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Abstract Sand densification around the pile has tradition-
ally been regarded as an explanation for the grain migration
and soil subsidence that often occur around cyclic laterally
loaded piles embedded in sand. Supported by new empirical
evidence, this paper proposes that, additionally to some soil
densification around the pile, the main cause for the continu-
ous “steady-state” grain migration is a convective cell flow of
sand grains in the vicinities of the pile head. Such convective
flow would be caused by a ratcheting mechanism triggered
by the cyclic low-frequency lateral displacements of the pile.
Furthermore, the experimental results suggest that the limit
between the convective cell and the static soil is marked by
a distinct direct shear surface. This might shed some light
into the complex phenomena related to the pile-soil interac-
tion in the upper layers of the bedding, which are normally
the main contributor for the lateral load-bearing capacity of
piles.
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1 Introduction

The ever-increasing dimensions of wind energy converters
lead to the necessity of new foundation systems, especially
for the offshore branch. Monopiles of large diameter (up to
8 m in diameter) and tripod foundations are being studied as
feasible solutions [1–3], but bring new challenges into scene,
as there is little or no experience for systems of such dimen-
sions and expected loads. The effects of extreme loading
events (e.g. heavy storms) on these foundations as well as the
possible degradation of soil resistance due to the permanent
cyclic lateral loads from wind and waves have to be studied.

The current practice in the offshore industry [4–6] pro-
vides only general assumptions of limited accuracy for these
problems as it mainly focuses on the global behaviour of the
foundation (through the use of the so-called p–y curves of
soil lateral resistance versus pile horizontal displacement)
and disregards key aspects of cyclic loading as the num-
ber and magnitude of the load cycles. Consideration of local
aspects of the pile-soil interaction might help improve the
definition of the global p–y curves.

Aiming to gain a better understanding of the complex phe-
nomena related to the pile-soil interaction and improve the
safety of future offshore wind-farms, a number of research
groups across Germany is currently investigating these issues
(a.o. [7–11]).

In the frame of the RAVE project, the research initiative
at the first German offshore wind farm [7], the authors have
been carrying out model tests for the investigation of the
long-term behaviour of pile foundations in saturated sands
under lateral cyclic quasi-static loads. During these tests,
the authors observed local subsidence on the surface of the
surrounding soil and a continuous grain migration towards
the pile. While presenting the results of further experiments,
this paper investigates the causes of this “steady-state” grain
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migration and proposes a convective model as an explanation
for such phenomena.

2 Motivation and scope

The conical soil depression around cyclic laterally loaded
piles in saturated sand has been observed and reported in the
past, e.g. in [12–14], and soil densification due to the pile-
head lateral displacements has also been shown to happen
with numerical simulations using a hypoplastic constitutive
law [15]. Nevertheless, and despite the abundance of analyti-
cal models for the pile-soil interaction under repeated lateral
loading (e.g. in [16–18]), the references to subsidence or soil
densification near the pile head are scarce in such literature,
in part due to the inability of the most commonly used con-
stitutive models to take into account the changes in density
of the soil under cyclic solicitation.

In their extensive experimental work with cyclic laterally
loaded piles on medium dense sands, Cheang and Matlock
consider that this local subsidence might be related to some
grain migration towards the pile triggered by the repeated
compaction of the soil as the pile moves back and forth, and
they acknowledge that after a number of cycles the conical
depression is fully developed and remains more or less con-
stant [12].

In a set of long-lasting model tests in a reduced scale
(1:100) of a pile under cyclic lateral load (up to 5 million load
cycles), the authors were able to observe the same local subsi-
dence (see Fig. 1a), and noticed that within the first thousands
of cycles the depression seemed to reach a steady depth and
then remain constant. Furthermore, during the whole runtime
of each test (two months with load cycles at a frequency of
1 Hz), the grain migration towards the pile never ceased nor
seemed to slow down significantly.

