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ABSTRACT: For many geotechnical problems, a good knowledge of the dynamic soil
behavior is important. However, physical measurements can be very difficult. Static and
dynamic compaction is still an essential method for improving soils. In the contribution, the
Digital Image Correlation (DIC) method was used to evaluate static and dynamic compaction
processes in model tests. In addition, with the experiments numerical models using a hypoplas-
tic material law have been validated. The experimental results confirm well-known theories of
the fundamental deformation behavior of sand. Using acceleration sensors in the sand, the
DIC results recorded by a high-speed camera could be interpreted at specific points. The
results show correlations between soil compaction and the propagation of wave fronts. The
DIC method allows a detailed and coherent evaluation in a transparent section plane. In add-
ition to compaction processes, the method could be suitable for understanding of mechanical
processes in various dynamic geotechnical problems.

1 INTRODUCTION

1.1 The practical significance of heavy tamping

The compaction of soil by heavy tamping with falling weights is probably the oldest form of
soil improvement and was applied in China over 4000 years ago. According to Slocombe
(1993), Louis Menard developed the modern form of heavy tamping in France in 1970. In this
method, a crane repeatedly drops a cable-guided falling weight in a certain horizontal grid.
Frequently used are masses of falling weights of 20 t to 25 t with maximum drop heights of 25
m. In the meantime, individual projects also use systems with up to 200 t with a fall height of
up to 40 m as well as real free fall systems without cable guiding. Since several years, Rapid
Impact Compaction is using similar technology. In this case, a fall mass between 7 t and 12 t is
dropped from a height of 1.2 m on a metal foot. With a significantly lower depth of influence,
an advantage of this method is the increased number of strokes of up to 60 drops per minute
compared with the 1 to 2 drops in the case of heavy tamping with a crane.
Heavy tamping is used for the deep compaction of soils with insufficient bearing capacity

and for the compaction of artificial earth bodies, mostly in large-scale extra-urban projects.
Of particular importance is the process in the compaction of former mining areas with loose
non-cohesive soils, which need to be protected against liquefaction.
Heavy tamping leads to the propagation of body waves (compression and shear waves) and

surface waves in the ground. The generated vibrations decrease with increasing distance from
the source of the energy input. Reasons for this are the geometric decrease of the amplitudes
due to reduction of the energy density and the material damping due to the frequency-depend-
ent absorption of the vibration energy. It is assumed that compression and shear waves lead
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to a densification via a rearrangement of the grain skeleton. Especially in cohesive soils, pore
water can limit or completely prevent this type of compaction.

1.2 Overview of experimental and computational investigations of heavy tamping

Compaction with transient energy input, as in the case of heavy tamping, involves a complex
mechanical process in which often only permanent changes or punctual effects can be detected
during the process. The soil deformations are characterized by a series of dynamic processes
of compression and shearing. The deformation behavior of the soil below the drop weights
can be evaluated in experiments, similar to static tests. Model tests are therefore used in many
cases as an alternative to expensive 1: 1 field trials.
Frequently, model tests of heavy tamping are carried out under gravity as 1g experiments.

An exception was the centrifuge tests by Oshima & Takada (1994).
Jessberger & Beine (1981), Poran & Rodriguez (1992) and Jafarzadeh (2006) used classical

sensor concepts with temporally high-resolution earth pressure or acceleration sensors, which
are arranged in the soil sample and also at the drop weight. Oshima & Takada (1994), Hajiali-
lue-Bonab et al. (2011) as well Nazhat (2013) used cross-section models and a DIC (Digital
Image Correlation) or PIV method (Particle Image Velocimetry).
A regular subject of investigation are approaches for predicting the depth of influence. For

an approximate determination of the influence depth, different approaches exist for typical
dimensions of the heavy tamping. Variants according to Ménard & Broise (1975) with a con-
sideration of mass of the drop weight W and drop height H are very common. Extensions to
this equation include an addition of empirical factors to consider different types of soils as
well as a deceleration by the cable management during the fall process. Lukas (1986) pub-
lished Equation 1 with consideration of the empirical factor n. Kirstein (2012) also recom-
mends including the grid dimension in the estimation of the depth effect.

