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Abstract A combined interpretation of force measurements together with the
evaluation of dynamic motion around the pile based on digital image correlation
(DIC) is performed to identify soil deformation during vibratory pile driving in
model tests. The tests are executed under water-saturated 1g-conditions. We prove
the occurrence of the so-called cavitational pile driving but without the experimental
evidence of the forming of a cavity under the pile tip. Using the DIC results, first
attempts are made to evaluate the volumetric cyclic deformation of soil around the
pile tip during the vibro-penetration. The results show an alternation of contractancy
and dilatancy in proximity of the pile tip with volumetric peak-to-peak strain ampli-
tudes up to 2%. They indicate drained or at least partially drained conditions. Based
on the test results, existing phenomenological interpretations of soil deformation due
to pile penetration are reviewed.

Keywords Model pile · Tip resistance · Vibratory pile driving · Slow and fast
vibratory pile driving · Cavitational and non-cavitational pile driving

1 Introduction

The penetrating pile tip is generally considered to be the principal excitation source of
ground vibrations during vibratory pile driving. This is particularly true when vibro-
injection piles are used. In this case, the grout material around the pile shaft acts as
a lubrication layer and reduces the shear wave propagation from the pile shaft into
the surrounding soil. The pile tip, however, undergoes strong impacts and transmits
pressure and shear waves into the ground. These can provoke densification around
the pile or in water-saturated conditions the tendency of a pore pressure build-up
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if the soil is not too dense. In both cases, neighbouring structures can be affected
by the pile installation process [13]. With regard to the prognosis of settlements of
adjacent structures, the mechanisms of pile driving and especially the interaction
with the surrounding soil around the pile tip have to be understood and analysed.
This pertains also to numerical simulations, where only very few valuable methods
exist to quantitatively investigate pile penetration processes. Notably, for pile driving
in water-saturated conditions, no numerical method is available that which could be
considered as validated and recommendable for practical applications [9].

Usually, for both, theoretical and practical description two basic types of pile
penetration can be distinguished: cavitational (slow) and non-cavitational (fast) pile
driving [2–5, 10]. The distinction relies directly on the evolution of the tip force.
Slow or cavitational vibro-penetration is a term for vibratory pile driving with large
displacement amplitudes. Measurements show that during phases with pile displace-
ment upwards the contact tip force vanishes and at least for pile driving above the
phreatic level, it was concluded that a cavity forms below the pile tip [2, 3, 12, 16].
The soil mechanical interpretation of this type of pile driving is that the soil below
the pile tip undergoes large cyclic deformation and eventually reaches swept-out-
of-memory states (SOM) [3]. As a consequence, the following penetration phase
resembles a virgin loading for the soil below the pile tip and the response is very
soft. Figure1a shows the evolution of tip force during cavitational pile driving mea-
sured in high-quality in-situ tests. During non-cavitational (fast) vibro-driving the tip
force does not vanish in the phase of upward motion, see Fig. 1b. In every repeated
penetration phase, the soil response is very stiff and after small penetration a limit
value of tip resistance is reached. The maximum tip resistance is higher than during
cavitational pile driving.

Another interesting observation, especially during laboratory tests on vibratory
pile driving, is the occurrence of different pile driving modes, e.g. shown in [15].
The distinction is made on the basis of the comparison of the period of characteristic
motion compared to the excitation frequency. Higher modes show more complex
motions and generally lower penetration rates. This topic will not be discussed in
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Fig. 1 Field data of the evolution of tip force during a cavitational and b non-cavitational pile
driving (from [5])
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this contribution because for practical applications the simple modes are of principal
interest.

