
1. The behavior of dry soil, representing the solid phase alone;
2. The behavior of fully saturated and undrained soil, assuming

the pore water to be completely incompressible; and
3. The behavior of nearly saturated and undrained soil, taking

into account the compressibility of the pore water including
some gas bubbles.

These behaviors will be discussed in the next part of this paper.
The last part of this paper deals with some typical situations of
liquefaction around marine structures.

Stress–Strain Behavior of Dry and Saturated
Sandy Soil

Stress–Strain Behavior of Dry Soil

The stress–strain behavior of a dry sandy soil can be found by
testing samples in a triaxial cell, a direct simple shear apparatus,
or another test apparatus. Such a test generally yields the same
results as a drained test, i.e., a test on saturated soil where the
pore water can freely flow in and out of the sample and no excess
pore pressure is produced.

The stress–strain response can be expressed in the stiffness
tensor, which relates the stress tensor to the strain tensor. Its main
components are illustrated in Fig. 1 for isotropic soils. Sand in
nature and even in laboratories may not be isotropic, but the
assumption of isotropy may be introduced here to clarify the
most essential phenomena. The mean effective stress, �oct� , causes

only the volumetric strain, �vol. The shear stress, �, however,
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causes both volumetric strain and shear strain, �. The last type
of volumetric strain is called “dilation” or “dilatation” if it is
positive, i.e., if it concerns an increase in volume. It is called
“contraction” if it is negative.

It should be realized that “shear stress” is only uniquely de-
fined if the plane of the stress is indicated, e.g., the horizontal
plane or the plane of the largest shear stress. In many cases, it is
more practical to use the “deviator stress,” i.e., the difference
between the largest and the smallest principal stress, as a measure
of the largest shear stress in any soil element. A similar remark
can be made with respect to the shear strain.

If a soil element is loaded for the first time to a certain load
level �“virgin loading”�, it behaves quite differently from when it
is loaded for the second time to the same load level �“reloading”�.
The stress–strain path with reloading does not differ much from
the path with “unloading” in most cases. A rearrangement of
grains with respect to each other takes place during virgin load-
ing, which can be considered to be plastic deformation. Much less
rearrangement occurs with unloading or reloading. Then the soil
behaves nearly elastically.

Thus, in many cases it is justified to model the soil such that
the strain tensor can be decomposed into a plastic part and an
elastic part during virgin loading, whereas it consists of just
an elastic part during unloading and reloading. This yields six
important components of the stiffness tensor during virgin load-
ing, as illustrated in Fig. 2. Contraction and dilation are often
considered to be purely plastic. Then only five components would
be relevant during loading and two during unloading. This may be
justified in many cases, but not always, as will be discussed below
under “Volume Strain with Monotonic Shear.”

Volume Strain with Change in Mean Effective Stress

Isotropic compression and decompression can be performed in
a triaxial apparatus. A typical test result is shown in Fig. 3.
The negative volume strain �reduction in volume� during virgin
loading can be five times the deformation during unloading or
reloading. Then, the deformation during virgin loading is 80%
plastic and 20% elastic.

The elastic compression modulus �or “bulk modulus”� of skel-
eton, K, is the gradient of the line for elastic unloading/reloading.

Fig. 1. Main types of stress–strain relationship
The stiffness of the soil skeleton, thus K, increases with the
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increase in mean effective stress when the grains are pressed
upon each other. K��oct� =0�, indicated in Fig. 3, is the value for
�oct� =0. Experimental determination of this value is very difficult.
In normal geotechnical practice the following can be assumed

K = Kref��oct� �ref� �y

where �ref� =reference stress; Kref=corresponding value of K; and
y�0.5. This approximation would yield K��oct� =0�=0, which is
no problem in most geotechnical applications, but may yield
wrong conclusions for some special cases of liquefaction around
marine structures, as will be discussed below.

Like the elastic modulus, the stiffness in virgin loading,
KVIRGIN, increases with increasing mean effective stress.

Very similar results are found from oedometer tests, where the
sample is restrained in all horizontal directions and only vertical
deformation can occur. The gradient of the line for virgin loading
is usually indicated with M or with EOED=d�v� /d�v�virgin�. The
letter E, however, has nothing to do with “elasticity modulus,” as
EOED is mainly referring to plastic deformation. Much larger stiff-
nesses are found for unloading/reloading. The gradient of the line
can be expressed as �K+4G /3�=d�v� /d�v�unload/ reload�=1/�,

Fig. 2. Subdivision of stress–strain relationship in elastic and plastic
components

Fig. 3. Typical volume strain with isotropic compression and
decompression
L, AND OCEAN ENGINEERING © ASCE / JULY/AUGUST 2006 / 229



where G is the shear modulus and � is the elastic compressibility
for horizontally restrained deformation. In normal geotechnical
practice the EOED and �K+4G /3� may be assumed to be propor-
tional to the logarithm of the �vertical� stress or the square root of
the stress. These approximations do also yield zero stiffness at
zero stress.

Shear Strain with Change in Shear Stress

The most commonly used instrument for shear tests of samples is
the triaxial apparatus. An alternative is the “direct simple shear
apparatus,” in which certain interesting components of the shear
stress and the shear strain are more directly imposed and mea-
sured than in a triaxial apparatus. Only the results reached with a
direct simple shear apparatus are discussed in this paper. A typical
result of such test is shown in Fig. 4, where � is the shear stress in
the horizontal plane, � is the shear strain as indicated in the fig-
ure, �v� is the vertical effective stress, and � is the friction angle,
at least the friction angle as found in this way. The response is
mainly elastic at relative low shear stress values—say � /�v�
�0.5 tan �—and can be characterized by the shear modulus for
50% of the failure load, G50. A permanent shear deformation re-
sults after shear at higher relative shear stress, whereas the shear
deformation during unloading and reloading can be considered to
be approximately elastic.

Fig. 4. Shear strain with change in shear stress

Fig. 5. Shear strain against cyclic shear stress
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Fig. 4 makes clear that the relative shear stress, � /�v�, rather
than the absolute value of the shear stress, �, determines the shear
strain. Nevertheless, the absolute values of both stresses have also
some influence: like the compression modulus, the shear modulus
increases with increasing mean effective stress.

