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Deep vibratory compaction simulated using a
high-cycle accumulation model
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Abstract: Deep vibratory compaction (DVC) is an effective ground improvement method for granular
soils in a loose initial state. An efficient numerical approach to simulate the whole process of DVC consid-
ering multiple compaction stages with over 1,000 vibrator cycles per stage is presented. The consideration
of such a large number of cycles is made possible by applying an extended high-cycle accumulation
(HCA) model. The approach allows to determine the optimal duration of vibration per compaction
stage and the spacing of the stages of the DVC process. It is shown that a short vibration time per com-
paction stage with a small vertical distance between stages is favourable from an economical point of view.
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1 Introduction

In case of loosely bedded non-cohesive soils vari-
ous ground improvement methods offer economical
and ecological solutions to obtain save and reliable
foundations of buildings and structures without
the use of costly pile foundations or diaphragm
walls. Especially for the densification of granu-
lar soil with less than 15 % fines content of the
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grain size distribution in large-scale projects, e.g.
land reclamation areas and deposits of open pit
mines, deep vibratory compaction (DVC) is used
in construction practice [23, 35, 4, 17]. Most im-
portant part of DVC treatments is the electrically
or hydraulically driven deep vibrator with diame-
ters of about 0.3 m to 0.5 m which reaches down to
depths of 50 m and below. Efficient compaction is
achieved by application of predominantly horizon-
tally oscillating movements of the deep vibrator.
DVC treatments are subdivided in three phases:

Insertion phase, withdrawal phase and surface
compaction [13]. During insertion phase the oscil-
lating vibrator (frequency f ≈ 25 to 40 Hz) with
connected extension tubes is brought into the sub-
soil under its own weight. The insertion process is
supported by water flushing with water jets at the
bottom and top end of the vibrator developing a
small annulus around the vibrator where smaller
grain particles are flushed towards the ground sur-
face. As soon as the final depth is reached, the
flushing is usually stopped. While vibrating, the
vibrator is held for about 30 s to 90 s in a cer-
tain depth and is pulled up afterwards in 0.3 m to
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1 m steps. This step by step procedure is continued
until the vibrator reaches the ground surface. Usu-
ally vibrator frequencies between 20 Hz to 30 Hz
are used in the withdrawal phase. As a result an
improved, compacted soil volume of limited radial
extent and significantly lower void ratio e respec-
tively higher relative density Dr is obtained. Due
to relatively low mean effective stresses near the
ground surface the induced vibrations of the deep
vibrator cause dilatant behavior of the soil which
leads to an increase of void ratio in the upper 1-
2 m of the ground. Thus surface compaction and
preparation of a planum level is necessary after
completion of DVC prior to the creating of a foun-
dation.
Three areas in the soil around the deep vibra-

tor can be identified. The area referred to as the
”fluidised zone” is in direct contact with the vibra-
tor and undergoes large deformations [52]. With
increasing distance to the vibrator, smaller de-
formations are generated in the surrounding soil.
In this area, the loading with a high number of
loading cycles causes an accumulation of deforma-
tions. This ”accumulation zone” is ultimately the
zone where the actual compaction takes place and
the existing pore space is increasingly reduced. It
is also the zone for which the present work aims
to develop a numerical model for. For larger dis-
tances almost no permanent plastic deformations
occur and only elastic waves propagate further.
This distance represents the transition to the so-
called ”elastic zone” and thus describes the tran-
sition to the existing, uncompacted soil.
In most cases the compaction points are ar-

ranged within a grid of equilateral triangles with
distance x between the compaction points (see
Fig. 1). The objective is to guarantee that espe-
cially in the vicinity of the neuralgic points (blue
dots in Fig. 1), with greatest distance to the vibra-
tor, compaction of the soil reaches required values.
Therefore planning and economical realization of
large-scale DVC treatments can be seen as an op-
timization problem with the aim to choose the dis-
tance x as large as possible satisfying at the same
time the densification criteria.
Up to now the grid design has been chosen

based on experience with similar soils through-
out the construction practice. Reason for this is
beside others that numerical modelling of vibro
compaction treatments is a very challenging task:

� In addition to a radially acting force, the
movement of the deep vibrator generates

shear stresses in the soil, which significantly
influence the compaction effect. The move-
ment of the vibrator is schematically shown
in top view in Fig. 2. The centre of the vi-
brator follows approximately a circular move-
ment (the radius of the path of the centre
of the vibrator is exaggerated in the illustra-
tion). Only a fraction of the soil surround-
ing the vibrator is pushed laterally by the vi-
brator, while the soil at the opposite side is
unloaded. The compaction is only slightly
caused by pressure but is mainly caused by
shearing of the surrounding soil [45, 15]. Be-
cause of the circular path of movement, mod-
elling the vibrator and the soil axisymmetri-
cally is not expedient and a full 3D model is
required. Using an axisymmetric model, both
the complex alternating stress path of load-
ing/unloading and the shear stresses in the
horizontal plane would not be accounted for.