Although various measurements show the described phenomena, there is still
a lack of information about soil behaviour related to these. Their interpretation,
e.g. provided in [3], is based on coherent and comprehensive reflections about soil
behaviour in triaxial tests, but it is not validated bymeasurements of soil deformation
duringpile driving.One approach for obtaining suchdata are digital image correlation
methods (DIC).1 However, to the authors best knowledge, an application of DIC for
the evaluation of cyclic soil deformation in the vicinity of a vibrating pile is not
available (e.g. [11] or [19] suffer a lack of time resolution), while a great number of
examples can be found for slow, monotonic pile penetration ([7, 19, 20] and many
others). This can be probably attributed to the far greater effort required for the DIC
investigation of cyclic, dynamic processes compared to slow processes. The camera
used has to provide a frame rate of at least 10 images per vibration cycle. For typical
vibration frequencies of about 30Hz, this results in a required frame rate of 300 or
more images per second, which involves substantial investment costs compared to
usual digital cameras that can be used for the observation of slow processes.

2 Test Set-Up

The basic test set-up for the experiments presented here has already been presented in
[17, 19] and is schematically illustrated in Fig. 2. The test device has a half-circular
base area and an acrylic glass panel. It has been used as observation window in the
symmetry plane of the pile. During the test the panel is reinforced with a steel beam
attached in front to minimize deflection. Information concerning the test material
and the deposition method can be found in Appendix 2.

2.1 Model Piles

In previous test series, as well as in many other model pile tests that can be found
in the literature, piles with a rectangular cross section were used. A pile tip of this
type (called pile type I) is shown in Fig. 3a, b. However, with regard to a numerical
back analysis of the tests that often assume axial symmetry this pile geometry causes
problems with the transferability of the results. One could argue that for comparison
of forces the same base area should used while the deformation in the observation
window probably depends more on the pile geometry in this plane.

1The termparticle imagevelocimetry (PIV) is considered to bemore appropriate to hydromechanical
applications. In the geotechnical context where groups of grains of the grain skeleton are used as
markers and not individual particles the authors prefer the general termDIC.However, the evaluation
procedures are usually based on the PIV-method.
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Fig. 2 a Schematic test set-up and b detail photo of the vibrator system with connection to the
pile, elastic suspension from the crane and displacement measurement

Fig. 3 Geometry of the pile tip: a side view, b front view of pile type I and c side view, d front
view of pile type II

In order to overcome these drawbacks, model piles with almost half-circular hori-
zontal cross section (pile type II) were used in the recent tests. They aremanufactured
using the aluminium profiles of a cable channel system. They consist of two parts
that are clipped and bonded together, installed with a head and pile tip and filled
with 2-K-PU-foam. In the “symmetry plane” (contact to the observation window),
two PTFE-stripes ensure a stiff normal contact with the observation window and low
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friction. Around the two stripes, a layer of felt acts as a sealing against the penetra-
tion of sand grains between PTFE and window. Figure4 shows a schematic sketch
of this feature. A random pattern is painted on the felt in order to provide sufficient
contrast for the evaluation of pile displacement using theDICmethod (so-called seed-
ing). The pile visible width in the “symmetry plane” (x–y-plane, Fig. 2a) is 33mm.
Together with the PTFE, the width into the sand body (y–z-plane) is 19mm. Thus
the cross section of pile type II is 937.5mm2, compared to 855mm2 of a half-circle
with 16.5mm radius. The pile tip of type II is shown in Fig. 3c, d. A schematic cross
section of this pile is given in Fig. 4.

2.2 Vibrator System

Asmall vibratormounted on top of themodel piles is used in the experiments, Fig. 2b.
The vibrator has amass ofmvib = 6734.5g and four pairwise counter-rotating eccen-
tric masses with 37g each. The static moment is 0.005476kgm. The vibrator is servo
controlled and the excitation frequency can be adjusted continuously in the range of
0–50Hz. It is also possible to record the eccenter position. Using a photoelectric light
barrier, the digital output signal varies between two extremes depending on whether
the vertical centrifugal force is oriented downwards or upwards.

2.3 Instrumentation and Data Acquisition

The following instrumention is used in recent tests:

• The force acting between vibrator and pile is measured using a load cell with 10kN
measuring range and linearity errors smaller than 0.5% (HBMType U2A). It has a
stiffness of approximately 200kN/mm, its natural frequency in combination with
the pile is about 10 times higher than the highest vibration frequency. The load
cell is connected between the bottom plate of the vibrator and the pile head.

