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A B S T R A C T

Discrete element method (DEM) is an appealing technique to simulate soil deformation. However, the calibration of the material parameters in the model remains 
challenging due to the high computational cost associated with it. In this study, the stress-strain relation of 125 unsaturated soil samples was simulated using DEM and 
material parameters were calibrated with Kriging. The Young's modulus and friction angle were found to be the most sensitive DEM material parameters, and they had 
a significant correlation with the bulk density, clay content and water content of the undisturbed soil samples. The DEM simulation showed that the deformation 
process was a combination of elastic and plastic processes, also at low stresses. Further improvement such as the coupling with (and calibration of) a fluid dynamics 
model might allow to more accurately simulate the dynamic behaviour of unsaturated soil compression.

1. Introduction

Soil compaction of cultivated soils is considered one of the main
challenges in soil management. External mechanical stress on soils due
to wheeling or tillage causes soil deformation and reduction of the pore
space, which affects water and solute transport, aeration, nutrient
availability and crop productivity (Soane and Van Ouwerkerk, 1995;
Hamza and Anderson, 2005; Alaoui et al., 2011; Keller et al., 2013).

Amongst the methods to simulate soil deformation, the Discrete
Element Method (DEM) is an appealing technique. A DEM model con-
sists of a granular assembly of particles which interact through contact
forces. Depending on the contact model used, contact forces can include
elasticity, friction and cohesion. At larger scale these interactions result
in a network of force chains and complex macroscopic elastoplastic
behaviour (Cundall, 2001; O’Sullivan, 2011). This versatile concept can
be used to simulate the mechanical behaviour of soil under various
conditions, as in shearing tests (Kim et al., 2012), penetrologger tests
(Kotrocz et al., 2016), wheel-surface interaction (Smith et al., 2014)
and soil tillage interaction (Shmulevich., 2010). In earlier studies DEM
has demonstrated its value to simulate uniaxial and triaxial compres-
sion tests, in particular for dry sands and concrete. The propagation of
deformation and damage, as well as the stress-strain relation predicted

by the DEM showed good agreement with theoretical expectations and
experimental results (Thornton, 2000; Camborde et al., 2000;
Widuliński et al., 2009; Zhao and Guo, 2013; Kozicki et al., 2014).

Calibration of such models is a challenging task. DEM simulations
are typically associated with a high computational cost, leading often to
a (comprehensive) trial-and-error approach rather than using gradient-
based algorithms (Coetzee, 2017). This forward-based methodology is
restricted by parameter dimensionality and inefficient to execute for a
large number of repetitions. Alternatively, some ensemble-based
methods have been proposed. Benvenuti et al. (2016) used an artificial
neural network-based method to estimate the DEM contact law para-
meters of sinter ore fine. Cheng et al. (2018) introduced a sequential
quasi-Monte Carlo approach. Evolutionary optimization methods have
proven their merits to optimize complex models (Gobeyn et al., 2017)
and have been applied to DEM as well (Do et al., 2018). Rackl and
Hanley (2017) used a Kriging-based procedure to calibrate the model
and optimize the time step in the model.

The macroscopic mechanical behaviour of soils is determined by
various soil properties, amongst which particle grain size distribution,
particle shape and roughness, organic matter content, bulk density,
water content and matric potential (Mouazen et al., 2002; Cho et al.,
2006; Tang et al., 2009; Keller et al., 2011). Likewise, the material
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−70 hPa, −100 hPa and −330 hPa). The resulting dataset consists of
126 (7×3×2×3) analysed samples.

Sand, silt and clay content of each sample was determined with the
sieve-pipette method of De Leenheer (1959), and organic carbon con-
tent with the Walkley and Black (1934) method. The initial dry bulk
density and water content was determined by weighing the samples
prior to the uniaxial compression test and afterwards, after they were
oven-dried at 105 °C.