Given the natural tendency of dense siliceous sands to
dilate under shear at low confining pressures [19], the fact
that the tests had been carried out in an already very dense

sand (∼90% of the Proctor density) appears to contradict the
densifying explanation of this continuous grain migration. It
seems unlikely that the densification could account for the
steady grain migration throughout the whole test since, after
all, the soil cyclic densification should have a limit [20,21],
especially for such dense sands at low confining stress where
particle overriding (and hence dilation) rather than particle
crushing might be expected [19].

On the other hand, it is widely accepted that the driving
of piles into the soil can also cause fines migration, soil con-
traction and stress relaxation as a result of particle crushing
and rearrangement during the pile-driving [22–25]. However,
such phenomena were ruled out in these model tests. In fact,
the pile driving did not produce any appreciable local subsi-
dence of the soil surface, in contrast to that one produced by
the subsequent cyclic loading.

Attempting to find out the final destination of the migrated
grains, a further test was devised incorporating bands of col-
oured sand grains on the soil surface in order to be able
to identify them at the end of the loading schedule, upon
removal of the upper layers of soil.

3 Experimental study

3.1 Experimental setup

Rather than a quantification of the complex phenomena asso-
ciated to the pile-soil interaction, the main goal for these
experiments was the qualitative understanding of the long-
term behaviour of saturated sand around a cyclic laterally
loaded pile. Given their simplicity and repeatability, model
tests under 1g conditions of an offshore monopile at a geo-
metrical scale of 1:100 were performed.

Satisfaction of the scaling laws for a kinematic and con-
stitutive similarity between prototype and model in granular
systems is not a trivial matter [26–29] and since the quan-
tification and direct transfer of the results to the prototype

Fig. 1 Soil subsidence around
laterally loaded pile a observed
by the authors in model test and
b topographic sketch for in situ
tests, after [13]

123



Ratcheting convective cells of sand grains 381

behaviour was not intended, only the pile dimensions and its
bending-stiffness were properly scaled. For such purpose, an
open-ended hollow PVC pile with 75 mm in external diam-
eter (flexural stiffness EI equal to 2,000 N m2) and 30 cm of
embedded length was used.

Among other technical difficulties of model tests with
geomaterials, the 1:100 scaling of the grain dimensions
would require clay-size soil particles and hence introduce
unwanted cohesive forces into the system. Therefore, a real-
size sand from a quarry north of Berlin was used for the
experiments. This sand, whose grain size distribution can be
seen in Fig. 2, is similar to the siliceous sands present off the
German coasts in the North Sea.

A sand container 100 cm long, 80 cm wide and 50 cm deep
was used for the experiments. This way, a clearance of 5,75 D
between the pile and the container wall was ensured in the
loading direction, which was considered enough to disregard
disturbing effects from the wall into the pile-soil interaction.

The sand was placed into the container with a 10% water
content in layers of 20 cm thickness, and then compacted
with a vibrating plate until a density of around 90% of the
ASTM standard Proctor density was achieved [30].

Then, the pile was pressed into the soil to a final bedding
depth of 30 cm and a pattern of bands with coloured sand
grains was placed on the soil surface as displayed in Fig. 3.
These coloured bands (2 cm thick) were placed along the
loading direction and, since an asymmetric two-way cyclic
loading program was scheduled, the bands were wider in the
soil’s side carrying the highest load, covering a 60 degree
circular sector, as shown in Fig. 3. The average size of the
coloured grains was about 2 mm.

In order to investigate the grain migration perpendicular
to the loading direction, two additional marker lines were
placed on the pile’s sides. With the additional intent to ana-
lyse the influence of grain size and shape on the migration
patterns, coarser sand grains (blue markers in Fig. 3, with an
average size of 7 mm) and ceramic spherical particles (white
markers, in average with 1 mm in diameter) were employed
for these lateral marker lines.