• The global penetration is measured with a potentiometric displacement sensor
connected to an impeller. A thin steel cable is fastened with a spring to the vibrator
and runs over the rim of the impeller. On the other side, a counterweight of 0.4kg
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tauts the cable, see Fig. 2. The sensor is isolated from the vibrations by a spring
connected in series (low-pass filtering). Using this set-up, the sensor records only
the trend of displacement. Themeasurement range is about 1.5mwith approximate
resolution of 0.25mm.

• The eccenter position is recorded using a light barrier as described in Sect. 2.2.
• An acceleration sensor is attached to the vibrator. It is assumed that the connections
and the pile are stiff enough to consider thismeasurement at the base of the vibrator
as representative for the pile. A PCB 321 A02 acceleration sensor with a range of
±50g is used.

• Image data of the tests are obtained using a high-speed camerawith high-resolution
lens (Basler ACE acA2000-340km). It captures up to 352 images per second with
2040× 1088 pixel resolution. The region of interest is chosen in such a way that
one pixel corresponds to approx. 0.1mmand 5 pixel to a d50 grain. The incremental
displacements (displacements between one image and the following) are evaluated
using the PIV software JPIV [14]. The utilized settings aswell as information about
the summation of incremental displacements and strain calculation are given in
Appendix 1.

The measurements are recorded with a multichannel data acquisition system
(HBMMGCplus) with simultaneous sampling and digital filtering. A sampling rate
of 1200Hz and 200Hz low-pass Bessel filtering was used in the tests.

3 Test Results

We concentrate on a detailed description of cyclic soil behaviour around the vibrating
pile tip on the basis of a selected section of a test with pile type II. In additional tests,
similar results were obtained. The soil is considered to be nearly fully saturated
and has an initial void ratio of e0 = 0.691 which corresponds to a medium density
(ID = 0.53). The sand body has a height of 0.85m and the pile tip is initially located
0.35m below the sand surface. A vibration frequency of 24Hz is used. The vibration
is applied only for a few seconds. In doing so, the global penetration is kept small
because the test results serve as a basis for the validation of FE simulations similar
to those presented in [8] where the simulation technique is restricted to very small
pile penetrations.

3.1 Penetration Mode—Identification of “Cavitational” Pile
Driving?

Figure5 shows the evolution of measured pile head force plotted over the pile dis-
placement evaluated with DIC for a selected time period. Only three characteristic
cycles of pile motion are plotted. The second period of motion is highlighted with
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Fig. 5 a Typical pile head force-displacement-curve for three selected cycles—the pile displace-
ments are obtained from DIC analysis for a representative observation point illustrated in (b)

a solid line. The pile displacement is set to zero an the beginning of the highlighted
cycle (highest pile position in this cycle). Important curve points are marked with
numbers and referred to in the subsequent figures.

All cycles in Fig. 5 are comparable and the period of motion corresponds to the
excitation period. The pile head force changes between tension and compression
during each cycle and the compression force increases significantly towards the
end of the downward motion between the points nr. 2 and 3. The pile penetrates
with approximately 0.4mm per cycle. The evolution of pile head force indicates
cavitational pile driving. In contrast to the tip force, the head force does not vanish
in the phases of upward motion because it also contains the shaft friction and inertia
forces.

In Fig. 5, between the moments 1 and 2 resp. 4 and 5, distinct phases with constant
force can be observed. These phases indicate that the pile tip loses contact to the soil
and a small gap (cavity) forms below the tip. Therefrom the term cavitational pile
driving [3, 4, 16] has been deducted. The tip force vanishes and themeasured force at
the pile head contains only inertial and shaft friction forces (and, possibly, a resulting
pore pressure force for saturated soil). Considering the image data, the forming of
a cavity is not evident. In order to investigate a possible opening and closure of
such kind of cavity, Fig. 6 compares the pile displacements to the displacements of
a material point in the soil 7.5mm below the pile tip for the same time periods like
in Fig. 5.