Fig. 4 shows a result for such shearing that the shear stress in
the initially chosen direction is always positive. Fig. 5 shows
what subsequently happens if the direction of the shearing
changes to “negative” and is continued to cyclic loading. Nearly
elastic deformation occurs if the absolute value of the shear stress
peak remains limited. Significant plastic deformation occurs with
each cycle if the peak shear stress comes �close� to the failure
limit. In case of asymmetric loading the permanent shear strain
increases every cycle. It needs to be kept in mind that neither
stress nor strain is uniform in a practical realization of the ideal-
ized test in Fig. 4.

Volume Strain with Monotonic Shear

The tests used to find the shear strain also show another feature:
volume strain. Usually monotonic shearing, i.e., shearing that
increases always in the same direction, yields first some contrac-
tion, i.e., volume decrease by shearing, then dilation, i.e., volume
increase by shearing �see Figs. 6 and 7�.

Fig. 8 illustrates a typical outcome of a monotonic direct
simple shear test on medium dense sand for constant value of �v�.
The two graphs at the left are equal, though turned 90° to show
the correspondence with the other graphs. Many geotechnical
applications allow for a simplification of the �vol–� curve by a
straight line through the origin with the dilation angle, �, as
direction coefficient. This simplification, however, is not justified
for liquefaction. Important for liquefaction is the characteristic
point with the smallest volume of the grain skeleton, where the
phase transformation occurs, i.e., where contraction turns into
dilation. It is indicated by o in the graphs.

Fig. 6. Volume strain with shear test on dry sand or silt

Fig. 7. Contraction and dilation by rearrangement of grains
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This point always occurs at more or less the same ratio
between shear stress and normal stress: � /�v�� tan 28° –tan 30°
for all types of quartz sand and for all relative densities.
The corresponding line�s� in the �–�v� plane separate�s� the con-
tractive region from the dilative region �Fig. 9�. It is called the
phase-transformation line �Ishihara et al. 1975� or characteristic
line �Luong 1980a,b�.

The vertical line in Fig. 9 indicates the stress path for constant
�v�, the strains of which are illustrated in Fig. 8, until the maxi-
mum shear stress, �=�v� tan �, is reached at the failure line. The
shear stress slightly decreases if shearing in one way is subse-
quently continued �Fig. 8�. If this shearing is continued long
enough, dilation ends and a maximum volume is reached. This
volume remains more or less constant when shearing goes on
with the same velocity, whereas �v� and � remain constant as well.
This state of constant volume, constant shear strain rate �	shear
deformation velocity�, and constant stresses is called the critical
state.

The degree of contraction and the degree of dilation largely
depend on the relative density, defined by the density index ID

�Notation�, in the initial state. Its influence is illustrated in Fig. 10.
The points of minimum volume can be connected by another
phase-transformation line, which is also more or less straight.

Fig. 8. Volume strain as function of shear strain and shear stress in
monotonic shear of dry sand or silt

Fig. 9. Phase transformation line or characteristic line separating
contractive zone from dilative zone in �−�v� plane
JOURNAL OF WATERWAY, PORT, COASTA
The volume strain on the vertical axis starts from the initial void
ratio. Fig. 11 shows the same results. Now, however, the strain is
replaced with the absolute value of the void ratio. The three
curves show a consequence of the theory that, before a grain
skeleton reaches the critical state, deformation is so strong that
any loading and deformation “history” is “erased,” once it has
reached this state. Consequently, each sand has, for each value of
the mean effective stress, one unique critical state void ratio at
which constant shearing occurs.

The influence of density can also be illustrated in graphs
similar to the lower ones of Fig. 8: the looser the sand, the smaller
the difference between � and the angle of 28–30°, corresponding
to the characteristic point. The looser the sand, the smaller the
dilative zone indicated in Fig. 9.

The relative shear stress, � /�v�, rather than the absolute value
of the shear stress, �, determines the volume strain, just like with
the shear strain. And also here the absolute value of the vertical
effective stress has some influence: the larger the effective verti-
cal stress the more contraction for the same initial void ratio and
the lower the critical state void ratio. Thus an increase in �v�,
yields a similar effect as a decrease in density index ID.

Fig. 10. Influence of density in dry monotonic shear

Fig. 11. Influence of density in dry monotonic shear: unique void
ratio after much shearing
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Volume Strain with Cyclic Shear

Densification of sandy soil is nearly always a result of cyclic
shearing. A typical result is shown with solid lines in Fig. 12. The
�–� curve corresponds to the left part of Fig. 5. Fig. 13 illustrates
the influence on volume strain of relative density; Fig. 14 the
influence on volume strain of shear stress amplitude relative to
the vertical �effective� stress, 
� /�v�. Tests with imposed shear
strain amplitude show similar tendencies.

Dilation does not seem to play a role in most cases of cyclic
shearing, but experience shows that severe vibration can induce
loosening. Fig. 15 shows the possible behavior of �medium� dense
sand in case of cyclic shearing at such high amplitude that, twice
during each cycle, the maximum shear stress is reached and sig-
nificant plastic shear strain occurs as illustrated in the middle part
of Fig. 5: the dilation appears to be partly elastic. After one or two
cycles, a kind of equilibrium is reached in which the same cycle is
followed each time and contraction in one part of each cycle
is compensated for by dilation in the other part.

Such equilibrium is also possible with moderate shear ampli-
tude in the case of asymmetric loading, i.e., shear loading with
nonzero average shear stress. See the right part of Fig. 15.
Consequences will be discussed under “Undrained Response to
Cyclic Shear” and are illustrated in Figs. 24 and 25.

Fig. 12. Volume strain with moderate cyclic shear loading of dry
sand or silt

Fig. 13. Influence of density on volume strain in dry cyclic shear
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Stress–Strain Behavior of Completely Undrained
Saturated Soil

Tests on samples of dry or fully drained sandy soil can be used
to find the above constitutive properties. Completely undrained
tests, however, are more common to determine the behavior and
constitutive properties, relevant for liquefaction. Geotechnical
engineers apply the terms “completely undrained” or just
“undrained” for the situation characterized by two important
limiting cases:
• The soil is completely saturated with water; no gas is present

in the pore fluid; and
• No drainage occurs.
The main consequence for the stress–strain behavior is that the
volume strain is almost zero, as pure water can be assumed as
incompressible. Volume strain is no longer an interesting output
variable of such tests, whereas the development of pore pressure
is a new interesting output variable. Also the stress path, i.e., the
relationship between the different components of the effective
stress, is an interesting result of an undrained test, whereas it is
usually imposed in dry tests.

If the soil is contractive an increase of pore pressure is to be
expected during undrained shear, as explained in the next para-
graph. The increase may yield partial liquefaction or complete
liquefaction, as defined in the “Introduction.”