Afterwards, the container was progressively flooded with
water until a full saturation and a water level of 2 cm above
the soil surface were achieved. The introduction of water was
done upwards from a drain at the bottom of the container
and very slowly to facilitate the expulsion of air occluded

Fig. 2 Grain-size distribution
of Berliner sand
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between the grains and avoid the disturbance of the soil
skeleton.

Regarding the magnitude of the loads, the common esti-
mations by means of the widely-used Morison equation for
extreme events (maximum waves with 50 years return period)
assume horizontal loads on the monopiles in the range of a
few megaNewtons [31]. For instance, Byrne and Houlsby
state that the foundation of a typical 3.5 MW offshore wind
turbine could be subject to maximum lateral loads of about
4 MN and overturning moments in the range of 120 MN m,
or equivalent to the horizontal load being applied 30 m above
the sea-bed level [1]. With reference to the scaling laws for
1g model tests [27] and with a geometrical scaling factor of
1:100, the loads applied to the model should be six orders of
magnitude lower, that is, in the range of a few Newtons.
Therefore, a two-way asymmetric sinusoidal loading was
scheduled, with a frequency of 1 Hz and maximum loads of
20 N in one direction and 10 N in the opposite. These loads
range around the 10% of the static ultimate capacity, which
would eventually be measured amounting to approximately
150 N at a pile-head displacement of 0.1 D.

Given the relatively high permeability of these clean
sands, the loading frequency and magnitude were considered
to be low enough to disregard the possibility of a significant
long-term pore pressure accumulation within the soil.

As shown in Fig. 4, the loads were transferred to the pile
with a pneumatic actuator on one side and a hanging dead
load on the other, both connected to the pile through steel
cables at a height of 30 cm above the soil surface and con-
trolled with a pair of load cells.

The pile-head displacements were registered with two
laser distance-measuring sensors, and the soil movements
and grain migration on the surface were captured with a dig-
ital camera, which additionally produced a continuous ani-
mation with a capture rate of one frame per hour, throughout
the whole 2 months of test duration.

3.2 Observations during the test

As evident from the recorded video (see Animations 1
through 5 and Fig. 5), the grain migration towards the pile
starts immediately after the beginning of the loading and
within the first few hours (the first 100,000 load cycles)
the first grain marker band (the red grains) has been totally
engulfed and the conical soil depression around the pile
reaches a rather constant depth of about 2 cm.

Then, the grain migration decelerates slightly in a progres-
sive manner and by the tenth day of loading (approximately
the first million load cycles), the second coloured band (the
silver-colour markers) has also disappeared from the soil sur-
face and the grain migration speed seems to stabilise to a
constant rate.

By the end of the test after 5 million load cycles, the third
band of coloured sand markers (the green sand particles) has
also almost completely migrated into the soil-pile interface
and the particle migration is still active and at a rather con-
stant speed.

But most remarkably, after ∼2 million cycles, red mark-
ers from the first coloured band (which disappeared within
the first few hours of loading) started appearing back into the
soil surface at some distance from the pile, and then being
mixed and drawn back to the pile along with the rest of sand
particles affected by the grain migration (see Fig. 6). This
evidence clearly suggests a convective nature of the grain
migration.

The fourth band of markers (the pink sand grains), at a
distance of 6 cm from the pile wall, did not experience any
substantial movements, indicating therefore the limits of the
observed phenomena.

Additionally to the grain migration along the loading
direction, the recorded video also shows a grain migration
within the marker lines perpendicular to it. In fact, this pat-
tern of grain movement towards the pile seems to happen

Fig. 4 Experimental setup. a Sketch of actuators arrangement and scheduled loads b picture of test rig
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Fig. 5 Photo sequence of progressive grain migration during 5 million load cycles

Fig. 6 Red markers appearing back into the soil surface

radially in every direction of the soil’s surface plane, and
neither happens to cease during the test’s runtime. The aver-
age speed of the migrating grains ranges around a millimetre
every few hours, as it appears from the video images.