� Conventional constitutive soil models predict
too large accumulation of deformations per
cycle at cycle numbers in the range N > 100,
which is why compaction is usually predicted
to be too fast for numbers of cycles experi-
enced during the DVC process (N > 1000 for
one compaction stage) [45]. Furthermore, the
computational effort with an incremental ma-
terial model is very high for large numbers of
cycles. Therefore, special accumulation mod-
els are required to describe a compaction pro-
cess with several hundred or thousand cycles.

� Modelling the vibratory compaction from the
vibrator tip to the ground surface as a com-
plete 3D finite element model involves an
enormous computational effort and is there-
fore only suitable to a limited extent for
parameter studies. In combination with a
rate-dependent material model and especially
when dynamic effects are taken into account,
this effort increases again significantly.

The numerical approaches presented in the lit-
erature so far have only considered a small num-
ber of cycles of the vibrator, were restricted to the
modelling of one compaction stage only and em-
ployed constitutive models unsuitable to predict
the soil behaviour under a large number of cycles
[27, 14, 3, 8, 24]. The entire process of DVC, i.e.
the continuous pulling of the vibrator with multi-
ple compaction phases applying a suitable consti-
tutive model, could not be realistically modelled
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Fig. 1: Schematic compaction grid design using equi-
lateral triangles consisting of red marked vibrator ap-
plication points. Blue marked points represent neural-
gic points with areas of lowest compaction [16].
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Fig. 2: Schematic illustration of the movement of the
vibrator in top view (the radius of the path of the
centre of the vibrator is exaggerated for illustration
purposes).

up to now. Conventional constitutive models such
as the hypoplastic model with intergranular strain
extension or the Sanisand model can only real-
istically capture a limited number of load cycles
and predict a nearly linear increase of accumu-
lated strain with increasing number of cycles [47].
In reality, however, the accumulation rate continu-
ously decreases with number of cycles [46]. Special
constitutive models such as the high-cycle accu-
mulation (HCA) model by Niemunis et al. [33] are
required for a larger number of cycles. This consti-
tutive model was specially developed to calculate
the accumulated strain of non-cohesive soils for a
large number of loading cycles and has proven a
versatile tool for various geomechanical analyses
with a large number of cycles (see e.g. [34, 41, 12,
37, 48] for application to monopiles for offshore
foundations, [53] for gravity foundations for off-
shore foundations or [19] for ship locks). Following

the general approach presented in [45], the appli-
cation of the HCA model to the modelling of the
DVC process is explained in the next sections.

2 High-cycle accumulation model
In a conventional analysis, every individual cycle
is simulated (see Fig. 3a). In contrast, a combined
low-cycle and high-cycle calculation strategy (also
referred to as implicit-explicit strategy) is used in
the HCA model. The procedure is shown in Fig. 3b
in a simplified form. The dynamic movement of
the deep vibrator with cyclic loading and unload-
ing generates deformations in the soil. Consider-
ing an element near the vibrator, the accumulated
strain is increasing with time or with the num-
ber of loading cycles. Each cycle corresponds to
one revolution of the vibrator. For a large num-
ber of cycles each individual cycle can hardly be
calculated with a conventional (incrementally non-
linear) material model: the result would be a very
high calculation effort and the summation of nu-
merical errors due to a large number of iterations.
Therefore, a division into a low-cycle and a high-
cycle calculation part is proposed. First, a few cy-
cles are simulated with the conventional constitu-
tive model in the low-cycle mode. During the last
cycle, the strain path is recorded and the strain
amplitude εampl is determined based on a tensorial
strain amplitude AN [33]. With the strain ampli-
tude as a basis, only the trend of the accumulated
strain is then described in the high-cycle mode.
During the high-cycle mode, the strain amplitude
is a function of the soil stiffness using a so-called
adaptive strain amplitude [40], which, contrary to
the original formulation [33], takes into account
the stiffness changes caused by the cyclic loading.
In analogy to a conventional constitutive model,

the HCA model links stress rates with strain
rates:

σ̊ = E :
(
ε̇− ε̇acc − ε̇pl

)
. (1)

σ̊ is the objective (a rigid rotation does not cause
any change in stress) stress rate. To obtain an ob-
jective stress rate, the Zaremba-Jaumann [54, 11]
stress rate is applied in this work, which is inte-
grated using the Hughes-Winget algorithm [9].
Of major importance is the accumulation rate

ε̇acc = m · ε̇acc, which is calculated using the flow
direction m of the Modified Cam-Clay (MMC)
model and the accumulation intensity ε̇acc. The
flow direction of cohesionless soils subjected to
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Fig. 3: Calculation strategy in conventional analyses and in simulations using the HCA model (modified from
[47]). For simulations with the HCA model the strain amplitude εampl is determined from the second load cycle
calculated with a conventional constitutive model. Only the trend of strain accumulation is predicted in the
high-cycle mode. During the high-cycle mode, the strain amplitude is a function of the soil stiffness using a
so-called adaptive strain amplitude [40].

cyclic loading has been investigated in an extensive
laboratory testing program [46, 49]. It was found
that the average stress ratio is the decisive vari-
able influencing the direction of accumulation. Ef-
fects resulting from changes in the density and the
structure of the soil have only a minor influence.
Therefore, the flow direction of the MCC model,
which only considers the influence of the average
stress ratio, was found to be sufficient. Since the
average stress ratio changes during the cyclic load-
ing in general (see Eq. (1)), the flow direction is
influenced by the number of load cycles.
Within the HCA model the accumulation inten-

sity is determined by multiplication of five func-
tions, which take into account the influence of the
strain amplitude, the mean effective stress, the
stress ratio and the void ratio. In addition, the in-
fluence of cyclic preloading is considered using the
preloading variable gA, which weights the number
of applied cycles N by the strain amplitude εampl

of these cycles. Details on the definition of ε̇acc can
be found in [31, 47]. ε̇pl is only active in case the
stress reaches the Matsuoka-Nakai failure locus.

Equation (1) considers rates of stress and strain
with respect to number of cycles and not with re-
spect to time. In transient analyses, i.e. analyses
performed in physical time, the integration of Eq.
(1) is performed using ∆N = ∆t/tcycle, where ∆t
is the time increment applied by the FE program
and tcycle is the duration of a single cycle. This
is relevant in the present work since consolidation
is accounted for. For the application of the HCA
model to the simulation of a dynamic boundary
value problem (BVP), it is assumed that the ac-
cumulation of permanent strain does not lead to a
change of the average acceleration. Then it is suf-
ficient to calculate the strain amplitude in a dy-
namic analysis and perform the high-cycle calcu-
lation neglecting inertia forces, since they are in-
corporated in the strain amplitude. This assump-
tion depends on how large the rate of stress calcu-
lated by Eq. (1) is. The larger the stress rate, the
less justified is the assumption of the average ac-
celeration being constant because the momentum
balance then requires acceleration to ensure equi-
librium. The accumulation of stresses depends on
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Campl Ce Cp CY CN1 [10−5] CN2 CN3

2.25 0.50 0.41 2.59 5.91 0.15 0

Table 1: Parameters of the HCA model for ”Karlsruhe
Sand”

the BVP. For instance, in a drained cyclic triaxial
test, the stress rate is zero and an unconstrained
accumulation of strain occurs. Therefore, indepen-
dent of frequency of loading, the average inertia
effects will be constant (i.e. zero in a steady state)
and only the inertia forces of an individual cycle
matter. This allows to neglect the inertia terms in
the HCA analysis, which only works in terms of
average values. Typically, the average stress rate
per cycle is also low for more complicated BVPs,
such as deep vibratory compaction, justifying the
application of the HCA model.
A total of seven material model parameters have

to be calibrated using results of drained cyclic tri-
axial tests. Therefore, drained triaxial and hol-
low cylinder tests with a large number of cycles
and comparable large strain amplitudes (εampl >
5 · 10−3) have been performed, which are docu-
mented in [16]. Typically, the strain amplitude
during the DVC process is lower than 5 · 10−3 in
a distance of approximately 1 m from the vibra-
tor. This holds even for large displacement ampli-
tudes of the vibrator of ≈ 1 cm [45]. Considering
that the presented approach does not aim to fully
describe the mechanisms in the ”fluidised zone”
around the vibrator, it is judged appropriated to
use parameters in this zone which are not specif-
ically calibrated for εampl ≫ 5 · 10−3. A medium
coarse sand (”Karlsruhe Sand”) has been consid-
ered in the drained triaxial and hollow cylinder
test. The parameters obtained from the calibration
of the HCA model using these laboratory results
are given in Table 1 and are used for the simula-
tions presented in Section 4.
It is worth mentioning that, based on approx-