D ¼ n
ffiffiffiffiffiffiffiffiffi

WH
p

ð1Þ

where D = influence depth [m]; W = mass of the drop weight [t]; H = drop height [m] and n
= empirical factor (between 0.5 for clayey soils and 1.0 for gravel).
Mostafa & Liang (2010) as well as Nazhat (2013) give a comprehensive summary of simula-

tions of the weight reduction with the FEM and supplement these with their own contribu-
tions. The presented articles mainly use 2D models as well as individual 3D models. The soil is
described by various elastoplastic material laws. In addition to non-commercial FE codes, the
commercial programs Abaqus, LS-Dyna, CTH, ALEGRA, ALE-3D and RADIOSS were used.
A simulation of heavy tamping is characterized by different nonlinearities, such as large

deformations and distortions, non-linear material behavior of the soil, contact with friction
and propagation of body waves. However, very large deformations usually lead to abortions
of the calculations in the classical Lagrangian FEM. Numerical enhancements such as the
Arbitrary Lagrangian Eulerian (ALE) method or the Coupled Eulerian Lagrangian (CEL)
method offer the opportunity to solve problems with large deformations. In the CEL method,
areas of an FE mesh are calculated in Lagrangian and others in Eulerian elements. The
method was used several for geotechnical problems with large deformations as described in
Qiu et al. (2011).

2 EXPERIMENTAL METHOD AND EXPERIMENTAL SETUP

2.1 Concept of model tests

In the benchmark tests we tried to separate certain effects and gradually expand them to a
more complex boundary value problem. Possibilities and limitations of the DIC method were
first evaluated under static loads within the test C (calibration) under laboratory conditions.
Subsequently, tests were carried out on a larger scale within the test M (middle) under static
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loads and later on with falling weights. Figure 1 shows the test benchmark schematically in
the used configurations.

2.2 Digital Image Correlation (DIC)

Digital Image Correlation (DIC) describes a group of techniques that obtain data from a com-
parison of digital images. Particle Image Velocimetry (PIV) stands for a common variant of
DIC, which was first used in fluid mechanics to evaluate the displacement field in flow pro-
cesses. In geotechnical engineering, PIV is also used in the evaluation of model experiments.
Unlike in fluid mechanics, not individual particles but groups of several grains are traced.
White et al. (2003) explain the basics of PIV in geotechnical engineering.
DIC experiments in geotechnical engineering usually require one or more windows, which

show the areas in which relevant deformations are expected. In tests under static loads, a
system camera was used. Tests with drop weights were carried out using a high-speed camera
at 1604 frames per second (fps). The resolution of the high-speed camera was pretested at
both tests under static loads by comparing results with the system camera at much higher reso-
lution. A calculation of the volumetric strain εvol and the shear strains γ for plain strain condi-
tions is carried out according to equation 2 and 3:

εvol ¼ εx þ εy ð2Þ

γ ¼ εx � εy ð3Þ

where εx = horizontal strains and εy = vertical strains.

2.3 Test sand, material model and determination of parameters

The test material used was a dry sand with a nonuniformity U = 3.0 and a mean grain diam-
eter d50 = 0.61 mm. In the presented experiments, the sand was installed in a medium-dense
state with a pluviation technique (initial void ratio e0 = 0.61, ρd = 1.62).

In FE calculations the soil behavior of the dry sand is described by the hypoplastic model
according to Wolffersdorff (1996) with extension of the concept of intergranular strains
according to Niemunis and Herle (1997). The material model was implemented as an umat
routine in Abaqus/Standard for static loads and as a vumat routine for further simulations
with the CEL method in Abaqus/Explicit. The constitutive model is described by 13 param-
eters, which can be determined from soil mechanical laboratory tests and element tests. The
determined material parameters of the tested sand are summarized in the following table. A
detailed description of the parameters can be found in Niemunis & Herle (1997).