Figure 7 shows the state of the soil’s surface at the end
of the test, after a concluding static capacity loading and the
complete drainage of the soil’s water.

A slight ground heave could be appreciated in the out-
skirts of the conical soil depression, similar to that reported
by Brown et al. in their field tests [13] (see Fig. 1b).

Figure 8 portrays the evolution of the extremes of the
cyclic pile displacements (i.e. the local maxima and minima)
as measured 20 cm above the soil level. Within the first hun-
dred thousand cycles (the first day of loading) the amplitude
of the pile head cyclic lateral displacements reduces almost
a 27% (from 0.812 to 0.595 mm) and then remains rather

constant for the rest of the loading program with a marginal
decrease of a further 4% in the displacement amplitude by the
end of the test. This hints towards a rapid densification (and
therefore improvement) of the surrounding soil during the
first day of loading, causing the decrease in the displacement
amplitude, and then a steady state where the displacement
amplitude remains constant and only a slow steady drift of
the foundation towards the direction of higher loads can be
observed. This drift of the pile slows down progressively to
a rather stable rate, insinuating an incremental collapse evo-
lution (in the sense that the permanent pile displacements
increase constantly with every cycle).

A plot of the pile-head displacements in a logarithmic
scale suggests the existence of two distinct phases during the
cyclic loading (see Fig. 9). It shows two rather linear con-
secutive domains: the first one lasting until the first hundred
thousand cycles (incidentally, this is the moment when the
soil depression seems to stabilise) and then a second phase,
lasting until the end of the test, where the cyclic amplitude
seems to stabilise.

3.3 Convective cell

Conclusive evidence supporting the existence of a convec-
tive cell around the pile-head was observed upon drainage of
the water and careful removal of a part of the upper layers of
sand. A vertical cut of the soil along the direction of loading
exposed two clearly differentiated domains of soil and, most
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Fig. 7 Soil surface at the end
of the test, upon drainage of the
water

Fig. 8 Evolution of pile lateral
displacements and cyclic
amplitude
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notably, a dark transition band marking the limit between
these two domains (see Fig. 10).

The first soil domain, which we shall term the convected
domain, could be observed beside the pile-head and right
under the soil depression. All over this domain, it is possible
to see a heterogeneous mixture of sand grains and coloured
particles from the different marker bands. It reaches a depth
of 10 cm along the pile-soil interface, as measured from the

apex of the conical soil depression, and its depth decreases
rapidly with the distance from the pile wall. Besides, the
domain’s most distant point from the pile (the domain’s max-
imum extension) happens to be right below the beginning of
the pink marker band at the soil surface, which, as mentioned
before, was observed to be practically unaffected by the grain
migration, indicating therefore the limit of this hypothetical
convective cell.
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Fig. 10 a Vertical cut of the
soil, along the loading direction.
b Sketch of soil domains

On the other hand, the second soil domain, henceforth
referred to as the static domain (noting that it is not implied
that it does not actually move), covers the rest of the soil,
from the undisturbed regions at the boundary with the soil
container right up to the limits of the transition band (or,
more appropriately, transition surface, as will be explained
below). Remarkably, this static soil domain is characterised
by a complete absence of coloured sand markers, with the
mere exception of a few coloured grains unavoidably pressed
into it during the cut and removal of the soil after the loading
program.

Noteworthily, the transition region between the convected
and static domains features a high population of coloured
markers and, especially, the striking presence of very fine
dark particles, previously unaccounted for (see Fig. 11, mag-
nification of the Fig. 10). These dark particles where later
identified as coming from the silver-colour coating of the
grains of the third marker band. It appears that upon shear
under water, the abrasion occurring at the contact between
sliding grains wears off the paint-coating of the silver-
coloured sand grains, generating the dark dust-size particles.
The authors believe that this fact strongly supports the idea
of two distinct soil domains, a static and a moving one, and

the existence of a direct shear surface between them, where
the weak coating of the silver markers is worn off.