The results of the texture analysis are shown in Fig. 1. The max-
imum measured clay content was 0.33 kg/kg. Average organic carbon
content and bulk density values per land use and sampling depth are
given in Table 1. The organic carbon content was found to be sig-
nificantly lower at 70 cm than at 40 cm sampling depth, whereas no
significant difference was found between land uses according to a

Mann–Whitney rank sum test of this dataset. The bulk density of the soil
at 40 cm depth at the headland and infield position of arable land was
significantly higher compared to that in the pasture. No significant
difference was found between land use classes for the soil at 70 cm
depth. The soil was significantly denser at 40 cm than at 70 cm depth in
the infield position of the arable land, whereas no such difference was
found in the other land use classes.

For uniaxial compression, the samples were placed in an oedometer
with lateral confinement and subjected to eight load stresses of 15, 29,
57, 113, 224, 447, 895 and 1786 kPa for 30min each. Vertical dis-
placement was measured with 0.001mm resolution (or 5× 10−5 m/m
strain resolution) at 1 Hz sample rate. The precompression stress (ζ)
was determined as the stress at the point of maximum log normal stress
(σ)–strain (e) slope of a 4th degree polynomial regression of the
log σ− e relationships. For a stable estimation of ζ it was necessary to
ensure linear behaviour of the spline at the boundaries of the mea-
surements by adding additional linearly extrapolated points. The
method is inspired by Lamandé et al. (2017), who developed a

Fig. 1. Texture of the sample locations, plotted on the Belgian texture triangle.
Texture class symbols are Sand (Z), Loamy Sand (S), Sandy Loam (P), Silt Loam
(A), Clay (E) and Heavy Clay (U).

Table 1
Median organic carbon content (OC), bulk density (BD) and ζ in the soil samples
per land use class and sampling depth. Superscript letters indicate that no
significant difference (Mann–Whitney rank sum test p < 0.05, with Bonferroni
correction) was found between the groups with the same letter.

Land use

Pasture Cropland centre Cropland head

Depth (cm) 40 70 40 70 40 70

OC (% kg/kg) 0.39ac 0.19bc 0.27ac 0.22abc 0.31ac 0.12abc

BD (kg/m3) 1507abe 1527abce 1640bcde 1520abe 1648cde 1602abcde

ζ (kPa) 169.5abc 146.0abc 218.9ab 162.8ac 263.2ab 250.4abc

Fig. 2. Side view of the 3D DEM model for uniaxial compression samples of the
training ensemble at σ=2000 kPa. The yellow spheres are the DEM elements,
the dashed lines show the initial state of the model, and the red lines show the
force chain network (the 25% strongest normal force interactions, wider lines
represent stronger interactions). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

Table 2
Distributions of DEM parameters used to create training data ensemble.

Parameter Mean Std

log10(E) (Pa) 8.5 0.8
ν (–) 0.4 0.2
ϕ (rad) 0.2π

2
0.1π

2
log10(an) (Pa) 5.0 1.0
log10(at) (Pa) 5.0 1.0

parameters used in a DEM simulation should be related to those 
properties. However, little research has been committed to this hy-
pothesis, since the calibration of DEM is exception rather than the rule 
and because most studies which simulate soil mechanical behaviour 
with DEM are restricted to a single soil type.

In this study, 126 undisturbed soil samples were collected in fields 
with varying land use and texture, and were subjected to uniaxial 
compression. The latter was simulated with DEM and the material 
parameters for each soil sample were calibrated using Kriging. 
Additionally, soil properties of the samples were determined in the lab. 
This allows to investigate the relation between the optimized DEM 
parameters in this simulation and measured soil properties. In sum-
mary, the objectives of this study were (1) to evaluate the accuracy of 
the simulated uniaxial compression with calibrated DEM material 
parameters, and (2) to investigate the relation between soil properties 
and DEM material parameters.