The zero value of the pile displacements is also used for the soil displacement to
visualize the initial offset. Points closer to the pile tip cannot be evaluated reliably
by DIC. Reasons therefore are the large deformations in this zone and mainly the
material transition involving problems with overlapping DIC search patches.

From Fig. 6a, it can be seen that pile and soil move almost in phase in both
modes. The displacement amplitudes of the pile are larger, but the evolution is very
similar. The different amplitudes are at least partly contributed to a deformation of
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Fig. 6 a Chronological evolution of displacements of the pile and a point below the pile tip for
three selected cycles from DIC and b location of the observation points

the soil between the considered point and the pile tip. Even without this deformation
the amplitude difference of about 0.35mm cannot justify the displacement of about
1mm necessary to mobilize tip resistance (between the moments 1 and 2 in Fig. 5).
In the case of a formation of a cavity below the pile tip, one could also expect to
detect the subsequent impact as a sharp bend in the displacement curve of the soil.
In Fig. 6a nothing like this can be observed, the soil displacements follow the pile
displacements without visible delay. The results indicate that the occurrence of a
cavity is not a prerequisite of the cavitational type of pile driving in saturated soil.

3.2 Deformation Mechanism During Vibro-Penetration

3.2.1 Incremental Displacement Fields

Figure7 shows the isolines of the incremental horizontal and vertical displacement
fields obtained from the DIC analysis. The incremental displacements are separately
calculated for the time periods between the characteristic curve points alreadymarked
in the preceding figures. The current pile position is indicated with thick solid line.

During the first downward phase of pilemotion (from1 to 2), the soil under the pile
is pushed horizontally out- and vertically downwards, Fig. 7a. Vertical displacements
dominate below the pile tip, whereas horizontal displacements occur also beside
and above. The maximum horizontal displacements occur directly below the pile
shoulders. The contours of vertical displacement downwards have a bubble shape
of roughly one pile diameter, located centrally below the pile tip. Also laterally,
above the pile shoulders, some displacements occur. The displacements are directed
upwards, apart from the pile shaft and are more pronounced on the left-hand side
of the pile. From 2 to 3, in the phase where tip resistance is mobilized, only under
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Fig. 7 Isolines of incremental in-plane horizontal and vertical displacements�ux ,�uy (top down)
in vicinity to the pile tip obtained from DIC analysis: column a phase 1 to 2, b 2 to 3 (all values in
mm)

the pile tip significant displacements are observed, Fig. 7b. Compared to Fig. 7a, a
larger soil zone is affected. The zone with significant displacement gradients extends
approximately over twice the pile diameter into the depth. The maximum horizontal
displacements are now located at about half the pile diameter under the pile shoulders.
During upward pile motion, the displacements reverse, Fig. 8c, d. Both qualitatively
and quantitatively, the horizontal and vertical displacements in the phase 4 to 5,
Fig. 8d, resemble to the displacements in the very first phase, from 1 to 2, but with
reversed sign. Compared to the phase 2 to 3, Fig. 7b, the displacements during upward
pile motion concentrate on the direct vicinity of the pile tip.

Considering Figs. 7 and 8, an important result is the symmetry of the displacement
field with respect to the y-axis (pile centre line) in the plane of the observation
window. This symmetry is indispensable for the calculation of volumetric strain
under assumption of axial symmetry (results are given below, Sect. 3.4).
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Fig. 8 Isolines of incremental in-plane horizontal and vertical displacements�ux ,�uy (top down)
in vicinity to the pile tip obtained from DIC analysis: column c phase 3 to 4 and d 4 to 5 (all values
in mm)

In Figs. 7 and 8, some problems related to the DIC evaluation of pile displace-
ments can be observed. Generally, the pile shouldmove like a rigid body but for some
phases displacement gradients can be seen along the pile contours. These problems
are mainly attributed to the displacement jump at the interface pile–soil. Such dis-
continuity disturbs the DIC evaluation in this zone. Also overlapping search patches
containing information of pile and soil can occur where usually the sand provides
more contrast and determines the evaluation of a mixed patch. The evaluation in the
sand should not be affected by these problems. In the literature, the pile region is
often omitted. This indicates that the difficulty related to the observation of such
zones is quite common.
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3.2.2 Incremental Deformation Fields

Figures9 and 10 show the incremental in-plane strain fields obtained fromDIC analy-
sis. Each columns corresponds to one phase with horizontal, vertical and maximum
shear strains�εxx ,�εyy ,�γmax (top down). Themechanical sign convention is used
(compression negative). Figure9 contains the two phases of downward pile motion
and Fig. 10 the upward pile motion.