To further reinforce this hypothesis, it can be observed
that within the lower parts of the transition surface, where
the abrasion of the silver-coloured particles would be just
only beginning, there is a much higher population of silver
particles than in the upper parts of the limit surface, in which
the silver markers would have experienced the abrasion all
the way up during their convective migration and thus would
have lost most of their colour coating.

The paint-coatings of the other migrated coloured mark-
ers (the red and green ones) do not appear to be susceptible
to such abrasion under water, at least at the low confining
stresses present during the experiment, and thus these mark-
ers can be clearly seen all over the convected domain and
delimiting surface.

The subsequent removal of the pile exposed the three
dimensional nature of the convected domain (see Fig. 12).
It can be observed that the transition band is also present
in vertical planes along directions other than the loading
line, although only reaching shallower depths. A difference
of about 3 cm in the maximum depths of the convected
domain was measured between the loading direction, where

Fig. 11 Close-up images of the transition band
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Fig. 12 3D nature of
convective cell (images upon
removal of pile)

the convection cell reaches its deepest point, and the fur-
thest radial direction within the marker circular sector, which
is about 30 degrees off the loading line in the soil surface
plane.

Also worth mentioning is the pattern of grain displacement
in the direction transversal to the loading line, which, as men-
tioned earlier, was traced with the white ceramic spheres and
blue coarse sand particles. As shown in Fig. 13, the flow of
grains in this transversal direction moves out of the vertical
plane and deviates clearly towards the less loaded side of
the loading direction (the side where the pile is only loaded
with a maximum 10 N). As evidenced by the video images,
both ceramic spheres and coarse sand markers first migrate
radially towards the pile, that is, moving within their verti-
cal plane transversal to the loading direction. But once they
reach the pile and penetrate into the soil at the pile-soil inter-
face, they seem to experience an out-of-plane convection that
takes them towards the side where the cyclic stresses are
lower.

Interestingly, the convected coarse blue particles reach a
much shallower depth (around 2 cm under the soil surface)
than any other markers, especially than the ceramic markers
placed on the opposite side of the pile, which points out to

a significant influence of the grain size in the magnitudes of
the observed phenomena.

4 Discussion

4.1 On the phases of pile-soil interaction

The empirical evidence shown in this paper suggests a two-
phase scenario of pile-soil interaction that, to the knowledge
of the authors, has not been described or reported before.
Such hypothetical scenario could be outlined as follows:
The saturated sand surrounding a flexible pile foundation,
subject to a two-way cyclic horizontal loading on the pile-
head, undergoes two main distinct phases of deformation and
grain displacement: a densification-dominated phase and a
convection-dominated phase.

The first phase, the densification phase (or simply rear-
rangement phase, if the sand is dense enough), starts imme-
diately after the first cycle of loading and is characterised by
a progressive subsidence of the soil surface surrounding the
pile. During this phase, the cyclic compaction of the soil due

Fig. 13 Out-of-plane
convection and deviation of the
transversal convective grain
flow towards the “unloaded”
side of the pile. a White ceramic
spheres b coarse sand blue
markers
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to the pile displacements causes a grain rearrangement and,
in general, a reduction of inter-granular voids.

The duration of this phase would be influenced, among
others, by the magnitude of the pile displacements and rela-
tive density of the soil, and it would occur even in absence of
particle-crushing or significant pore-pressure accumulations,
which do not seem to have happened in the presented tests.
As Hettler reckons, grain-crushing and elastic compression
of the single grains may be disregarded at low levels of stress
(up to 1 MPa) for such sands [32].

Then, once the soil depression reaches a rather constant
depth, a second phase starts, namely the convection-domi-
nated phase. During such phase, rather than producing fur-
ther densification of the soil, the cyclic lateral movements
of the pile would mainly cause a convective ratcheting dis-
placement of the sand particles. This way, every time the pile
moves back after a loading peak, a small gap opens at the
pile-soil interface allowing the sand grains adjacent to the
pile-head to move downwards along the interface. Once they
reach a critical depth where the gap is not big enough and
they cannot move further down, the sand particles would then
be pressed into the soil, moving a little bit further with every
load cycle, in a ratchet-like fashion.