2. Materials and methods

2.1. Soil samples and lab analysis

Undisturbed soil samples were collected in agricultural fields in 
Flanders, covering the six major soil textural classes (i.e. Sand (Z), 
Loamy Sand (S), Sandy Loam (P), Sandy Silt Loam (L), Silt Loam (A) 
and Clay (E)), in three classes of contrasting land use (i.e. pasture, 
headland (labeled as “Head”) and infield position of arable land (la-
beled as “Centre”)) and at two depths (40 cm and 70 cm). The goal of 
this sampling strategy was to encompass a wide range of soil texture 
and structure (i.e. degree of soil compaction). For each sample location, 
three samples (height: 20.0 mm and diameter: 63.5 mm) were subjected 
to uniaxial compression at different preset matric potentials (i.e.
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numerical method to find the inflection point of the stress strain rela-
tion, and was validated as a better alternative to the methods
Casagrande (1936) or Gregory et al. (2006) by De Pue et al. (2019b).

The strain at 1786 kPa ranged from 0.06m/m to 0.21m/m, with a
median of 0.10m/m. One lab sample was omitted from the dataset
because the strain at 1786 kPa was not measured. The median pre-
compression stress was 196.7 kPa. The median ζ per land use and
sample depth is given in Table 1. A significantly higher ζ (Man-
n–Whitney rank sum test p < 0.05, with Bonferroni correction) was
found at 40 cm sampling depth in the infield position of the arable
fields, compared to at 70 cm depth.

2.2. Discrete element method

Since it was first conceived by Cundall and Strack (1979), the DEM
concept has not changed a lot. The numerical explicit procedure at
every timestep consists of (1) detection of the interaction between
particles (collision detection), (2) determination of the associated forces
using a contact law, and (3) integration of the forces and Newtonian
motion equations, and update the particle state (i.e. position). We used
the YADE (Yet Another Discrete Element) framework to create a DEM
model with spherical particles and a cohesive-frictional contact law
(Šmilauer et al., 2015; Bourrier et al., 2013).

Fig. 3. Distribution of lab measured and training en-
semble simulated strain at 15, 29, 57, 113, 224, 447,
895 and 1786 kPa. The boxes indicate the range be-
tween the upper and lower quartile of each distribu-
tion, and the red line shows the median. The whiskers
extend from the minimum to the maximum value, and
the outliers are shown with dots. (For interpretation of
the references to color in this figure legend, the reader
is referred to the web version of this article.)

Fig. 4. Experimental (dots) and modelled (lines) semivariograms for the prediction of E (a), ν (b), ϕ (c), Cn (d) and Ct (e) with strain at 15, 29, 57, 113, 224, 447, 895
and 1786 kPa.
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2.2.1. Contact law
For the DEM simulation of soils or dry sands, the most commonly

applied contact laws are the linear spring contact law (Cundall and
Strack, 1979) and the Hertz-Mindlin contact law (Hertz, 1882; Mindlin,
1949). The Hertz-Mindlin contact law accurately describes the contact
between spheres, but is computationally more demanding than the
linear model (Thornton et al., 2011). Furthermore, excellent results
could be obtained for the simulation of elastic particle collision with the
linear model as well, provided an adequate calibration of the para-
meters (Di Renzo and Di Maio, 2004; Thornton et al., 2011).

In addition to the two classical contact models, some specific con-
tact models have been proposed to simulate soil mechanical behaviour,
such as the hysteretic spring contact law (Walton and Braun, 1986) or
the Luding contact law (Luding, 2008a). The disadvantage of these
more complex models is that they come with the price of additional
parameters, which complicates the calibration procedure.

An important property of (wet) soil is its cohesive behaviour.
Studies have shown that the accurate simulation of soil mechanical
behaviour requires the simulation of cohesion (Scholtès et al., 2009;
Ucgul et al., 2015). The linear spring model can be extended to include
cohesion, resulting in the linear cohesive-frictional law as proposed by
Bourrier et al. (2013) (see below). In this study, the linear cohesive-
frictional law was used. It has the advantage that its computational
demand is limited and that it requires a limited set of material para-
meters. However, the presented calibration methodology can be ap-
plied with any contact model.