The calculation of strain is performed basing on the incremental displacement
fields (slightly smoothed using a splinemethod) according to the procedure described
in Appendix 1.

The incremental strains occurring during the first downward phase of motion
from 1 to 2 are plotted in Fig. 9a. In this phase, a bubble-shaped region is subjected
to large shear deformations (greater than 4%). Vertical compression and horizontal
extension are observed directly below the pile tip. On the sides below, the soil is
mainly compressed in horizontal direction. Above the pile tip, horizontal and vertical
compression occurs. The centre of the almost circular region around the pile tip that
undergoes large shear deformation is located a fewmmbelow the pile tip and spreads
also into the zone above the pile shoulder. The consequences of this observation
will be discussed later on. In the phase from 2 to 3, Fig. 9b, only below the pile
tip significant deformation is observed. The extension of the deformed region is
larger compared to phase 1 to 2. The deformation pattern is in accordance to other
results, e.g. [19, 20]. In the short phase of upward motion from 3 to 4, only small
deformations occur, Fig. 10a. In the main observation zone, vertical extension and
horizontal compression below the pile tip have beenmeasured. The shear deformation
concentrates on this bubble-shaped zone. The deformations occurring in the phase 4
to 5, Fig. 10b, are similar to those in phase 1 to 2 but with reversed sign.

The problems with the evaluation of the pile, already detected in Figs. 7 and 8,
are even more evident after strain calculation. However, the focus of this study lies
on the soil region that provides an excellent speckle and is much better evaluated.
Only a small zone of a few mm vertically below the pile tip is disturbed and cannot
be interpreted. If an improved evaluation of the pile itself is desired, this could be
achieved by two separate evaluations: one for the pile and one for the soil region.

3.3 Displacements Trajectories During Vibro-Penetration

In Fig. 11, the displacement trajectories of selected material points around the pile
tip are presented. Figure11e shows a schematic overview of the initial position of the
four points with regard to the pile tip. The initial position of the pile and its current
position at the beginning of the highlighted cycle (point 1) are illustrated aswell. Point
A is located below the pile tip while the points B, C and D are chosen slightly beside
the pile at different vertical positions. Figure11a plots the displacement trajectories
together for all four points for a time period of one second after the start of the
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Fig. 9 Isolines of logarithmic incremental in-plane horizontal, vertical and maximum shear strains
�εxx , �εyy , �γmax (top down) in vicinity to the pile tip during the downwards motion of the pile
calculated on the basis of DIC results: column a phase 1 to 2, b 2 to 3 (all values in %)
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Fig. 10 Isolines of logarithmic incremental in-planehorizontal, vertical andmaximum shear strains
�εxx , �εyy , �γmax (top down) in vicinity to the pile tip during the upwards motion of the pile
calculated on the basis of DIC results: column c phase 3 to 4 and d 4 to 5 (all values in %)
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Fig. 11 Displacement trajectories of selected points in vicinity to the pile tip: a overview,
b–d individual graphs for each point during three selected cycles and e location of the selected
points

vibration. Figure11b–d plot the trajectories of B, C and D separately for the same
time period as in Figs. 5 and 6. Although different axis ranges are used the trajectories
are equally scaled in size. Point A is omitted because the point moves mainly in
vertical direction and a displacement trajectory is not an appropriate visualization
for such kind of displacement.

