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ABSTRACT: The deep soil mixing technique consists of an in situ mechanical mixing of the soil with 
an injected binder (e.g. cement). However, the presence of soil inclusions (poorly or even unmixed soil) 
in the artificial material is unavoidable. This heterogeneous character of soil mix material makes it differ-
ent from traditional building materials. The presented research investigates the influence of the volume 
percentage of inclusions on the strength, stiffness, stress-strain behaviour and fracture pattern of soil mix 
material. 2D numerical simulations are conducted using a Discrete Element Program (UDEC) and the 
results are compared with experimental data. It is observed that the reduction of the strength and stiffness 
of a sample is significantly larger than the weighted average of the UCS and Young’s modulus, taking into 
account the volumes of the well mixed material and the softer inclusions. However, the strength is remark-
ably more affected by the volume percentage of inclusions than the stiffness. Moreover, other parameters 
than the percentage of weak material are also important (e.g. shape, size and relative position of the inclu-
sions) and result in wide ranges of resulting strength and stiffness.

However, since a natural material (i.e. soil) is 
being mixed, it is to be expected that the entire wall 
is not perfectly mixed and homogeneous. The vol-
ume percentage of inclusions depends on the soil 
type and mixing technique (e.g. 0 to 3.5% in sandy 
soils up to 35% and more in stiff  clays (Ganne et al. 
2011). This heterogeneous character makes the 
material different from traditional building materi-
als. In order to formulate alternative design rules, 
a Flemish regional research project (IWT 080736) 
in collaboration with the BBRI, ABEF and KU 
Leuven was initiated. This paper deals with one 
particular aspect of the project which is the influ-
ence of the volume percentage of inclusions on the 
strength, stiffness, stress-strain behaviour and frac-
ture pattern of soil mix material.

1.2 Aim of the study

Apart from an experimental part consisting of lab-
oratory experiments on small scale samples as well 

1 INTRODUCTION

1.1 Deep soil mixing technique

The application of the soil mix technology in 
 Belgium is sharply increasing (Denies et al. 2012a). 
Next to soil improvement applications, soil mix 
walls are extensively used for excavation support 
because of its economic and environmental advan-
tages compared with classical techniques such as 
concrete secant pile walls, diaphragm walls and 
king post walls (i.e. soldier pile walls). The soil mix 
technique is based on an in situ mechanical mixing 
of the soil with an injected binder (e.g. cement). By 
executing overlapping rectangular panels or cylin-
drical columns a continuous wall is obtained. As 
soon as the panel or column has been mixed, steel 
H or I profiles are inserted into the fresh soil mix 
material to increase the shear and bending resist-
ance of the wall. Depths up to 20 meters are cur-
rently reached.
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as large blocks, complementary numerical simula-
tions (2D) are conducted in UDEC, a numerical 
program based on the discrete element method. 
The followed approach allows simulating frac-
ture initiation and growth in and around the soft 
soil inclusions. This allows a correct distinction 
between shear and tensile fractures, but helps also 
to understand and quantify the effect of heteroge-
neities in the studied material. A large number of 
simulations have been executed to study the influ-
ence of the volume percentage, shape, number and 
relative position of the inclusions.

1.3 Advantage of discrete simulations

During the past decades, several numerical 
approaches have been elaborated to realize the sim-
ulation of crack initiation and propagation. Some 
of these codes are based on finite elements, on 
finite differences or on displacement discontinuity 
boundary elements. Though, it is found that the 
Distinct Element Method (DEM) is a more than 
valuable alternative (Debecker et al. 2006). Several 
DEM codes have been developed. In the Parti-
cle Flow Code (PFC) materials are modeled as a 
dense packing of rigid spherical elements, bonded 
together at their contact points (Potyondy & 
 Cundall 2004). For this study, the Universal Dis-
tinct Element Code (UDEC) is chosen. This code 
is originally developed for the simulation of frac-
tured rock mass behavior, e.g. slope stability and 
rock fall which depend on the activation of existing 
fractures (Itasca 2004). However, in the past it has 
been successfully used for the numerical modeling 
of fracture initiation and growth in rock (Debecker 
2009, Tempone & Lavrov 2008).