The linear cohesive-frictional law determines the normal force Fn,
shear force Ft and Mohr Coulomb plasticity condition Ftmax at the in-
teraction between two particles. It uses five material parameters: the
Young modulus (E), the Poisson ratio (ν), the friction angle (ϕ), the
normal cohesion (Cn) and the shear cohesion (Ct). The forces were
calculated as follows (with the convention of positive tensile forces):

=F k u amin( , )n n n n (1)

=F k ut t t (2)

= +F F ϕ atan( )n ttmax (3)

with kn and kt the normal and shear stiffness, un the normal overlap
between particles, ut the shear displacement, ϕ the friction angle, and an
and at the normal and shear adhesion. Stiffness and adhesion at inter-
action between elements was calculated as follows:

= =k E R j2 , for 1, 2n j jj (4)

= =k ν k j, for 1, 2t j nj j (5)

=

+

=k k k
k k

i n t, for ,i
i i

i i

1 2

1 2 (6)

= =a C R R i n tmin( , ) , for ,i i 1 2
2 (7)

where j=1, 2 denotes the two particles in the interaction, Rj is the
radius, Ej the Young modulus, νj the Poisson ratio of the particle, Cn is
the normal cohesion and Ct the shear cohesion. When two particles with
different materials interact, the maximum ϕ, Cn and Ct are used. For
clarity: the DEM material properties are not the same as macroscopic
soil mechanical parameters, although they share the same name (e.g.
Young modulus, Poisson ratio). The DEM material parameters are used
in the model to calculate interaction forces between particles, whereas
macroscopic soil mechanical parameters describe the bulk elastoplastic
behaviour of the soil (Stránský and et al., 2010). Cohesive interactions
were active without overlap, when the normal distance between the
particles was smaller than 1.5 times their radii. To allow energy dis-
sipation at the quasi-static equilibrium state, a global viscous damping
factor of 0.4 is introduced (Hentz, 2003; Šmilauer et al., 2015). A nu-
merically stable simulation was achieved by setting the time step size
equal to the minimum time needed for the elastic p-wave to travel

Fig. 5. Validation of the stress/strain simulation with calibrated DEM material
parameters for 125 samples. RMSE was 6.70×10−3 m/m and Pearson r was
0.99.

Table 3
Median ζ and calibrated DEM material parameters per land use, sampling
depth, texture class, matric head and texture×matric head interaction. The
number of averaged samples is given between the brackets in the first column.
Superscript letters indicate that no significant difference (p > 0.05, with
Bonferroni correction) between the groups with the same letter. Rows with *

symbol are evaluated with a Wilcoxon signed rank test (i.e. pairwise) instead of
a Mann–Whitney rank test (i.e. independent).

E (108 Pa) ν (–) ϕ (–) Cn (105 Pa) Ct (106 Pa)