The result of an undrained test can, in principle, be predicted
by superposition of the results of two types of dry tests: dry shear

Fig. 14. Influence of stress amplitude on volume strain in dry cyclic
shear

Fig. 15. No net volume strain in dry cyclic shear due to alternating
contraction and dilation with very large amplitude or strongly
asymmetric load
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tests and dry isotropic decompression tests, as illustrated in Fig.
16 for horizontally restrained tests. The indices 0 and 1, in Fig. 16
refer to the situation before and after loading, respectively. The
decrease in void ratio −
e found from the shear tests should be
compensated for by the increase +
e found from the last type
of tests, yielding a certain decrease in effective vertical stress.
The absolute value of this decrease equals the increase in pore
pressure, if the total vertical stress, �v, is kept constant.

Undrained Response to Monotonic Shear

Typical results of monotonic undrained triaxial shear tests can be
found in Ishihara �1993�. Here, corresponding results will be
shown for direct simple shear tests. A typical result for medium
dense sand is presented in Fig. 17. According to the usual proce-
dure, the shear stress gradually increases, whereas the total verti-
cal stress is kept constant. The effective vertical stress, however,
is not constant. Its variation is shown, jointly with the shear stress
variation, as stress path in the left graph. The excess pore pres-
sure, u, can be found in this graph as the difference between
effective vertical stress and total vertical stress, which is equal to
the initial vertical effective stress.

The stress path in this graph shows how the effective vertical
stress is first reduced by the contraction induced excess pore pres-
sure and then increased by the dilation induced “suction,” i.e.,
negative excess pore pressure. The effective stress becomes even
much larger than the total stress. Thus, the shear stress can also
rise far above the shear stress in an undrained test. Compare the
right graph with the corresponding graph of Fig. 4.

The point of minimum vertical effective stress and maximum
excess pore pressure corresponds to the phase transformation
point in drained loading. A more or less constant shear stress is
reached after a lot of shearing, as shown in the right graph. This
stress is called the steady state shear stress or steady state shear
strength �Castro 1975�. It corresponds to the end point of the
stress path shown in the left graph. This point lies on the failure
line with �v�=� / tan �, which means that also the normal effective
stress is constant during this shearing and the conclusion is justi-
fied that this steady state of constant volume, constant effective
stresses, and continuing shearing must be the same as the critical
state. This state is reached here by a change in vertical effective
stress, whereas it is reached in dry tests with constant vertical

Fig. 16. Undrained response to shear as superposition of dry shear
and dry decompression
stress by a change in void ratio.
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The influence of density is illustrated in Fig. 18. The graphs
show that the steady or critical state shear stress is very high for
dense sand: out of the range of this graph. It also shows that the
steady state of the loose sand, unlike the one for medium dense
sand, is reached by a decrease in effective stress: the end of the
loose curve in the left graph indicates a lower value of �v� than the
beginning of the curve along the �v� axis. Complete liquefaction
occurs with very loose sand after enough shearing: the steady
state shear stress is practically zero.

When the test illustrated in Fig. 17 is repeated with the same
density index, however starting with a higher value of �v�, much
higher relative pore pressures are induced. Then, the shapes of the
curves approach the ones for loose in Fig. 18 more instead of the
medium ones. This higher relative pore pressure corresponds to
the increase in contraction with increase in effective stress, found
with dry tests. The pore pressures increase such that, according to
the theory of steady or critical state stress and confirmed by many
experiments, a stress path with the same end point as the first test
is found. Thus, the steady or critical state shear stress is only a
function of the density or void ratio. This function can also be
considered to be the steady or critical state void ratio as a function
of shear stress. The functions of the steady state void ratio against
the vertical effective stress or mean effective stress are very simi-
lar. Experience shows that these functions usually have the shape
of a straight line in a semilogarithmic plot, as illustrated in Fig.
19. The line is often called the steady state line or critical state
line. Different types of soil yield different steady state lines.

No liquefaction �due to monotonic loading� can occur if the
void ratio and shear stress of a sand element correspond to a point
below the steady or critical state line, as the shear stress of this
element is lower than the steady or critical state shear strength. It
is often stated that a sand element above the steady state line is
sensitive to liquefaction. This is a conservative approach. Such
sand elements have an undrained stress path and � /� curve as
indicated in Fig. 18 for loose and very loose sand. The shear
stress according to this path has a first maximum, indicated with a
star in the curve. It is reached after a relatively limited shearing of
��2–5%.

No liquefaction will occur as long as the shear stress is lower
than the shear stress of the instability point, even if it is higher
than the steady or critical state shear strength. This maximum can
be considered to be an instability point: any further shearing
yields a reduction of the shear strength. If all surrounding ele-
ments are in a similar state and if the shear load is constant, any
sudden small deformation or loading yields a sudden collapse of
the soil mass, as no equilibrium is possible any more or only after
a lot of shear strain. This type of behavior is characteristic for
liquefaction flow slides and other cases of liquefaction due to
monotonic loading �Stoutjesdijk et al. 1998�. Such liquefaction is
not typical for marine structures and will not be discussed here
any further.

Undrained Response to Cyclic Shear

A typical stress path and shear stress–shear strain curve for
undrained cyclic simple shear loading are shown in Fig. 20.
The corresponding pore pressure development is shown in
Fig. 21. An important test result is the number of cycles to lique-
faction, NL. More detailed observation shows that the increase
in pore pressure per cycle is usually relatively strong in the
beginning. This corresponds to the relatively large contraction

during the first cycles in a drained test as sketched in Fig. 12.
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It is also large at the end due to the relatively large pore pressure
and consequent large relative effective shear stress amplitude,

� /�v�. This also causes a significant increase in shear strain
amplitude and a reduction in the �apparent� shear stiffness.

It should be noted that the sketched behavior belongs to tests
with constant shear stress amplitude 
�. Tests with constant shear
strain amplitude, 
�, are also performed occasionally. Such tests
show a reduction of the shear stress amplitude and a much more
gradual increase in pore pressure at the end.