Along their way through the soil mass, the migrated grains
would be pushed forward by the following grains, and also
move towards areas of lower confining stresses, i.e. upwards,
setting in motion a whole ratcheting convective cell within
the pile-head vicinities.

Such a convective phenomenon would imply that, after a
large enough number of load cycles, and despite the constant
grain migration and inflow of material into the pile-soil inter-
face, no more significant soil densification is taking place.

At the limit where the sand grains are no longer directly
affected by the pile-head displacements (and hence rather
static), the migrating grains would have to override the stand-
ing particles in order to move forward, triggering a direct
shear between the convected and the static material.

It is important to stress that these two phenomena, densi-
fication and convection, need not be necessarily decoupled.
In fact, it is possible that some convective grain migration
already takes place simultaneously with the densification
during the first loading cycles and, reciprocally, some degree
of further densification might also occur during the convec-
tion-dominated phase.

It must be noted that not all sands have a tendency to
densify and, in some circumstances, part of the local subsi-
dence might be also caused by a mere plastic deformation
of the soil without reduction in volume, meaning that the
subsided volume emerges somewhere else. This might have
happened to some extent in the presented test, where the
sand was already quite dense and some slight local heave
was observed right outside the subsided area. In any case, it
did not appear that the heaved volume of soil could account

for the whole subsidence, so it seems that some densification
happened indeed.

On the other hand, a significant decrease in the ampli-
tude of the pile-head displacements was observed during the
first day of loading, which also supports the hypothesis of
some densification taking place even with such dense sands,
and reinforces the idea of an initial densification-dominated
phase. Brown et al. report a similar “surprising” densification
of an already well compacted sand as a result of the two-way
cyclic lateral load on a pile [13].

Since in this investigation it was not intended to study
the relationship between the local heave, subsidence and the
resulting degree of densification, for the moment it will suf-
fice to term the first phase simply as densifying, noting that
the shallow (upper) layers of most natural sand deposits might
not be so dense to exclude the possibility of further densifi-
cation.

At this point it is also interesting to note the similari-
ties with the experimental results of Bobryakov et al. [33].
Although carried out on a different system (a retaining wall
and a raking slope of confined sand, one way loading and
plane strain conditions), they also report two stages of soil
deformation in their system, namely an initial non-station-
ary phase with densifying character during the first few load
cycles and a subsequent stationary stage “with steady state
material density and unchanging specimen surface”. The
authors believe that such correspondence with the two-phase
scenario described here strongly supports the model of pile-
soil cyclic interaction proposed in this paper.

4.2 On granular convection and ratcheting

It is also important to emphasise that, in contrast to the usual
vibratory granular convection that has been broadly men-
tioned and studied since its discovery in 1831 by Faraday,
e.g. in [34–40], where the granular matter is subjected to
vibrations and relatively high accelerations, the convective
flow presented in this paper has instead a quasi-static rat-
cheting nature. During the test, both the loading frequency
and pile-head displacements were so low that the induced
accelerations of the soil particles must have been negligible
compared to the earth’s gravity.

The idea of ratcheting behaviour has already been used in
the field of soil mechanics to explain the progressive accu-
mulation of plastic deformations of granular materials under
cyclic loads, e.g., in [41–44], and numerical studies of gran-
ular micromechanics have shown that, even under very small
loading, a large number of particle contacts can reach the slid-
ing condition and produce irreversible deformations [45,46].