Figure 1. Schemes of the performed benchmark tests: a) test C (one-dimensional compression), test M

b) in plane strain configuration and c) in half model configuration.
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3 EXPERIMENTS WITH STATIC LOAD

For tests with vertical compression, a loading plate with a smooth bottom is used in the test C
according to Figure 1a. The dimensions of the loading plate correspond almost to the cross
section of the container and allow a full-surface loading of the upper surface of the sand. A
loading procedure similar to an oedometer test with load steps between 10 kN/m² and 1000
kN/m² were applied. Figures 2 and 3 shows the results of the DIC measurement of displace-
ments at the maximum load of 1000 kN/m². Figure 3 compares the results between the experi-
ment and the simulation at a vertical section line. For simulating the friction between the sand
and the container wall a Coloumb friction model and a friction angle of 12° for very smooth

Table 1. Material model parameters of the test sand used.

’c hs n ed0 ec0 ei0 α β mR mT R X X

32.4° 3,300 MPa 0.26 0.484 0.750 0.863 0.25 1.5 5 2 6.5 E-5 0.5 6

Figure 2. Displacement fields in compression test C: a) ux, b) uy and c) |u| in mm, load 1000 kN/m².

Figure 3. Results of the experiment and the simulation for a compression along a vertical section line:

a) vertical displacement uy and b) volumetric strain εvol, load 1000 kN/m².
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surfaces was used. In addition, the deformability of the viewing plane made of acrylic glass
was taken into account.
Figure 2 shows that the major displacements occur in the y-direction and are approximately

5.2 mm at the top of the sample. The measured values on the bottom side of the sample tend
towards zero. In addition, Figure 2b illustrates that the vertical displacement over the sample
width is not constant. The displacements close to container walls are smaller. This is due to
friction between the soil and the Teflon plates along the walls. Figure 3a shows a very good
match between the displacements in the experiment and the simulation. Both curves show an
approximately linear decrease of the settlements with the depth. Due to an influence of the
optical refraction at the surface of the acrylic glass wall, the results differ near the top of the
sample. The comparison of the volumetric strains in Figure 3b shows the maximum compres-
sion εvol = - 2.67% at the top of the sample. With increasing depth, this value changes continu-
ously along the section line up to εvol = - 1.5% at the bottom of the sample. A comparison
with the experiment is difficult due to a strong scattering of the experimental values, which
depends on refinement of the DIC evaluation and can be minimized using mathematical
smoothing approaches or a more coarse DIC evaluation. The mean volumetric strain in the
experiment εvol = - 2.0% corresponds well to the value - 1.9% of the simulation.

4 EXPERIMENTS WITH SCALED DROP WEIGHTS

4.1 Deformation behavior

In the following, the heavy tamping tests with medium-dense sand in the M are illustrated.
The test results are shown in the plane strain configuration (experiment 1) as well as in the
half model configuration (experiment 2) according to Figure 1c and d. The experiments were

Figure 4. Displacement fields after the 1st drop: for experiment 1 (plain strain conditions) a) ux, b) uy
and c) |u| in mm, and for experiment 2 (half model) d) ux, e) uy and f) |u| in mm.
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carried out with a falling mass of 47.9 kg and a drop height of 0.34 m. The base area of the
drop weight is a rectangle in experiment 1 (300 mm x 150 mm) and a semicircle in experiment
2 (425 mm diameter). The DIC configuration is 4.71 pixels per mm at 1603 frames per second.
The following figures show DIC results of the displacements in both experiments after the
first drop.
The displacement fields in Figure 4 show for both experiments a very symmetrical image

with slight horizontal displacements below the corners of the compaction deflection. A semi-
circular to wedge-shaped area below the surface of the weight is moved vertically. In this area,
almost no horizontal displacements occur. The comparison also reveals that deformations
develop more clearly and far-reaching in the experiment under a plane strain conditions. That
is because in plane strain conditions, the soil deformations take place only in the image plane.
In the semi cylindrical experiment, horizontal soil deformations are also associated with
deformations in the radial direction (circumferential direction). Therefore, deformations are
less pronounced in the latter case.
The strain fields in Figure 5 clearly show the local strain areas below and at the sides of the

weight surface. In a semicircular area under the rigid plate almost no shearing occurs.