The two main parameters influencing the contraction in
drained tests are ID and 
� /�v�, as shown in Figs. 13 and 14.
Correspondingly, the number of cycles to liquefaction, NL, shown
in Fig. 21, is mainly a function of these two parameters, pro-
vided 
� /�v� is replaced with the cyclic shear stress ratio
�CSSR�=
� /�v0� , where �v0� is the initial vertical �effective�
stress. Typical curves are shown in Fig. 22. Another parameter
with a significant influence is the stress level: increasing �v0�
alone, while keeping CSSR constant, causes a decrease in the
value of NL, corresponding to the increase in contraction with
increase in vertical effective stress in dry tests. Other factors of
�secondary� influence are:
1. Aging in natural soils;
2. Sampling technique �e.g., freezing� and/or the sample prepa-

ration techniques �air pluviation, vibration, moist tamping
etc.� in the laboratory; and

3. Preshearing, i.e., the application of some cyclic loading to
the sample and subsequent drainage before the initial density
is determined and the actual test is performed.

All these factors influence the structure of the skeleton in such a
way that two tests on the same sand at the same initial density
under exactly the same loading may behave differently.

Fig. 17. Typical behavior

Fig. 18. Influence of densi
234 / JOURNAL OF WATERWAY, PORT, COASTAL, AND OCEAN ENGINE
According to some researchers, complete liquefaction is
reached even in very dense sand. According to others, equilibrium
with no more than partial liquefaction seems possible, as illus-
trated in Fig. 23. Cycling around the equilibrium point means an
alternating process of increasing pore pressure when the shear
stress decreases and a decreasing pore pressure when the shear
stress increases. This corresponds to a process of alternating con-
traction and dilation with very large amplitude, as indicated in
Fig. 15.

All these curves refer to tests with symmetrical loading: a
shear stress varying around zero average. The question about
reaching complete liquefaction or reaching no more than partial
liquefaction is clearer with asymmetric loading. No complete
liquefaction is reached if the average relative shear stress is
sufficiently large and the relative shear stress amplitude is suffi-
ciently small, unless the sand is �very� loose. Instead equilibrium
with constant average pore pressure is reached after sufficient
cycles. The equilibrium point in the stress path is laying at
the intersection of the average shear stress and the phase trans-
formation line �Vaid and Chern 1983; Ibsen 1994�, as illustrated
in Fig. 24 and the upper curve in Fig. 26. If the starting point lies
between this line and the failure line, i.e., if the average shear
stress is high enough and the sand is not too loose, the average
pore pressure becomes negative and the effective stress increases,
as illustrated in Fig. 25 and the lower curve in Fig. 26.

The word “equilibrium” is partly misleading: the mean pore
pressure may not change during the final load cycles, the shear
strain often continues, as illustrated in the right parts of the
Figs. 24 and 25. This is called “cyclic mobility” �Castro 1975�.

ndrained monotonic shear

ndrained monotonic shear
with u
ty in u
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Fig. 19. Steady state or critical state shear stress as function of void
ratio
Fig. 20. Effective stresses and shear strains with undrained cyclic
shear
Fig. 21. Residual excess pore pressures in undrained, cyclic shear
Fig. 22. Influence of cyclic shear stress ratio and density index on
number of cycles to liquefaction in undrained cyclic shear
JOURNAL OF WATERWAY, PORT, COASTA
Fig. 23. Stresses and strains in dense sand with large amplitude
undrained cyclic shear
Fig. 24. Stresses and strains in dense sand with asymmetric
undrained cyclic shear: partial liquefaction and cyclic mobility
Fig. 25. Stresses and strains in dense sand with very asymmetric
undrained cyclic shear: negative excess pore pressure and cyclic
mobility
Fig. 26. Pore pressure development in dense sand with �very�
asymmetric undrained cyclic shear
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Influence of Pore Fluid Compressibility

The compressibility of completely saturated water is negligible
compared to the compressibility of the soil skeleton only. The
pore fluid compressibility, �, and the compression stiffness of the
pore fluid, Kw=1/�, directly follow from the content of free
�nonsolved� gas and the absolute water pressure. Kw is nearly
equal to the absolute pressure divided by the gas content. Thus, at
10 m below mean sea level, where the absolute pressure equals
approximately 0.2 MPa, pore water with 1% of gas will have
Kw�0.2/0.01=20 MPa.

This means that the compressibility of the pore fluid may have
the same order of magnitude as the compressibility of the soil
skeleton. It cannot be neglected for many types of liquefaction,
if the gas content is more than 0.3%. Not much is known about
the gas content in sandy seabeds. There are good reasons to
assume, however, that the gas content is often larger than 0.3%
�see Sandven et al. 2005�.

Compressibility of the pore water allows for some decrease in
skeleton volume as soon as the soil has the tendency to contract,
even without any drainage. It causes less increase in pore pres-
sure, less decrease in effective stress, and less decrease in shear
strength. In case of a tendency to dilate or in case of a decrease in
total stress, compressibility of the pore water causes less decrease
in pore pressure and less increase in effective stress and shear
strength.

The behavior of such soil if no drainage is possible can
generally be considered as being in between the behavior of
completely dry or drained soil, and the behavior of completely
saturated, undrained soil.

Typical Situations of Liquefaction around Marine
Structures

A few typical situations of liquefaction around marine structures
are briefly described below. Where relevant, reference will be
made to similar situations discussed in the following papers in
this issue and the next issue.

Liquefaction due to monotonic loading will not be discussed
here: only liquefaction due to fluctuating loads, either caused by
waves or by an earthquake. Complete liquefaction and partial
liquefaction will both be discussed. The focus will be first on
situations where the liquefaction concerns “instantaneous” pore
pressures; later to those with residual excess pore pressures.
Instantaneous or momentary pore pressures are fluctuating with
the load, but not necessarily in phase with the load. They are
probably dominated by elastic soil behavior. Residual pore pres-
sures are gradually increasing or decreasing and are mainly due to
plastic deformation of the soil skeleton in most cases. The term
residual is slightly misleading, as positive residual excess pore
pressures usually disappear sooner or later thanks to drainage.

Wave Induced Instantaneous Pore Pressures
in Seabed

A brief account of instantaneous pore pressure in seabed is given
in sections 10.1.2 and 10.4 of Sumer and Fredsøe �2002�. The
pore pressure distribution in a sandy seabed with incompressible
pore water is a quasistationary one: At each moment it is com-

pletely determined by the pressure distribution along the soil
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boundaries at that moment and the flow resistance distribution in
the soil. All pressure fluctuations occur simultaneously: there is
no phase shift.

In the special case of a sinusoidal wave with wavelength, L,
over a horizontal bed and homogeneous soil the absolute value of
the excess pore pressure decreases with depth, z, according to
exp�−z /z1�, where z1=L /2� �Yamamoto et al. 1987; Verruijt
1982�. See Fig. 27. The value of z1 characterizes the damping of
pore pressure amplitude with depth in case of incompressible pore
water. Water flows into the soil underneath the crest and the same
amount of water flows out of the soil underneath the trough. In
between the pore flow is typically horizontal. Half a wave period
later, the flow is reversed everywhere.