From Fig. 11a, it can be seen that the point Amoves primarily in vertical direction
and is pushed downwards by the pile. The other points undergo significantly smaller
displacements with stronger horizontal component and larger horizontal amplitudes.
They have a very similar displacement trend. Considering the evolution of cyclic
displacements in Fig. 11b–d, a clear relation to the phases identified in the evolution
of pile head force during each cycle can be observed. In the first downward motion
phase, points nr. 1–2, the soil moves outwards, apart from the pile tip. This means a
displacement upwards for point B, sidewards for C and diagonally downwards for D.
In the tip resistance phase, nr. 2 to 3, all points are pushed almost linearly down- and
sidewards. During the short-time increment from 3 to 4, the displacements reverse
and the soil moves along a short section of the path followed before. Subsequently,
the displacement kinks and the soil moves towards the pile tip: B and C side- and
downwards and D only sidewards.



Interpretation of Vibratory Pile Penetration Based on Digital Image Correlation 45

-2

-1.5

-1

-0.5

 0

-2-1.5-1-0.5 0 0.5

ε v
ol

 [-
] 

uy,pile [mm]

(a)

point A

1

2

34

5

-1

-0.5

 0

 0.5

 1

-2-1.5-1-0.5 0 0.5

ε v
ol

 [-
] 

uy,pile [mm]

(b)

point B

1
2 34

5

-1

-0.5

 0

 0.5

 1

-2-1.5-1-0.5 0 0.5

ε v
ol

 [-
] 

uy,pile [mm]

(c)

point C

1

2

3
4

5

-1

-0.5

 0

 0.5

 1

-2-1.5-1-0.5 0 0.5

ε v
ol

 [-
] 

uy,pile [mm]

(d)

point D

1
2

34
5

Fig. 12 Logarithmic volumetric strain εvol calculated on the basis of DIC results assuming axial
symmetry plotted versus the pile displacement upile for four points during three selected vibration
cycles

3.4 Cyclic Volumetric Soil Behaviour During
Vibro-Penetration

Figure12 illustrates the volumetric soil deformation εvol around the pile tip exemplary
for the points A–D defined in Fig. 11. Assuming axial symmetry, εvol is calculated
according to the procedure given in Appendix 1. The volumetric strain is plotted over
the pile displacement to visualize the connection to the force-displacement curve and
to keep the points comparable. Pile displacement and volumetric strain are set to zero
at the beginning of the highlighted cycle.

In all four cases, the volumetric strain oscillates considerably during every cycle,
which proves at least partially drained conditions. This is an important result because
it shows that a numeric code suitable for a simulation of the experiment has to
deal with dynamic consolidation. The largest peak-to-peak amplitude of volumetric
strain is observed for points A (1.7%). The others points show smaller amplitudes
of 0.3–0.9%. Almost always a reversal of the pile motion is accompanied by a
strain reversal and contractant soil behaviour. Towards the end of each downward
and upward motion, the tendency to dilatancy is observed. During downward pile
motion, the mobilization of dilatancy corresponds to the phases with strong increase
of tip resistance (between the points 2 and 3 in Fig. 12).
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4 Interpretation and Postulated Mechanism

During cavitational pile driving, the increase of tip resistance is slow compared
to non-cavitational pile driving. The explanation given in [3] is that in the upward
motion of the pile, the soil is subjected to large deformationwith change of sign of the
shear stress compared to the preceding penetration phase. The ratio of principal stress
reverses and the horizontal stress is greater than the vertical stress. As a consequence
of this, the soil response in the new penetration phase is very soft. The assumption
for the phases without tip force is the opening and closure of a cavity. The time when
the tip force is restarting to increase is interpreted as the moment of establishing new
contact.

This explanation seems reasonable and comprehensive for pile driving in dry
soil but it is found that the qualitative evolution of pile head force measured in our
experiments under water-saturated conditions is very similar. As described above
the opening and closure of a cavity below the pile tip is unlikely to occur in the
experiments and cannot explain the long phases without tip resistance (phases 1 to
2 resp. 4 to 5). Such cavity would also stand in contrast to the fact that significant
soil deformation is observed in these phases (especially in the region laterally above
the pile tip). When tip resistance is mobilized (phase 2 to 3), the soil deformation
concentrates on the region below the pile tip.