Grass (41) 1.41ab 0.356a 0.388a 0.95ab 0.67a

Centre (42) 3.25abc 0.370a 0.404a 1.26abc 0.73a

Head (42) 3.30bc 0.351a 0.406a 1.39bc 1.03a

40.0 cm (62) 3.01a 0.363a 0.401a 0.93a 0.78a

70.0 cm (63) 1.97a 0.356a 0.391b 1.38b 0.94a

A (24) 2.08ac 0.359a 0.398ac 1.40abc 1.09ab

E (12) 0.85bc 0.337a 0.334bc 1.24abc 0.76abc

L (53) 3.18ac 0.362a 0.404ac 0.93ab 0.74bc

P (3) 2.29abc 0.353a 0.394abc 1.35abc 0.81abc

S (15) 3.10ac 0.352a 0.414ac 0.92ab 1.06abc

Z (18) 3.22ac 0.377a 0.397ac 1.72ac 0.79abc

−60 hPa (42) * 2.36a 0.355a 0.398a 1.00a 0.72a

−100 hPa (42) * 2.25a 0.364a 0.395a 1.36a 0.75a

−330 hPa (41) * 3.05a 0.358a 0.397a 1.30a 1.06a

A −60 (8) * 3.57a 0.365a 0.400a 1.24a 0.73a

A −100 (8) * 3.37a 0.347a 0.395a 1.31a 0.76a

A −330 (8) * 1.93a 0.369a 0.382a 1.61a 1.18a

E −60 (4) * 1.10a 0.318a 0.337a 1.09a 0.75a

E −100 (4) * 0.80a 0.345a 0.295a 1.48a 0.66a

E −330 (4) * 0.83a 0.391a 0.347a 1.03a 0.82a

L −60 (18) * 2.62a 0.351a 0.401a 0.93a 0.69a

L −100 (18) * 3.13a 0.372a 0.408a 0.92a 0.67a

L −330 (17) * 3.89a 0.357a 0.398a 0.95a 0.90a

P −60 (1) * 1.16a 0.377a 0.356a 1.35a 0.31a

P −100 (1) * 2.29a 0.353a 0.394a 1.15a 0.81a

P −330 (1) * 3.34a 0.303a 0.419a 1.57a 1.20a

S −60 (5) * 3.65a 0.358a 0.412a 0.54a 1.11a

S −100 (5) * 2.04a 0.356a 0.415a 1.63a 1.03a

S −330 (5) * 3.10a 0.334a 0.414a 0.92a 1.06a

Z −60 (6) * 4.06a 0.370a 0.409a 1.40a 0.77a

Z −100 (6) * 2.47a 0.372a 0.367a 1.93a 0.87a

Z −330 (6) * 4.05a 0.379a 0.407a 1.72a 0.79a
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across a particle. This is determined by the stiffness, density and size of
the particles (Šmilauer et al., 2015; Burns and Hanley, 2017). It was
verified that the simulated stress-strain relation was insensitive to the
cohesive interaction radius and the global viscous damping coefficient
(not shown here).

2.2.2. Uniaxial compression
For the simulation of uniaxial compression, a polydisperse sample of

spherical particles was created by gravitational deposition. The contact
law as described in the previous section was used, the model does not
include suction or pore fluid dynamics. The rotational degrees of
freedom were blocked to emulate the behaviour of non-spherical par-
ticles (Oda et al., 1982; Salot et al., 2009; Coetzee, 2017). This could
also be achieved by including rotational resistance in the model, but
this approach was avoided since this would add at least one additional
parameter to be calibrated. It was verified that particle rotation was of

Fig. 6. Distribution of the DEM material parameters according to different land use classes, sampling depth, texture class and matrix potential. Significant inter-
actions (Kruskal–Wallis test p < 0.05) are highlighted in red. (For interpretation of the references to color in this figure legend, the reader is referred to the web
version of this article.)

5



Fig. 7. Spearman rank correlation matrix for the calibrated DEM parameters, ζ values and lab soil properties. The asterix indicates that the correlation is significant
(0.05 significance level).

Fig. 8. Simulated stress-strain relation with (a) varying E (ϕ=0.31 rad) and (b) varying ϕ (E=1×108 Pa).
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2 2
were generated; for each of them a uniaxial compression up to 2000 kPa
was simulated with DEM and 760 samples were retained after omitting
samples with e2000 kPa < −0.35 (which is problematic for periodic
boundary conditions and unrealistic). Fig. 3 shows that the simulated
strains covered the lab observations.

Kriging, aka Gaussian process regression, is a data mining technique
which is best known as a geostatistical interpolation method (Cressie,
1992). It is also used for the interpolation of non-spatial variables, in
particular as a meta-modelling method in various applications
(Simpson et al., 2001; Bessa et al., 2017). Rackl and Hanley (2017)
developed a workflow for an efficient calibration of a DEM model, using
a combination of Kriging, multiobjective optimisation and iterative
DEM calibration. In this study a more simplistic inverse prediction
approach was used; the bulk response variables (i.e. strain at the 8
stresses) were used to predict the material parameters by Kriging. The
semivariogram values of each predictor were modelled with the Gaus-
sian semivariogram model. It was assumed that the mean of the re-
sponse variable is unknown and locally stationary, allowing to use the
ordinary Kriging method. More in-depth details on the Kriging algo-
rithm are given in De Pue et al. (2019a).