imately 150 drained cyclic triaxial tests, a sim-
plified calibration procedure has been proposed
in [50]. All parameters given in Table 1 can be
estimated based on the mean grain size d50, the
uniformity coefficient Cu and minimum void ratio
emin. However, it is recommended to conduct at
least one drained high-cyclic triaxial test in order
to calibrate the parameters considering the cyclic
preloading CN1, CN2 and CN3, used to describe
the development of accumulated strain with in-
creasing number of cycles. For the simulation of

the DVC process, where only a rather rough esti-
mation of the achieved densification pattern is re-
quired, the determination of all parameters based
on the above mentioned basic soil properties is
probably sufficient.
As is indicated in Fig. 3, the strain amplitude

is not constant during the high-cycle phase but is
continuously updated using a so-called adaptive
strain amplitude [40]. Changes in the soil stiff-
ness resulting from the change in the soil state
can therefore be accounted for. For this purpose
the following relation between the tensorial strain
amplitude and the soil stiffness is employed:

AN = A0 ∥E0∥
∥EN∥

. (2)

Therein, AN is the tensorial amplitude and EN the
soil stiffness at N cycles. A0 and E0 are the corre-
sponding reference values obtained from the sec-
ond load cycle in Fig. 3. Once updated, the scalar
strain amplitude εampl is obtained following the
procedures described in [33]. The soil stiffness is
obtained from the constitutive model used to cal-
culate the strain amplitude, which is the hypoplas-
tic model with intergranular strain in this work.
The stiffness inserted in Eq. (2) is calculated by
numerical differentiation giving a tangent stiffness.
Details on this procedure can be found in [40].
A spatial smoothing of the field of strain am-

plitude is necessary once updated. The spatially
smoothed value ε̄ampl,N is calculated using

ε̄ampl,N(xi) =

∫
w(xi,xj)ε

ampl,N(xj) dV . (3)

Therein, xi denotes the coordinate of the in-
tegration point at which the strain amplitude
is smoothed and xj are the coordinates of all
adjacent points considered for the smoothing.
w(xi,xj) is a weight function, which is chosen
to be the Gaussian function (”bell curve”). A so-
called characteristic length lc has to be introduced,
which influences the distance to other points which
are considered for the smoothing. The larger lc, the
more points are considered in the smoothing of the
strain amplitude in one point. lc = 1 m is set for
all simulations performed in the framework of this
paper. More details on the importance of the spa-
tial smoothing can be found in [40].
As is further elaborated on in Section 4, the

adaptive strain amplitude definition is a key fea-
ture in the simulation of multiple stages of the
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DVC process.

3 Calculation of the initial strain ampli-
tude

The first cycles of the vibrator are modelled in a
Coupled Eulerian-Lagrangian (CEL) analysis with
an explicit time integration scheme considering
inertia. Hydro-mechanically coupled analyses are
performed, taking into account excess pore water
pressures and consolidation processes. In contrast
to the simulations reported in [27], the acceleration
is considered in the momentum balance of the pore
water using the extension of the approach by [6]
presented in [39], being of great relevance for the
vibro compaction process due to the high accel-
erations. In addition, cavitation is accounted for,
such that the absolute pore water pressure can not
drop below the atmospheric pressure. This is done
by defining a case for the mass balance of pore wa-
ter, for details see [38]. The water table is assumed
to be identical to the ground surface level.
The movement of the deep vibrator in the soil