A possible explanation for this deformation mechanism is a type of pumping
effect. When the pile performs large displacements upwards, it frees some space
under the pile tip which provokes suction. The pore fluid has the tendency to fill
this space and flows towards the pile tip. This creates drag forces in the soil and
the grains have to follow the fluid motion. When the pile motion reverses, also the
drag forces reverse and the soil is pushed radially apart by the pore fluid. During
these phases, the effective stress in the soil in direct vicinity to the pile tip is very
low and the soil-water mixture behaves more like a viscous fluid. The pile tip does
not necessarily have effective contact with the grain skeleton. The process is very
similar to the closure and expansion of a spherical cavity. Then suddenly, the grain
skeleton is reformed, load transfer between pile and soil is enabled and tip resistance
is mobilized. A large zone below the pile tip is sheared and can mobilize dilatancy.
Necessary conditions for this mechanism are large displacement amplitudes and
partially drained conditions.

5 Conclusions and Outlook

Vibratory pile driving was investigated using model tests in a half-cylinder-shaped
test device with an observationwindow in the symmetry plane. The pilemotion along
this window was recorded using a high-speed digital camera. The pile displacements
and deformation of saturated soil were evaluated by means of DIC.
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Important conclusions from the experimental results are:

• The evolution of tip resistance observed in the test results presented above indicates
cavitational pile driving. The characteristic points on the piles’ force-displacement
curve correlate with sudden changes in the directions of displacement/deformation
in the soil.

• Under water, the forming of a gap or cavity is not a necessary condition for the
occurrence of slow or cavitational pile driving. A sufficient pile displacement
upwards and the vanishing of the tip force as a result of this seems to be a more
appropriate condition. However, it is of course possible that a cavity forms below
the pile under different conditions (drainage, displacement amplitude, etc.).

• On the basis of the displacement and deformation fields around the pile tip eval-
uated by DIC in the observation plane, the symmetry of the process with respect
to a plane perpendicular to the observation plane through the centre line of the
pile was confirmed. Assuming axial symmetry with respect to the centre line of
the pile, the calculation of volumetric strains was performed and the occurrence
of the alternation of contractant and dilatant behaviour was demonstrated.

• In the phaseswith negligible tip resistance—usually contributed to the opening and
closure of a cavity—the pile can be in contact with the soil, but without significant
effective load transfer. The deformation mechanism in these phases is similar to a
spherical cavity expansion. A possible explanation is the occurrence of a pumping
effect induced by the cyclic pile motion. This provokes cyclic pore fluid flow that
drags and pushes the soil simultaneously to the pile motion. The increase of tip
resistance coincides with a dilatant soil behaviour below the pile tip.

Important topics of future work are the direct measurements of tip resistance
together with pore pressure in vicinity to the vibrating pile tip. Related to these
measurements, the actual degree of saturation obtained from the sample preparation
method has to be reviewed. The work presented here concentrates on the so-called
cavitational pile driving. Further studieswill be carried out on other types of vibratory
pile driving such as non-cavitational pile driving. Using the current test set-up, a
surcharge load has to be applied therefore in order to reduce the upward pile motion.
Another interesting field of research is the investigation of higher vibration modes. It
is of practical interest to avoid thesemodes, therefore the reasons for their occurrence
will be studied using the approach described in this contribution.

Appendix 1: Summation of Incremental Displacements
and Strain Calculation Procedure

The DIC procedure evaluates a series of images and calculates the incremental dis-
placements �u(i)

DI C (displacements occurring between image i-1 and i) for a fixed
grid in eulerian coordinate system. Search patches of 32× 32 pixel that are detected
in zones four times as large are used for this evaluation. In order to obtain the total
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to total displacements u and b 3-Node element for strain calculation

displacements u(i) = u(X, ti )with respect to a reference configuration defined in the
first image, the incremental displacements have to be summed. Therefore, material
points X defined in the reference configuration are followed throughout the image
series. Since a material point of the reference configuration lies generally not on a
mesh point of the current configuration, its incremental displacement �u(i) has to
be interpolated using the information of the four surrounding points, �u(i)

DI C,I−I V .