3. Results

The DEM material parameters (i.e. E, ν, ϕ, Cn and Ct) of each sample
were estimated by Kriging. For each of them, a set of semivariogram
models was created based on the training dataset (Fig. 4). The strains at
the eight stresses were the predictor variables. E and ϕ had a low
semivariance (or inversely: a high covariance) to the strain at high
stress, whereas Ct was mainly determined by the strain at low stress. It
was also evident that ν and Cn have an overall high semivariance,
meaning that the simulation of strains under uniaxial compression was
rather insensitive to both material parameters.

The DEM simulation was executed with the calibrated material
parameters for 125 samples and compared to lab measurements.
Validation results are shown in Fig. 5. The overall mean error (ME) was
2.97×10−3 m/m, root mean square error (RMSE) was
6.70×10−3 m/m (min 2.09× 10−3 m/m and max 20.64×10−3 m/
m) and Pearson r was 0.99.

An overview of the resulting calibrated parameters is given in
Table 3. Interactions between the DEM material parameters according
to land use, sampling depth, texture class and matric potential were
evaluated with a Kruskal–Wallis non-parametric analysis of variance,
shown in Fig. 6. A Mann–Whitney rank test and Wilcoxon signed rank
were used to evaluate the differences between the classes, as indicated
in Table 3. The Kruskal–Wallis test indicates significant differences in E,
ϕ and Cn due to land use, depth and texture. The calibrated E and Cn for
samples from pasture land were significantly lower than for samples
from the headland, and the samples at 40 cm depth have a significantly
higher ϕ. A significantly lower E and ϕ was found for texture class E
(clay) compared to most other texture classes and no significant dif-
ferences due to matric head were found, even within each texture class.

Furthermore, the correlation between the soil properties and cali-
brated DEM parameters was tested with the Spearman rank correlation
test. The resulting correlation matrix is shown in Fig. 7. Clay content,
bulk density, water content and ζ showed a significant correlation with
E and ϕ. Additionally, there was a trend that clay content had a stronger
correlation with E and ϕ at less negative matric potentials (i.e. r=0.68
and 0.59 at −60 hPa, and r=0.46 and 0.32 at −330 hPa), whilst the
correlation between bulk density and E was the highest at −330 hPa
(r=0.70). ν, Cn, and Ct had no significant or a poor correlation with
any of the soil properties.

4. Discussion

Validation of the calibrated DEM model demonstrated that Kriging
is an accurate method to predict the material parameters. The en-
semble-based technique allowed an efficient calibration for 125 soil
samples, and provides some insight in the sensitivity of the stress-strain
relation to the material parameters. From the semivariogram (Fig. 4) it
is evident that the simulated strain at high stress is sensitive to E and ϕ,
whereas the deformation at low stress is more sensitive to Ct. The
contact model shows that Ct determines Ftmax, independent of Fn.
Consequently, the shear displacement at low stress is mainly de-
termined by this parameter. However, uniaxial tests are not ideal for
estimating all DEM parameters, as illustrated by the insensitivity of the
uniaxial strain to ν and Cn. Including the unloading cycle, performing a
triaxial test or combination with additional soil mechanical tests would
probably allow a better calibration of the DEM parameters.

Still, the calibrated E and ϕ showed a significant correlation with
measured soil properties (sand and clay fraction, bulk density and water
content). Significant differences were found between classes of land
use, sampling depth, and texture, all of which were expected to influ-
ence the soil structure and stress-strain behaviour (Soane and Van
Ouwerkerk, 1994). In a DEM simulation of soil compaction, a low E
results in a soft, elastic material, where the stress is converted to de-
formation and potential energy. The results in this study correlate this
behaviour to wet clay soils, with a low bulk density and ζ. On the other
hand, a high ϕ indicates a stiff material with a high yield stress and a
force network with straight force chains and more lateral force trans-
mission (Muthuswamy and Tordesillas, 2006). Here, this is correlated
to dry soils with low clay content, high bulk density and high ζ, or soils
with a higher degree of compaction.