can only be measured with great effort and de-
pends on a large number of influencing factors [28,
29, 5]. These include among others, the unbalanced
mass, the frequency and the arrangement of the
vibrator ”fins”. The results of field tests by Nagy
et al. [30] are the basis for the following assump-
tions. The stated objective of this work is to es-
timate the compaction based on of a previously
calculated field of strain amplitude. Therefore, the
motion of the deep vibrator is deliberately mod-
elled in a displacement-controlled manner in order
to obtain comparable induced deformations With
a force-controlled vibrator motion, the induced de-
formations are directly dependent on the mate-
rial behaviour, so that the boundary condition can
vary between different conditions. The measure-
ment results of Nagy [28] have shown that the cen-
tre axis of the vibrator, starting from a pivot point,
describes a geometric figure in the form of a dou-
ble cone. To reproduce this behaviour, the rigid-
body model of the deep vibrator is set in motion in
the CEL calculations by cyclically varying the ro-
tational degrees of freedom at the reference point
(theoretical pivot point). Figure 4 shows schemati-
cally how the deflection of the vibrator is achieved.
Here, the angles of twist θx about the local x-axis
as well as θy about the y-axis are controlled si-
multaneously by given sinusoidal functions. For all
simulations ux = uy = 5 mm is set and the fre-
quency is 25 Hz. Note that the amplitudes are as-

sumed to remain constant throughout the process,
which is not necessarily the case in reality because
of the densification already experienced with on-
going vibration [28]. The initial depth of the tip
of the vibrator is assumed to be 15 m below the
ground level. The diameter of the vibrator is 0.4
m and the length of the vibrator h given in Fig. 4
is 3.8 m. The insertion phase of the vibrator into
the soil prior to vibration is not modelled.
The hypoplastic model [51] with intergranular

strain extension [32] is used for the simulation of
the first two cycles of the DVC process. ”Karl-
sruhe Sand” is considered as soil, for which the
parameters calibrated in [16] are used. An initially
loose state of the soil (Dr0 = 0.3) prior to vi-
bro compaction is assumed. In practice, the ini-
tial density is in most cases obtained by means of
cone penetration testing (CPT) and application of
suitable correlations [18]. In some circumstances
(large projects and/or large uncertainties), more
sophisticated calibration of the parameters used
in the correlation equations might be necessary
e.g. by performing CPTs in a calibration chamber.
Typically, one would expect that the final density
achieved close to the vibrator does not depend too
strongly on the initial density (assuming all other
parameters remain constant) [25].
The numerical model used for the CEL analysis

and the results of these simulations are presented
in detail in [16]. They are not discussed in detail
here, as they only serve to obtain the field of the
initial strain amplitude, which is the input for the
simulations with the HCA model presented in the
next section. Alternatively, the strain amplitude
can also be obtained using the analytical approach
presented in [45].

4 Modelling of multi-stage compaction us-
ing the HCA model

The finite-element code numgeo (Machaček &
Staubach, see e.g. [22, 20, 42, 38] and www.numgeo.
de) is employed for the modelling of multi-stage
compaction using the HCA model in a fully La-
grangian analysis. The spatial distributions of the
state variables (void ratio, stress and strain ampli-
tude) are imported in the fully Lagrangian model
by means of a nearest neighbour search following
the procedures described in [7, 39]. Compared to
the CEL model described in [16], the Lagrangian
model is considerably smaller since quasi-static
analysis are performed, for which lower require-
ments for the distance to the boundaries are to
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Fig. 4: Schematic representation of the rotational
boundary conditions at the reference point (theoreti-
cal pivot point) of the deep vibrator

be met. In order to perform hydro-mechanically
coupled analyses, a u-U finite element formulation
is chosen, for which the displacement of the solid
phase u and the displacement of the water phase
U are spatially discretised. The basics of this for-
mulation can be found in [55] and details on the
implementation in numgeo in [21, 36]. For these el-
ements, the pore water pressure is an integration
point variable and calculated based on the volu-
metric strain of the two phases. Only the ground
surface allows for drainage by not prescribing the
water displacement normal to the boundary. At
the soil vibrator interface, the water displacement
normal to the vibrator is coupled with the dis-
placement of the solid by means of a penalty ap-
proach, such that the water can not penetrate into
the vibrator. Therefore, no drainage is possible via
the vibrator-soil interface.
The finite-element model is shown in Fig. 5. It

has a total of approximately 100,000 nodes, with
6 degrees of freedom per node. The direct solver
MUMPS (MUltifrontal Massively Parallel sparse di-
rect Solver) [1, 2] is used to solve the system of
equations.
A zero-thickness element-based mortar contact

discretisation scheme with four integration points
per element face is used for the soil-pile interface.
Details on the contact discretisation method and
its implementation can be found in [44, 43]. A sim-
ple Coulomb friction model with a friction coeffi-
cient of µ = 0.3 is adopted.
Only the high-cycle phase of HCA model is

15 m

30
 m

15
 m

Fig. 5: Fully Lagrangian finite element model for the
simulations with the HCA model

performed in the Lagrangian analysis, since the
strain amplitude has already been determined in
the CEL calculations, i.e. the low-cycle phase in-
dicated in Fig. 3 is not required for the analyses
using the Lagrangian model. In order to simulate
multiple stages of vibro compaction, the following
steps are undertaken:

1. Obtain the state variables and the strain am-
plitude in the initial depth of the vibrator by
means of dynamic CEL analyses. This proce-
dure is identical to the one explained in Sec-
tion 3.