4.2 Kinematics

DIC measurements with a high-speed camera also enable to capture temporary events. Figure 6
(a-c) show the displacement fields for |u| immediately after the 1st drop in experiment 2 at inter-
vals of about three milliseconds. Illustrated are very small displacements up to max. 0.5 mm.
Figure 6d-f illustrate the propagation of acceleration in the simulation of experiment 2.
The propagation of displacements at the depth of approx. 350 mm to 400 mm is shown in

Figure 6a and b and further to 300 mm in Figure 6c. This corresponds to speeds between 96
m/s and 130 m/s. With the DIC method, a representation of wavefronts is thus principle pos-
sible. However, it can be assumed that it is not the peak of the wave that is detected but the
beginning of the wave. This should be considered in comparisons with acceleration measure-
ments. The speed of propagation of compression and shear waves is highly dependent on soil
type and conditions. For soil in loose to medium-dense state Liu & Nagel (1992) and Uyanik
(2010) indicate propagation speeds of approx. 110 m/s for compression waves and approx. 75
m/s for shear waves. As a result of his experiments, Nazhat (2013) gives similar wave velocities
for the first drop of 90 m/s for loose sand. The determined propagation speeds of the waves
are thus significantly greater than the speed of the drop weight at the time of impact with
about 2.6 m/s. The results of numerical simulations lead to similar results. The propagation
velocities of the wavefront at the first drop are 150 m/s in the upper region and 165 m/s in the
lower region of the sample.
To check the DIC measurements, accelerations were measured with sensors in the different

depths in the soil. The evaluation of the results of the sensors are illustrated for 24 drops in

Figure 5. Strain fields after the 1st drop in experiment 2 (half model): a) εx, b) εy, and c) γ in %.
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experiment 2 in the following figures. Figure 7a shows the extreme values of the accelerations.
Figure 7b illustrates the propagation velocities between the upper and the lower sensor pair.
The figures show that the increasing number of drops has an influence on both measured

quantities. According to Figure 7a, from the 6th drop, a uniform reduction in the extreme
values of the accelerations can be observed. Figure 7b) indicates an increase of the propaga-
tion velocities as the number of drops increases. In the process, a stronger increase in the
propagation speed was determined for the upper sensor pair. The presented results indicate
possibilities of correlation between maximum accelerations in the soil and an increase in the
compaction work. As expected, this is also evident for the propagation speed of the wavefront.
The results in Figure 7b indicate a more successful compaction work between the upper
sensor pair than between the lower sensor pair. This also corresponds to the results of the
DIC evaluation.

Figure 6. Experiment 2 during the first drop at 3-time stages: Experiment: displacement fields for |u| in

mm at intervals of about 3.1 milliseconds (a-c), Simulation: plot of the magnitudes of the soil acceler-

ations at positons of the sensors in the experiment: d) 250 mm, e) 625 mm and f) 1000 mm

Figure 7. Experiment 2 in half model conditions: a) accelerations at three sensors in the soil, b) propa-

gation velocity between the sensor pairs.
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5 CONCLUSIONS

1. The DIC method is capable for detecting and tracking a very high number of measurement
points (patches) in an observation plane. Since no disturbances are introduced by the meas-
urements, the method is suitable for the quantitative validation of numerical simulations.
With the DIC method, quantitative soil displacements can be reliably detected. Special
issues need to be considered in the determination of strains. Using the DIC method is pos-
sible and shows plausible results in static compression tests. For simulations of benchmark
tests, simplifications of the boundary conditions need to be examined critically.

2. Comparisons between tests in the plane strain configuration and in the half model show
great similarities in the deformation behavior. Differences occur outside of the load axis. In
the plane strain conditions, lateral shear zones are more intensive and far more pronounced
than in the semi model.

3. A determination of the deformation behavior in the case of heavy tamping is feasible with
the DIC method by using a high-speed camera. The heavy tamping leads to the formation
of wedge-shaped to semicircular zones with large settlements below the drop weight as well
as massive shear zones at the boundaries of these zones and shows a compacting effect
below the drop weight.

4. In addition to the detections of permanent deformation, a propagation of wavefronts can
be tracked using the DIC method and supported by measurements with accelerometers in the
ground. The results of the kinematics suggest possibilities of a correlation between the acceler-
ations in the soil and an increase in the compaction work. This relationship becomes even
more pronounced is even clearer for the propagation speed of a wavefront. The results of the
experiments suggest a more intensive compaction work between the upper pair of sensors.
This is also supported by the results of the DIC evaluation and the numerical simulation.
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