In a recent paper, Alonso-Marroquin et al. analyse the
formation of convective vorticity caused by granular ratch-
ets and report, at a micro-mechanical level (a packing of
400 polygons), the existence of two kinds of deformation
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regimes: short time regimes featuring a fast accumulation
of plastic deformation, and long time ratcheting regimes
with slow rates of plastic deformation [47]. In a sense, the
experimental evidence and the two-phase model of pile-soil
interaction proposed in this paper could be interpreted as
the macro-mechanical translation of the micro-mechanical
effects discussed therein.

4.3 On localised failure and pile behaviour

It must also be noted that, despite the striking presence of
the shear surface as shown in the pictures, this is not a
localised failure of the foundation in the traditional sense.
The term “shear surface” is employed here, instead of the
more common “shear band”, with a double intention: firstly,
it stresses the 3-dimensional character of this phenomenon,
since this surface seems to surround a heart-shaped volume
of soil all around the pile (the term “band” seems more
appropriate for a 2D plane strain case). Additionally, it is
also meant to avoid confusion with the more common sense
of “shear band” as localised failure of the foundation. The
sliding of a whole block of soil along a shear band, as
reported for instance by Bobryakov et al. for their exper-
iments [33], was never observed in this case, and during
the whole runtime of the test, the soil seems to have kept
most of its strength. Instead of a localised abrupt failure of
the structure, the measured pile-head displacements rather
suggest some shake-down effect or attenuation of the dis-
placement rate during the first 2 million load cycles, and
then an incremental collapse in the sense of an almost lin-
ear growth of displacements with the number of cycles (see
Fig. 8).

At this point it is convenient to stress that the above
mentioned attenuation and incremental collapse phases do
not need necessarily to match chronologically the previ-
ously mentioned densification-dominated and convection-
dominated phases. Although their causes are probably
closely related, the former are just the global description of
pile-head behaviour, while the latter refer to the micro-
mechanical processes inside the soil, namely the reduction
of inter-granular voids and the ratcheting regime. The begin-
ning and end of all these phases need not be necessarily
coupled.

4.4 On the factors responsible for the observed phenomena

It is likely that the opening of a gap at the pile-soil inter-
face is a key element for the appearance of such grain
migration and convective cell, because it facilitates the
downwards movement of the grains adjacent to the pile-
head.

Moreover, the depth of the convection cell is probably
strongly influenced by the magnitude of the opening gap and

the relative size of the migrating grains. As proposed before,
the grains would only migrate downwards at the interface
up to the depth where the gap is not big enough to let them
through.

This all means that, for a same level of loading, a two-way
cyclic load would produce a greater subsidence and grain
migration (and thus a deeper convective cell) than a one-way
cyclic lateral loading, since the two-way loading would cause
a greater aperture of the pile-soil interface. It should be pos-
sible to empirically verify the validity of this hypothesis with
further tests.

Similar conclusions are drawn by Brown et al. who con-
sider that the sand densification due to lateral pile loading
appears to be related to the compaction of the sand falling
into the gap behind the pile, and conclude that one-way cyclic
lateral load would “undoubtedly” produce less densification
than a two-way loading [13].

Numerical simulations with a hypoplastic constitutive
law have already shown how, in contrast to a one-way
cyclic lateral load causing a progressive collapse, the two-
way loading can produce some hardening of the surround-
ing soil and thus reduce the pile-head displacements [48].
The authors of the simulations interpreted such cyclic hard-
ening as being conditioned by the slippage of soil at the
interface after each loading peak, and in this respect it
could correspond to the densification phase described in this
paper.

Another issue that needs to be clarified is the role of
water in the observed phenomena. It seems clear that,
despite their obvious resemblance, the conical soil depres-
sion reported here is not related to the scour that often
occurs in under-water foundations. Local scour is solely
caused by the sediment transportation due to the turbu-
lence produced by any foundation that poses an obstacle
to the flow of water currents. Given the small dimensions
of the confining container and the quasi-static character
of the loading, it appears that no water currents strong
enough to erode the soil surface did happen during the
test.