The excess pore pressures are largest underneath the wave
crest and lowest underneath the wave trough, according to the
definition of “excess” with mean sea level as reference. Never-
theless the effective stresses are also largest underneath the wave
crest and smallest underneath the wave trough, yielding the
highest liquefaction risk underneath the trough. The reduction of
the effective stresses underneath the wave trough, however, is too
small to cause complete instantaneous liquefaction, even just
underneath the seabed. This follows from the limitation of the
wave steepness, which is such that the amplitude of the pressure
head fluctuation at the seabed, 
u�0� /
wg, is always much
smaller than z1.

The effective stress fluctuations, however, are large enough
to cause residual excess pore pressures in many cases. A conser-
vative approximation yields the following fluctuations just
underneath the seabed, where z�z1, in case of a progressive,
sinusoidal wave. The maximum vertical effective stress under-
neath the crest= +
u�0� ·z /z1. The minimum, during wave
trough=−
u�0� ·z /z1. No shear stresses occur in the horizontal
and vertical planes at these moments, which means that the direc-
tion of the first principal stress is vertical during the wave crest
and may be horizontal or vertical during the wave trough. Half-
way in between the crest and trough, at the moment of maximum
horizontal pressure gradient, i, along the seabed, the situation is
completely different �Fig. 28�. The pore pressure gradient is com-
pletely horizontal, yielding no pore pressure induced vertical
effective stress, but a maximum of the shear stress in a horizontal
plane, �zx. This maximum equals ��zx�max=
wgzi=
u�0� ·z /z1

according to linear wave theory, thus the same value as the
vertical effective stress amplitude. Half a wave period later, the

Fig. 27. Instantaneous pore pressures and pore flow under waves
with incompressible pore fluid
opposite value is found: ��zx�min=−
u�0� ·z /z1. The principal
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stresses clearly rotate. The stress fluctuation cannot be simulated
either in a direct simple shear test or in a triaxial test.

With some gas in the pores the pore water is compressible and
a completely different picture may occur, �e.g., Yamamoto et al.
1978; Verruijt 1982�. The consequent pore-water compressibility
allows for storage of some pore water in the soil during increasing
pore pressure; pore water that leaves those again when the pres-
sure decreases to its original value. Thus, the pore water flowing
down into the soil during the wave crest does not come as deep as
it would with incompressible pore water. The damping of pore
pressure amplitude with depth is stronger. There is also a phase
shift and the pressure distribution depends not only on the actual
loading but also on the past loading.

The amplitude of the pore pressure fluctuation reduces quickly
with depth underneath the seabed if the pore water compressibil-
ity, �, is much larger than the �elastic� skeleton compressibility,
� �Fig. 29�. Assuming linear elastic, homogeneous soil,
yields a variation approximately according to exp�−z /z2� with
z2= ��cveT /��, where T is the wave period and cve is the consoli-
dation coefficient for elastic, horizontally constrained �de�com-
pression: cve=k / ��w��+n����k / ��wn��. The parameter z2 is the
characteristic length for pore pressure amplitude damping due to
elastic storage. In many cases z2�z1. For example, if T=10 s,
the water depth=10 m, k=10−5 m/s, n=0.4, and the gas content
is 1%, then �=1/ �20 MPa�, cve=0.05 m2/s, z1=15 m, and
z2�0.4 m. At a depth of 3z2 hardly any pore pressure fluctuation
occurs: the water fluctuation at the soil surface is nearly
completely transferred to stress fluctuation in the much stiffer
skeleton.

This also means that large vertical pore pressure gradients
occur in a relatively small top layer of the soil. The amplitude
of these gradients�
u�0� /z2, where 
u�0� is the amplitude
of the water pressure fluctuation at the seabed surface. During
wave trough, complete liquefaction may occur �Fig. 30� if
z2�
u�0� / ��w�, as has been proven by Zen and Yamazaki
�1990a,b, 1991� in their extensive study including laboratory
tests, field measurements, and theoretical analyses. Such complete
liquefaction may also have occurred near the edges of the block

Fig. 28. Approximation of instantaneous pore pressures under wave
halfway crest and trough with incompressible pore fluid
houses in Capbreton, as discussed in Mory et al. �2006�.
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Wave Induced Instantaneous Pore Pressures
underneath Impermeable Floor

The total stress fluctuations caused by waves over an uncovered
seabed consist completely of water pressure fluctuations: the
effective stress at the sand surface is and remains zero. However,
the stress fluctuations underneath an oscillating caisson, such as
those at the harbor side of a caisson breakwater, usually consist
largely of effective stress fluctuations. This situation could be
compared to the theoretical case sketched in Fig. 31, where a
cyclic fluctuating vertical load is transferred through a concrete
floor and a thin drainage layer to a sandy seabed, while the pore
pressure in the drainage layer is kept constant. This situation has
also been elaborated on by Verruijt �1982�.

Now, the picture appears opposite to the previous one: a strong
variation with depth of the pore water amplitude, if the pore water
is incompressible and hardly such variation with compressible
pore water. Indeed, the pore water will take over the stress
fluctuation at increasing depth, if the pore water is incompressible
or at least much less compressible than the soil skeleton, i.e.,
if ���. Again, the characteristic depth z2� ��cveT /��. Unlike
the previous case, the value of cve is dominated by the skeleton

Fig. 29. Instantaneous pore pressures under waves in seabed with
compressible pore fluid

Fig. 30. Instantaneous liquefaction caused by wave
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compressibility: cve�k / ��w��. For example if T=10 s,
k=10−5 m/s, �=1/ �50 MPa�, cve=0.05 m2/s, and z2�0.4 m.
The right hand part of Fig. 31 shows a situation where the
relatively compressible pore water does not take over the stress
variation at the surface.

This phenomenon is nicely illustrated in the tests performed on
a wave loaded caisson in the Large Wave Flume in Hannover
�Kudella and Oumeraci 2004; Kudella et al. 2006�. Significant
pore pressure fluctuations were found after careful degassing of
the sand. This is in great contrast to the tests performed in the
same flume with a very similar setup in 1993, when some air was
present in the pores of the sand and no pore pressure fluctuations
were found at a depth larger than 0.3 m below the sand surface
�Richwien and Perau 1999�.