E and ϕ were found to be correlated, yet they control different
phenomena in the model. As illustrated with simulations, shown in
Fig. 8, E determines the elastic behaviour of the soil, whereas ϕ controls
the plastic shear failure. According to classic soil mechanics within the
continuum approach, the soil deformation process in a uniaxial com-
pression test is divided in two parts: an initial elastic, or recoverable

limited influence on the stress-strain relation (not shown here), so it 
was justifiable to block the rotational degrees of freedom in this model. 
Evidently, this implies that the resulting calibrated material parameters 
can only be used in other models where it is justified to block the 
particle rotations.

The sample was subjected to a uniaxial load of 2000 kPa and re-
stricted to zero strain at the two remaining axes. The simulation had 
periodic boundary conditions and gravity was neglected. This allowed 
to reduce the computational cost (increase the time step) by up-scaling 
the model without affecting the stress-strain relation (Lommen et al., 
2014). The particle density was set to 2600 kg/m3 (it was verified that 
this had no effect on the stress-strain relation). A soil volume of 
1.0 m × 1.0 m × 1.0 m and a mean particle radius of 0.055 m ( ± 30%) 
resulted in a loose packing (porosity = 0.47) of ∼700 particles. The 
strain in repeated simulations with random packings showed a standard 
deviation of 0.0045 m/m, which was deemed acceptable. Further re-
duction in particle radius would lead to simulations with a lower un-
certainty, but are unlikely to alter the calibration results. Fig. 2 shows a 
rendered representation of the particles and force chains of a DEM si-
mulation. From the simulated stress-strain relation, the strain of the 
model was determined at eight stresses corresponding to the lab mea-
surements (15, 29, 57, 113, 224, 447, 895 and 1786 kPa).

2.3. Calibration

The calibration procedure used the macroscopic stress-strain rela-
tion to estimate DEM parameters (i.e. a bulk calibration method, 
Coetzee, 2017). A training ensemble was created by latin hypercube 
sampling of the parameter space. E, an and at were sampled from a 
lognormal distribution, whereas ν and ϕ were sampled from a normal 
distribution. Table 2 provides the specifications of each distribution, 
which were chosen to cover values commonly encountered in literature 
for DEM simulations with soil. ϕ and ν were forced to be within 
boundaries: 0.01 < ν < 0.99 and 0.01 ϕ< < 0.99π π . 959 samples
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5. Conclusion

The uniaxial compression of 125 undisturbed soil samples was ac-
curately simulated with the calibrated parameters. The calibrated
parameters showed a significant relation to the sampling factors, soil
properties and precompression stress. E and ϕ were the most relevant
DEM parameters, and showed a high correlation with clay content, bulk
density, water content and ζ. The macroscopic elastic behaviour was
determined by E, whereas ϕ controlled plastic failure. The calibrated
parameters allowed to simulate uniaxial compression tests, but the si-
mulation showed a low sensitivity to some parameters (i.e. ν and Cn).
Additional unloading data or a combination with other tests (triaxial
test, shear test) would be required to establish a parameter set which
could yield accurate simulations under other boundary conditions.

The DEM simulation showed that the deformation process was a
combination of elastic and plastic processes, also at low stresses. Yet,
further improvement, such as including viscous damping in the contact
model or the coupling with (and calibration of) CFD might allow to
simulate the dynamic behaviour of unsaturated soil compression more

accurately.
DEM has proven to be a suitable approach to simulate the de-

formation of granular media and to gain fundamental insight in the
deformation of unsaturated, structured soils, but requires the specifi-
cation of material parameters. This study demonstrated that Kriging is
an efficient method to predict material parameters for a large number
of samples.
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dynamics (Horn, 2003), the presented model does not contain any pore 
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