On the other hand, the presence of water may have
enhanced the soil migration and convective flow, since the
effective stresses within the submerged soil matrix are lower
than those within a dry material. This, in turn, permits a
bigger number of contacts between particles reaching the
sliding condition, favouring thus the ratcheting displace-
ments.

In any case, the authors believe that these phenomena
might also happen in dry and partially saturated sands,
although probably to a minor extent.

The effects of any excess pore water pressure and the
possibility of soil liquefaction have in principle been dis-
regarded, but they should be object of further investigations,
particularly in relation to the loading frequency.
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5 Conclusions and outlook

As discussed in Sect. 2, the phenomena related to the densifi-
cation phase have already been observed and identified before
but, to the knowledge of the authors, the second phase fea-
turing a long-term convective granular flow near the pile has
never been reported or described. Furthermore, the existence
of two clearly distinct soil domains near the pile, namely
the convected and static soil domains, and the limiting direct
shear surface between them are also believed to be novel
findings.

Despite the qualitative character of these investigations
and the special conditions in which they were carried out
(a.o. model tests with single frequency, one directional, two-
way loading in an homogeneous clean sand), the practical
consequences for the pile design might be manifold. If these
phenomena are confirmed to take place also at a bigger scale
and in real in-situ conditions, the model proposed here could
be part of a rational framework for an approximate quanti-
fication of the long-term cyclic behaviour of lateral pile-soil
interaction.

Depending on the soil conditions and expected loads, it
might eventually be possible to define the limits of the den-
sification phase and subsidence cone. On the other hand, it
may be possible to relate the depth and extent of the con-
vected soil domain to the different design parameters of the
pile (flexural stiffness, service loads, grain size distribution,
etc.) so that a clearer picture of the pile bedding emerges.
This, in turn, might provide a basis for a further re-examina-
tion of the current lateral pile design procedures. Applying
the existing and future knowledge on granular ratchets to the
lateral pile-soil interaction could lead to better estimations of
long-term pile-head displacements and a proper adjustment
of the p−y curves. The current practice merely prescribes
a 10% reduction of the static p−y curves for all cases of
cyclic loading, irrespective of their duration, magnitude and
orientation [4].

Another practical consequence that could be drawn for
offshore and under-water operations is that, even if scour is
not expected to happen or the appropriate counter-measures
are adopted, the soil subsidence might still occur due to den-
sification and grain migration.

Regarding the ultimate lateral capacity of the pile, the
hypothetical direct shear surface between the convected and
static soil domains could lead to the localised damage that
eventually might trigger a failure surface. The material and
mechanical properties of this limiting surface and its hypo-
thetical connection to localised failure should be investigated
in detail.

Numerical analysis might help improve the understand-
ing of these phenomena, but due to the inadequacy of
continuum finite element models (FEM) to simulate the
grain migration and soil convection, a meshless or a dis-

crete element (DEM) approach might be required for such
task.

On the empirical side, on-going and future tests at BAM
will address the sensitivity of the proposed model to dif-
ferent factors and design parameters (e.g. the influence of
pore water pressure and load frequency, one-way loading
versus two-way loading, dry conditions versus wet condi-
tions, influence of pile diameter and flexural stiffness, rela-
tionship between deformed pile shape and depth of convected
domain, the symmetry of cyclic loads and the deviation of
the convection flow, influence of changes in load direction
and the coupling of lateral loads with axial loads). On the
other hand, a topographic measurement of the soil surface
after the tests might provide a simple means to determine
whether cyclic densification and soil improvement do effec-
tively occur at some stage during the tests. The differential
soil volume between the original and final states shall indi-
cate the averaged degree of densification.

As a closure to the paper it could be pointed out that the
upper parts of the pile foundations are the most relevant for
their lateral bearing capacity [2,13,49], which highlights the
potential significance of these findings. A better understand-
ing of processes inside the soil and of the pile-soil interaction
at shallow depths might help improve the design and safety
of future foundations.
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