Negative Instantaneous Pore Pressures with Fast
Shearing of Fine Dense Sand

Dredging causes relatively quick changes in soil stress. This
quick, monotonic loading may yield liquefaction in slopes of
loose sand. In dense sandy soil, however, the opposite may be
observed, especially if the sand is fine. Cutting goes along with
very large shear deformations. In undrained dense sand these
large deformations go along with large negative pore pressures
and are only possible if large shear stresses are mobilized, as
illustrated in Fig. 18. Sand with low permeability behaves practi-
cally undrained if it is cut at large speed in relatively thick layers.
Usually the cutting forces become too high and the speed and/or
the layer thickness should be reduced in order to allow for the
entrance of water into the pores. This process is illustrated in
Fig. 32. Formulas have been developed for the calculation of the
cutting forces �e.g., van Os and van Leussen 1987 or Palmer
1999�. An approximate formula reads

cutting force per unit width =
v · d2 · �w · 
n

k

where v=cutting speed; d=thickness of cut soil layer; and

n=change in porosity required to allow for shearing. The
formula is not valid anymore if the pore pressure becomes so
negative that cavitation develops. This mechanism limits the
cutting forces, especially in shallow water.

Another example of the effect of negative instantaneous pore
pressures with fast shearing of fine sand is the reduction of the
damage caused by ships sailing into the sandy banks around

Fig. 31. Instantaneous pore pressures in seabed under cyclic loaded
structure
bridge piers, if the sand is not too loose �Ottesen Hansen 2006�.
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The effect of negative pore pressures and increased shear
strength of sand also occurs with breasting dolphins made of
relatively thin vertical piles and founded in dense sand. These
dolphins should be able to absorb the energy of mooring ships.
Such dolphins derive most energy absorption capacity from the
bending of the piles. The bending is influenced by the soil resis-
tance, which is significantly larger during the short loading of a
ship collision than during stationary loading.

The quantifying of the effect of negative pore pressures and
the consequent increase in soil strength and stiffness during short
duration loading is discussed in Ottesen Hansen �2006�.

Earthquake Induced Residual Pore Pressures

Liquefaction of loose to medium dense sand is a well known
phenomenon during earthquakes. A typical case is illustrated in
Fig. 33. The cyclic horizontal movement of the rock base enforces
the sand layers above it to accelerate and decelerate similarly. The
acceleration goes along with horizontal shear stresses: the upward
propagation of a shear wave. The shear stress in the upper sand
layers is roughly proportional to the depth below the soil surface,
z, just like the vertical stress, causing a relative shear stress that
does not strongly vary with depth.

The loading of a sand element at depth z is very similar to the
undrained symmetric cyclic loading in a direct simple shear
apparatus, as illustrated in Figs. 20–22. The main difference is the
irregularity of the shear loading due to the irregularity of the

Fig. 32. Negative instantaneous excess pore pressures with cutting
in fine, dense sand

Fig. 33. Earthquake induced residual excess pore pressures
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horizontal acceleration, a. Fortunately for structure stability, the
highest excess pore pressure usually occurs later than the highest
acceleration loading. Thus, the moment of the smallest foundation
strength usually does not coincide with the moment of the highest
load. The process of pore pressure reduction due to drainage
can be characterized by the “characteristic drainage period”
TCHAR,DRAIN, defined here as the time characteristic for the
drainage of any excess pore pressure. It is specified in this case
as TCHAR,DRAIN=d2 /cve, which is usually much longer than the
duration of the earthquake. Thus, drainage is only relevant in the
case of thin layers �small value of d� or fairly permeable sand or
gravel �high value of cve�.

Differences among the soil layers cause, in practice, a spatial
variation in shear wave propagation, in generation of excess pore
pressures, and in drainage. Some effects are demonstrated in the
paper presented by Sawicki and Swidzinski �2006�.

Wave Induced Residual Pore Pressures

Wave loading of the seabed is different from earthquake loading
in several ways:
1. The duration is much longer: many hours instead of approxi-

mately 1 min;
2. The frequency is lower: 0.1 Hz, rather than 1 Hz; and
3. The stress fluctuation is different, as explained under “Wave

Induced Instantaneous Pore Pressures.”
Nevertheless, the pore pressure development of a sandy soil
underneath the seabed under wave loading looks similar to the
one with earthquakes if drainage is prevented by a clay layer on
top of the sand. The pore pressure buildup is similar to the one
illustrated in Fig. 21 �see Fig. 34�. Complete liquefaction may
occur right underneath the clay layer.

More common is the situation of seabed sand where excess
pore water can drain upward to the sand surface. Drainage is
much more important than with earthquakes due to the lower load
frequency and the longer duration.

The residual excess pore pressure may develop as shown in
Fig. 35 in the case of a constant moderate wave load. Drainage
just compensates the generation of excess pore pressures after a
number of waves causing an apparently permanent situation of
partial liquefaction. The time needed to reach this equilibrium is
once or a few times the “characteristic drainage period”
TCHAR,DRAIN. The maximum excess pore pressure is proportional
to �v0� ; TCHAR,DRAIN/ �NL ·T�.

The situation cannot continue forever, because the constant
flow of pore water out of the soil means constant densification.
The densification causes not only a settlement of the sea floor, but

Fig. 34. Wave induced residual excess pore pressures in undrained
sand layer
also an increasing resistance to the generation of pore pressure.
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This increase is usually more than would be expected from an
increase in relative density only, such as those of which the
results are presented in Fig. 22. The structure of the sand skeleton
“improves” such that a slight increase in density corresponds to a
large increase in resistance to liquefaction �Smits et al. 1978�. The
increase in resistance to liquefaction is called “history effect” or
“preshearing.” The characteristic time for this effect is usually
longer than TCHAR,DRAIN �see Fig. 36�.

These processes have been observed in several of the wave
flume tests performed in the framework of LIMAS and before.
Details can be found in Sumer et al. �1999, 2006� and Teh et al.
�2003, 2004, 2006�. Applications to engineering examples are
described, among others, in Sawicki and Swidzinski �1989�,
De Groot et al. �1991�, and De Groot and Meijers �1992�.

A consequence of the increase in resistance to liquefaction
during wave loading is that a sandy seabed does not liquefy again
after a certain number of storms, unless the wave load of the later
storm is higher than the loads that occurred earlier with sufficient
frequency. This may not be the case in all circumstances. Very
high wave loads may cause a shear loading in dense sand that
brings about �instantaneous� dilatant behavior during part of the
load cycle, as illustrated in Fig. 15, and a consequent situation of
near liquefaction with still relatively high shear strength at high
shear strain, as illustrated in Fig. 23. In contrast to Fig. 23,
however, drainage occurs at the seabed surface. Nevertheless a
stationary situation may occur if the dilative part of the cycle
dominates the contractive part, such that sufficient water is
sucked in to compensate for the drained water �see Teh et al.
2004, 2006�.