2. Simulate N cycles (or time t = N/f , where
f is the frequency) of the vibrator using the
HCA model with the calculated strain ampli-
tude as input. This results in a change of state
variables (void ratio, total stress, pore water
pressure and the cyclic history state variable
gA of the HCA model) in the entire model.
A transient analysis is performed, considering
excess pore water pressures and consolidation.
As mentioned earlier, a frequency of vibration
of 25 Hz is considered, which influences inertia
effects and the consolidation process. Differ-
ent vibration times ∆t per compaction stage
are considered, as is explained later.

3. Pulling of the vibrator by ∆z by spatially
shifting the strain amplitude by ∆z during
the analysis. At the same time, the reference
stiffness E0 used in Eq. (2) is shifted likewise.
The strain amplitude at the new spatial posi-
tion is then scaled by Eq. (2) using the current
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stiffness EN (influenced by the compaction
phases performed earlier) at this spatial po-
sition. Following the scaling, the spatial dis-
tribution of the strain amplitude is spatially
smoothed using Eq. (3). All other state vari-
ables of the soil (void ratio, effective stresses,
cyclic history) remain unaltered by this pro-
cedure. The feasibility of scaling the strain
amplitude using the change in stiffness has
been demonstrated in [40] and has been vali-
dated based on undrained cyclic triaxial tests,
amongst others.

4. Simulate N cycles using the spatially updated
field of strain amplitude.

5. Repeat from step 3 until the final compaction
stage, viz.

∑
i ∆zi = zfinal

With this procedure it is possible to consider a
large number of compaction stages i with a nearly
arbitrary large number of cycles N per stage in one
simulation. The scaling of the strain amplitude is
possible, since the displacement amplitude of the
vibrator is assumed to be constant for each stage.
Otherwise, such an approach would not be feasi-
ble. Note that the vibrator itself is not shifted, i.e.
it is fixed to its initial position. Therefore, the loos-
ening of the soil occurring when the cavity forming
below the vibrator tip following the pulling is filled
again by soil is not taken into account. Only shifts
directed to the ground surface are considered.
Figure 6 shows the results of the simulation of

the DVC process considering 15 stages of com-
paction with a duration of 60 s (1,500 cycles) per
stage. The hydraulic conductivity of the soil is
kw = 10−3 m/s. The vibrator is pulled in steps
of ∆z = 1 m, such that starting in a depth of 15
m, the tip of the vibrator is 1 m below the ground
surface in the last compaction phase. The upper
part of the figure displays the spatial distribution
of the strain amplitude at compaction stages of 0
m, 2 m, 4 m, 6 m and 10 m. The initial distri-
bution of the strain amplitude at ∆z = 0 m is
identical to the one obtained from the CEL sim-
ulations. As explained earlier, at each compaction
stage, the spatial distribution of the strain am-
plitude is first shifted by ∆z with respect to the
reference position and then scaled by the current
stiffness of the soil considering the shifted reference
value. With increasing ∆z the zone of large val-
ues of strain amplitude increases, which is due to
the lower stiffness of the soil with decreasing over-
burden height. In addition, since excess pore wa-

ter pressures develop during the compaction which
are not fully dissipated at the time the vibrator is
pulled, the stiffness of the soil is further reduced.
The spatial distribution of relative density at the
end of each phase demonstrates the effectiveness
of the DVC process, leading to a compaction of
the soil in a large zone around the vibrator. A
cone-shaped distribution is obtained after 10 com-
paction phases, with an average radius from the
vibrator of approximately 4-5 m. Unsurprisingly,
stronger compaction occurs in a distance of 1-2
m to the vibrator compared to greater distances.
In line with observations from practice, loosening
of the soil close to the ground surface occurs, ne-
cessitating the implementation of additional soil
compaction procedures. In case of the pore water
pressure, the shown distribution is at the maxi-
mum value of excess pore water pressure for each
compaction stage, which is approximately at 50-
75 cycles of the vibrator. It is well visible that
the excess pore water pressure generated by the
DVC process decreases with increasing number of
compaction stages which is due to the densifica-
tion of the soil caused by the compaction stages
performed prior. However, despite the compara-
bly high hydraulic conductivity of kw = 10−3 m/s,
considerable excess pore water pressures are ob-
served for the first three compaction phases.
The excess pore water pressure and relative den-