Linear interpolation functions are used. The incremental displacements �u(i) are
then added to the total displacement of the preceding step to obtain the current total
displacement u(i). This procedure is illustrated in Fig. 13a.

Similar to [20], for strain calculation a triangular 3-node element with linear
interpolation functions is used, Fig. 13b.

For this element the deformation gradient F is calculated as the derivative of the
current position x(i) = [x (i), y(i)]T with regard to the reference configuration X =
x(0) = [X, Y ]T . Linear interpolation functions N j are used for the approximation of
the current configuration.

F = ∂x(i)

∂X
=

3∑

j=1

∂ N j

∂X
x(i)

j (1)

The derivatives of the interpolation functions can be calculated from the nodal coor-
dinates in the reference configuration:

∂ N1

∂ X
= 1

2Ae
(Y2 − Y3); ∂ N1

∂Y
= 1

2Ae
(X3 − X2) (2)

∂ N2

∂ X
= 1

2Ae
(Y3 − Y1); ∂ N2

∂Y
= 1

2Ae
(X1 − X3) (3)

∂ N3

∂ X
= 1

2Ae
(Y1 − Y2); ∂ N3

∂Y
= 1

2Ae
(X2 − X1) (4)
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With the element area Ae:

Ae = 1/2[X1(Y2 − Y3) + X2(Y3 − Y1) + X3(Y1 − Y2)] (5)

The Right Cauchy-Green-deformation tensor U is obtained as follows:

U = (FT · F)1/2 (6)

The principal in-plane (Hencky-)strains and the maximum in-plane shear strain
are obtained from the eigenvalues UI/I I of U. Therefrom, the volumetric strain εvol
is calculated assuming axial symmetry (ux =̂ur ).

εI = lnUI ; εI I = lnUI I ; (7)

γmax = εI − εI I ; εvol = εI + εI I + ln(1+ ux/X) (8)

Appendix 2: Test Sand, Deposition Method and Uniformity
Control

A poorly graded medium quartz sand with sub-rounded grains is used in the tests. A
typical grain size distribution and somegranulometric properties are given inFig. 14a.
The minimum and maximum void ratios at negligible stress level are emin = 0.549
and emax = 0.851. From permeability tests with constant head, the dependence of
the coefficient of permeability k on the porosity n was evaluated. Results are given in
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Fig. 14 a Grain size distribution of the test sand (Karlsruhe Sand) and b results of permeability
tests with constant head for different porosities
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Fig. 14b. For a rough estimation of the permeability k as a function of the porosity n,
the well-known Kozeny/Carman-equation [1, 6] was fitted to the test results, Eq. 9:

k(n) = 1

308
· γw

ηw

· n3

(1− n)2
· d2

w (9)

with the specific weight of water γw = 10kN/m3, the dynamic viscosity of water
ηw = 1.137 × 10−3 kNs/m2 and the effective grain size dw = 0.5mm.

For the preparation of the vibratory pile driving tests, the model pile is fixed in the
starting position and approximately half of the test device is filled with deaired water.
The dry sand is pluviated onto the water surface using a travelling diffusor which is
manually operated in such a way that the sand sediments in horizontal layers. This
procedure results in relative densities of about 40%. Higher densities are achieved
by dynamic excitation of the test device, e.g. by applying multiple hammer blows
against the base.

For numerical simulationof the tests it is essential to obtain a homogeneous density
distribution. In order to control the uniformity of the sample after the described
deposition and densification method a series of cone penetration tests (CPT) was
conducted. The same set-up like in [18] was used. The results are shown in Fig. 15a
and the position of the CPTs in Fig. 15. The same sample was used for all six CPTs.
The sample was densified step-wise and after each densification two opposited CPTs
with respect to the symmetry plane y–z were performed. As expected, the cone
resistance qc increases for higher relative densities. The three CPT-pairs show very
similar results although one could expect that the second CPT for each density is
influenced by the preceding. The results indicate that the preparationmethod provides
homogeneous samples and can be used for benchmark experiments.
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