Fig. 35. Wave induced residual excess pore pressures in drained sand
layer

Fig. 36. Densification and history effect or preshearing effect with
wave induced residual excess pore pressures in drained sand layer
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Excess Pore Pressures around Wave Loaded
Structures on Sandy Seabed

More complicated situations may occur in the sand around a
pipeline �Palmer et al. 2004; Damgaard et al. 2006�, a caisson
breakwater, or another structure on top of or partly in the seabed.
Seabed and structure are simultaneously loaded by the waves. The
loading of the sand around the structure is thus loaded in two
different ways: directly and indirectly via the structure. The
indirect loading of a sand element differs in several ways from the
direct one:
1. It is asymmetric rather than symmetric.
2. The spatial variation in amplitude, mean value, and direc-

tions is often stronger, especially with structures like pipe-
lines with dimensions much smaller than the wavelength and
near the edges of structures like caissons.

3. The shear stress amplitudes are usually significantly stronger
close to the structure. This may be compensated for by much
larger initial vertical effective stresses underneath the middle
of a large structure. Near the edges, however, the relative
shear stresses can be much higher.

4. Instantaneous pore pressures may be relatively important in
the case of nearly incompressible pore water.

The asymmetry allows for behavior as sketched in Fig. 24 with
partial liquefaction and cyclic mobility. This may lead to failure
due to stepwise, residual deformation, rather than liquefaction
flow failure in the case of caisson breakwaters founded on sand
�Kudella and Oumeraci 2004; De Groot et al. 2006; Kudella et al.
2006�.

The spatial variation causes a strong interaction between
adjacent sand elements. Some elements may be “fluidized” by the
excess pore pressures generated in neighboring elements. Stresses
are redistributed from elements weakened by liquefaction to ele-
ments that show less liquefaction and thus do not lose so much of
their stiffness. Many practically liquefied sand elements under-
neath a structure do not necessarily endanger its foundation sta-
bility as a whole if enough nonliquefied elements remain.

The higher stresses and stress amplitudes cause the indirect
loading to dominate the direct loading close to the structure com-
pletely in most cases. This is clearly demonstrated for caisson
breakwaters by Kudella and Oumeraci �2004� or Kudella et al.
�2006�, who use the terms “caisson motion mode” and “wave
motion mode” for indirect, respectively, direct loading. This al-
lows for a laboratory setup in which the wave is not modeled and
no wave flume is needed provided the load to the structure is well
simulated �Foray et al. 2006�. Examples of such situations are
also described in Dunn et al. �2006�, Chap. 3 of Oumeraci et al.
�2001�, and Kvalstad and De Groot �1999�.

A special case, more extensively discussed in Teh et al. �2006�
and Foray et al. �2006�, is illustrated in Fig. 37: a pipeline
so heavily loaded that it moves strongly. Three zones of excess
pore pressure may be distinguished. Close to the pipeline strong
deformations and plasticity may be observed including strong
instantaneous excess pore pressure fluctuations �Zone I�. Small,
elastic deformations with limited instantaneous pore pressure
fluctuations may characterize the zone at a large distance �Zone
III�. In the intermediate Zone II, moderate, mainly elastic defor-
mations may be combined with some residual pore pressures and
densification, due to the relatively long drainage distance, and

especially if the extreme waves have a limited duration.
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Densification of Sandy Seabed

Several techniques are available to densify sandy seabeds: vibro-
flotation, blasting, plate vibration, and dynamic consolidation
�Ménard�. They are all based on the same principle as the devel-
opment of wave induced excess pore pressures: induce the ten-
dency of the soil skeleton to contract by means of cyclic shearing,
often in combination with compressive normal stress, and let the
excess pore water drain off to the surface. None of the methods is
successful in soil with many fines, because the fines prevent this
drainage and prevent the desired decrease in pore volume.

Summary of Liquefaction Phenomena
and Their Physics

Types of Liquefaction

The term liquefaction can be used for complete liquefaction, i.e.,
the complete loss of effective stress, and also for partial liquefac-
tion, i.e., the generation of excess pore pressures.

Two main types of �partial� liquefaction can be distinguished,
one of which can be subdivided in two subtypes:
1. Liquefaction due to monotonic loading; and
2. Liquefaction due to cyclic loading, with the two subtypes:

• Instantaneous �or momentary or transient� liquefaction;
and

• Residual liquefaction.
Apart from these main types, the following excess pore pressures
phenomena should be mentioned:
1. Cyclic mobility, which can be considered as a partial

liquefaction due to cyclic loading combining elements of
instantaneous and residual liquefaction; and

2. Negative excess pore pressures during fast changing mono-
tonic loading.

Physical Cause of Liquefaction and Its Consequences

The physics of liquefaction phenomena in sandy soils around
marine structures is strongly related to loading induced tendency
of volume strain of the soil skeleton and the resistance to such
volume strain by pore water. This resistance, and the consequent
risk of liquefaction, is strongest in undrained conditions with
incompressible pore water. Consequently, liquefaction phenom-

Fig. 37. Three excess pore pressure zones around strongly moving
pipeline
ena are influenced by the following factors:
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• Loading characteristics �level; shear or normal; stationary, fast
or cyclic�;

• Sensitivity to volume strain of the soil skeleton;
• Compressibility of pore water; and
• Soil permeability and drainage distance.

Instantaneous Liquefaction

Most important for instantaneous liquefaction are:
1. Amplitude and period of the load;
2. Ratio between the elastic compressibility of the soil skeleton

and the compressibility of the pore water;
3. The absolute value of the highest of both compressibilities;

and
4. Soil permeability and drainage distance.
Load period, compressibility, permeability, and drainage distance
can often be combined in one nondimensional parameter, such
as d /z2, where d is the length of a characteristic flow path and
z2= ��cveT /��.

Complete instantaneous liquefaction is highly unlikely with
incompressible pore water. On the contrary, strong amplitude
damping with depth, phase shift with depth, and large pressure
gradients near the seabed are typical for relatively compressible
pore water. Coastal soils exposed to tides often have a significant
amount of air/gas, the presence of which significantly increases
the risk of wave induced instantaneous liquefaction.