sity with respect to the depth below the ground
surface in a distance of 1 m to the vibrator are
shown in Fig. 7. The distributions at different dis-
tances of the vibrator to its original position are
given. As in case of Fig. 6, the shown distribu-
tion of excess pore water pressure is obtained at
the time with maximum value of excess pore wa-
ter pressure for each compaction stage. In case of
the relative density the values at the end of each
phase are given. At the initial stage (0 m), the vi-
bration causes positive excess pore water pressures
at the tip of the vibrator (15 m), but negative ex-
cess pore water pressures for depths both lower
than 11 m or higher than 18 m. In contrast, during
the second phase of compaction (tip of vibrator is
located 13 m below the ground surface), only pos-
itive excess pore water pressures develop, with the
peak value being located at approximately 13 m.
Slightly lower excess pore water pressures are ob-
served after pulling the vibrator by

∑4
i ∆zi = 4 m,

which is due to the compaction the soil has already
experienced in the first three stages of vibration.
The distribution of the relative density at ∆z =

8



Staubach et al. (2023)

Strain amplitude �ampl [10-3]
>1 0.5 0

Relative density [%]
100500

Pore water pressure [kPa]
<0100>200

Fig. 6: Field of the strain amplitude, the relative density and the pore water pressure for each stage of the DVC
process pulling the vibrator in steps of ∆z = 1 m with a duration of 60 s per compaction stage

0 m shows that the vibration causes densification
in a zone identical to the zone of positive excess
pore water pressure. A slight loosening is observed
in zones closer to the ground surface which experi-
ence negative excess pore water pressure. Relative
densities of 60 % are reached at the height of the
tip of the vibrator at the end of the first stage.
This value increases further with increasing num-
ber of compaction phases, which can be seen from
the distribution at 4 m. The distributions at 8 m,
10 m and 14 m demonstrate that the location of
maximum compaction is always in greater depths
below the ground surface than the location of the
tip of the vibrator at the current compaction stage.
Although the vibrator is 1 m below the soil sur-
face in the last phase, values of relative density of

less than 60 % are achieved in the upper 3-4 m. In
addition, the last vibration phase also results in a
strong loosening of the soil at the ground surface,
resulting in the loosest possible state of the soil. In
fact, close to the ground surface, the relative den-
sity decreases further with each compaction stage.
These results clearly demonstrate the necessity of
additional near-surface compaction following the
DVC process [17].
An important question in practice is the estima-

tion of the distance ∆z between compaction stages
and the vibration time per stage ∆t. Figure 8 com-
pares the vertical distribution of relative density
in a horizontal distance of 1 m to the vibrator for
two different configurations: The vibrator is either
pulled in steps of ∆z = 0.5 m with a duration of

9
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Fig. 7: Excess pore water pressure and relative density
vs. depth below the ground surface in a distance of 1 m
to the vibrator pulling the vibrator in steps of ∆z = 1
m with a duration of 60 s per compaction stage

30 s per compaction stage or in steps of ∆z = 2
m with a duration of 400 s per compaction stage.
Compared to the simulation considering ∆t = 60
s (Fig. 7), setting ∆t = 30 s and ∆z = 0.5 m
results in considerably greater compaction of the
soil at

∑
i ∆zi = 10 m, despite the identical total

time (11 · 60 s = 22 · 30 s = 660 s, equivalent to
16,500 cycles) of vibration. Setting ∆z = 2 m and
∆t = 400 s the total time is greater (5 · 400 s =
2000 s, equivalent to 50,000 cycles), but the DVC
process leads to lower compaction compared to the
other two configurations. This holds true for both
the maximum values of relative density achieved
and the zone of soil compacted.
To evaluate which is the optimal time of vibra-

tion per stage, Fig. 9 compares simulations with
∆t = {30, 45, 75, 90} s and ∆z = 1 m. As
expected, the longer the duration, the higher the
compaction achieved. However, despite the much
shorter total time of vibration, setting ∆t = 30 s
already results in considerable densification, with
values of approximately 70 % for depths between
8 and 14 m. Considering a longer vibration time
results in a slight increase to Dr = 70 − 80 %
at these depths and also a slightly larger zone of
compaction. Therefore, in line with the observa-
tion made based on Fig. 8 that compaction with
low values of ∆z and ∆t should be favoured, a
short period of vibration is found to be more eco-
nomic. This is despite the excess pore water pres-
sures generated by the vibration process as was
demonstrated in Fig. 7.
DVC is only an appropriated ground improve-
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Fig. 8: Relative density vs. depth below the ground
surface in a horizontal distance of 1 m to the vibrator.
The vibrator is either pulled in steps of ∆z = 0.5
m with a duration of 30 s per compaction stage or
in steps of ∆z = 2 m with a duration of 400 s per
compaction stage

ment technique for medium fine to coarse sands
with no or low fines content. To demonstrate how
the hydraulic conductivity of the soil influences the
compaction process, the results of a simulation set-
ting kw = 10−4 m/s, ∆z = 1 m and ∆t = 90 s are
shown in Fig. 10. In analogy to Fig. 7 the distri-
bution of excess pore water pressure is shown for
the maximum value during the compaction stage
(again, approximately at 75 cycles of the vibrator
after the start in each stage). Unsurprisingly, the
lower value of kw results in higher excess pore wa-
ter pressures compared to kw = 10−3 m/s given
in Fig. 7. The peak value of excess pore water
pressure is observed to be shifted downwards rel-
ative to the location of the tip of the vibrator,
which is due to the remaining excess pore water
pressure from the earlier stages. Compared to the
right-hand side of Fig. 9, the simulation assuming
kw = 10−4 m/s shows a much lower compaction
of the soil, in particular for lower depths below
the ground surface. Overall, the simulations show
that DVC is not efficient in increasing the relative
density of the soil for kw = 10−4 m/s.

5 Conclusions & Outlook

A numerical approach to calculate the changes in
the state of loose granular soils caused by deep vi-
bro compaction (DVC) has been presented. The
scheme utilises a high-cycle accumulation model
for sand together with an adaptive definition of
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Fig. 9: Relative density vs. depth below the ground surface in a horizontal distance of 1 m to the vibrator pulling
the vibrator in steps of ∆z = 1 m with a duration of ∆t = {30, 45, 75, 90} s per compaction stage
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Fig. 10: Excess pore water pressure and relative den-
sity vs. depth below the ground surface in a horizontal
distance of 1 m to the vibrator pulling the vibrator in
steps of ∆z = 1 m with a duration of 90 s per com-
paction stage

the strain amplitude. In contrast to existing ap-
proaches, the developed scheme allows to realis-
tically consider an arbitrary large number of cy-
cles exerted by the vibrator and multiples stages of
compaction. The following conclusions were drawn
from the analyses performed:

� The vertical distance between compaction
stages and the duration of vibration per stage
influence the change in relative density con-
siderably, even if the total time of the com-
plete process is identical.

� Longer vibration times of 400 s and larger dis-
tances between compaction stages of 2 m re-
sult in lower final relative densities as shorter
(60 s or 30 s) but more frequent stages (dis-
tance of 1 m or 0.5 m), despite a longer to-
tal time of vibration. Therefore, shorter and
more frequent compaction stages are found to
be more efficient, which is in line with expe-
rience from practice.

� Even for a value of hydraulic conductivity of
kw = 10−3 m/s the DVC process lead to con-
siderable excess pore water pressures. For soils
with values of hydraulic conductivity lower
than kw = 10−4 m/s, simulations indicate
that the method is not suitable to achieve a
satisfactory compaction.

Because of the high effective stresses developing
during the DVC process, particle breakage may
occur. Future research will incorporate the model
proposed in [10] to account for such effects. Fur-
thermore, the numerical scheme proposed in this
work will be validated by field or model tests [26]
in a follow-up work.
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Wichtmann. “Back-analysis of model tests
on piles in sand subjected to long-term lat-
eral cyclic loading: Impact of the pile instal-
lation and application of the HCA model”.
In: Computers and Geotechnics 134 (June
2021), p. 104018. issn: 0266352X. doi: 10.
1016/j.compgeo.2021.104018.

[38] P. Staubach. “Contributions to the numer-
ical modelling of pile installation processes
and high-cyclic loading of soils”. PhD The-
sis. Publications of the Chair of Soil Me-
chanics, Foundation Engineering and En-
vironmental Geotechnics, Ruhr-University
Bochum, Issue No. 73, 2022.

[39] P. Staubach, J. Machaček, M. C. Moscoso,
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