Residual Liquefaction

Residual excess pore pressures are not really residual, but are
called this because they have a much longer duration than
instantaneous excess pore pressures. Most important for residual
liquefaction are:
1. CSSR, largely determined by load amplitude and initial

vertical effective stress;
2. Sensitivity to contraction of the soil skeleton, largely depend-

ing on the relative density, and the elastic compressibility of
the soil skeleton, slightly depending on the relative density;

3. Duration of the loading �earthquake, storm, extreme part of
storm� and the loading frequency, especially in relation with:

4. Soil permeability and drainage distance.
Loading duration, compressibility, permeability, and drainage
distance can often be combined in a similar nondimensional
parameter as with instantaneous liquefaction, if the load period is
replaced with the loading duration. The sensitivity to contraction
is also influenced by the way sedimentation has taken place,
aging, preshearing, and in a laboratory, sample handling.

The influence of the grain size distribution on the stress–strain
relationship of the skeleton of noncohesive soils is limited to the
influence of the gradation. Well-graded sand shows larger con-
traction, but also larger compressibility, factors which largely
compensate each other in the generation of excess pore pressures.

A more important influence of the grain size distribution on
liquefaction goes through the sizes of the smaller grains and the
strongly correlated permeability. It is often stated that liquefaction
cannot occur in soils finer than silt and larger than sand. The
lower limit is probably due to cohesion which becomes important
with a significant portion of very fine, plastic particles. See, how-
ever, De Wit �1995�. The consequences of excess pore pressures

in cohesive soil are not as significant as with cohesionless soil.
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The upper limit is probably only due to drainage. Gravels can be
contractive, but liquefaction can only occur if the gravel layers
are very thick or if they are surrounded by poorly draining
boundaries.

Difference in load duration and load frequency cause a large
difference between earthquake induced and wave induced
residual liquefaction. That no complete liquefaction occurs with
many earthquakes is due to the limited number of load cycles.
That no complete liquefaction occurs with many storms, is often
due to drainage and increase in resistance to pore pressure
generation caused by densification.

The gas content of the pore fluid reduces the risk of residual
liquefaction.

Combinations of Instantaneous and Residual
Liquefaction

High and relatively short waves may cause very high shear stress
amplitudes in a sandy seabed and a very special combination of
instantaneous pore pressure fluctuation and residual liquefaction.
The pore pressure fluctuation is induced by alternating dilation
and contraction. With constant wave loading, the inflow discharge
of water during dilation equals the outflow discharge during
contraction, yielding constant residual excess pore pressures. The
residual excess pore pressures nearly correspond to complete
liquefaction.

Another special combination of instantaneous and residual ex-
cess pore pressures may occur in relatively dense sand underneath
wave loaded structures at locations where the shear loading is
strongly asymmetric. Here, instantaneous pore pressures may also
be caused �partly� by alternating dilation and contraction. No
drainage is needed to reach a constant partial residual liquefaction
or even a negative residual liquefaction. Such a situation may,
however, go along with continuing shear deformation: cyclic
mobility.
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Notation

The following symbols are used in this paper:
a 	 acceleration �m/s2�;

CSSR 	 
� /�v0� =cyclic shear stress ratio ���;
cve 	 k / ��w��+n���, elastic component of

consolidation coefficient �m2/s�;
d 	 thickness of soil layer �m�;

EOED 	 1/mv=stiffness in primary loading of
oedometer test �N/m2�;

e 	 n / �1−n�=void ratio ���;
ecrit state 	 void ratio in critical state ���;

emax 	 maximum void ratio �according to some

standard procedure�;
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emin 	 minimum void ratio �according to some
standard procedure�;

G 	 shear modulus �N/m2�;
G50 	 shear modulus as defined in Fig. 4 �N/m2�;

g 	 acceleration of gravity �m/s2�;
ID 	 �emax−e� / �emax−emin�=density index

��relative density� ���;
i 	 head gradient ���;

K 	 elastic compression modulus �or ‘bulk
modulus’� of skeleton �N/m2�;

Kref 	 reference value of K for �oct� =�ref� �N/m2�;
KVIRGIN 	 compression modulus of skeleton in virgin

loading: plastic+elastic �N/m2�;
Kw 	 1/�=elastic compression stiffness of pore

water �N/m2�;
k 	 permeability of sand �m/s�;
L 	 wave length �m�;

M 	 EOED=stiffness in primary loading of
oedometer test �N/m2�;

N 	 number of cycles ���;
NL 	 number of cycles to liquefaction in undrained

cyclic test ���;
n 	 e / �1+e�=porosity ���;

nmax 	 maximum porosity �according to some
standard procedure�;

nmin 	 minimum porosity �according to some
standard procedure�;

T 	 wave period �s�;
TCHAR,DRAIN 	 characteristic drainage period �s� for

wave-induced liquefaction;
t 	 time �s�;
u 	 excess pore-water pressure, i.e., difference

between actual pore pressure and hydrostatic
pressure for still water level �N/m2�;

v 	 cutting speed;
y 	 power indicating influence of mean effective

stress on K;
z 	 depth below seabed �m�;

z1 	 L /2�=characteristic length for pore pressure
amplitude damping in case of incompressible
pore water �m�;

z2 	 ��cveT /��=characteristic length for pore
pressure amplitude damping due to elastic
storage �m�;

� 	 1/ �K+4G /3�=elastic compressibility for
one-dimensional restrained deformation �m2/N�;

� 	 1/Kw=elastic compressibility of pore water
�m2/N�;

� 	 shear strain in plane where it is largest ���;
�� 	 �
−
w�g=submerged unit weight of soil

�N/m3�;
�w 	 
wg=unit weight of water �N/m3�;
�v 	 vertical strain ���;

�vol 	 volume strain ���;

 	 density of soil �grains and pore fluid�

�kg/m3�;

w 	 density of water �kg/m3�;
� 	 �total� normal stress �N/m2�;

�� 	 effective normal stress �N/m2�;
�oct� 	 ��1�+�2�+�3�� /3=mean effective stress

�N/m2�;
�ref� 	 reference value of stress for influence of �oct�

on K�N/m2�;
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�v 	 vertical total stress �N/m2�;
�v� 	 vertical effective stress �N/m2�;

�v0� 	 original vertical effective stress �before excess
pore pressure starts� �N/m2�;

�1 ,�2 ,�3 	 principal stresses �N/m2�;
� 	 shear stress �N/m2�;
� 	 friction angle ���; and
� 	 dilation angle ���.
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