2 NUMERICAL SIMULATIONS

2.1 Concept and global approach

UDEC is a 2D numerical program that is based 
on the discrete element method (Cundall 1971). 
The discrete element model consists of discrete 
blocks that are mutually connected by contacts. 
For these contacts tensile and shear failure crite-
ria are defined, allowing them to open and deform 
upon activation. The UDEC solution scheme is 
based on a (dynamic) explicit finite-difference 
method which is also used in continuum analysis 
( Cundall & Board 1988).

The philosophy followed in this study is that by 
dividing a medium in multiple discrete small blocks 
(tightly bounded together), their boundaries can 
act as potential fracture paths when an external 
load is applied (Debecker 2009, Vervoort et al. 
2012). Or in other words, a contact between two 

Figure 1. (a) Simplified example of adjacent triangular 
blocks that form the sample. A contact only represents 
a physical crack when it is activated. (b) Fracture along 
activated contacts with a global dip of 60° (straight line). 
(c) Apart from the activated contacts the sample is still 
intact.

adjacent blocks does not represent a physical crack 
as long as it is not activated. An example of a mesh 
of triangles for a rectangular medium is shown in 
Figure 1a. Since fracture growth is limited to the 
available contacts, the distribution of the contacts 
should be as uniformly as possible so that there is 
no bias by the mesh. Moreover, on a larger scale a 
given fracture with a certain overall direction tends 
to develop as a combination of activated individ-
ual contacts with sometimes very different orienta-
tions, as illustrated in Figures 1b and 1c for a 60° 
inclined crack.

In this study, the blocks only deform elastically. 
The strength parameters of the material are thus 
not explicitly implemented in the blocks. However, 
the contacts are modelled with a Mohr-Coulomb 
failure criterion with tension cut-off. After activa-
tion, the strength parameters are set to residual 
values. In addition to this, UDEC models the con-
tacts with stiffness, in shear and normal direction 
(respectively ks and kn). This stiffness allows defor-
mation of contacts prior to activation. The defor-
mation due to this contact stiffness has an effect on 
the stress distribution within the sample (Debecker 
et al. 2006).

2.2 Calibration of model parameters

On the one hand, material properties as obtained 
from laboratory tests are assigned to the triangu-
lar blocks (Table 1). On the other hand, the stiff-
ness and strength parameters of the contacts are 
not physically measurable and their values are 
deduced from a calibration process. First, the con-
tact properties for a homogeneous model of well 
mixed material are calibrated based on the stress-
strain behavior and typical fracture patterns dur-
ing uniaxial compression tests. These properties 
are all well-known from laboratory tests (e.g. peak 
strength, Young’s modulus, post-peak  behavior, 
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predefined shape and location of the inclusions 
are incorporated in a (random) mesh of triangles. 
Since UDEC does not provide a mesh generator 
that can meet these requirements, a mesh generator 
was implemented in Matlab. The algorithm divides 
the sample in multiple small rectangular sectors in 
which grid nodes are randomly generated around 
the predefined nodes of the inclusions. Finally, 
Delaunay triangulation is performed on the entire 
collection of nodes (i.e. nodes that define the 
boundary of the inclusions as well as the randomly 
generated nodes). The triangulation algorithm is 
based on the Quickhull algorithm for constructing 
convex hulls (Barber et al. 1996). To keep calcula-
tion time in UDEC reasonable, the number of tri-
angles is limited to approximately 8000. Of course, 
this limits the minimal representative length of 
the individual contacts of the discrete model and 
consequently the minimum fracture length that 
can be simulated (Debecker & Vervoort 2006). The 
quality of the generated mesh is largely dependent 
on the choice of the input parameters, such as the 
minimum distance between grid nodes in relation 
to the dimensions of the sectors.

An appropriate mesh for fracture simulation 
must meet several geometrical requirements. First, 
the boundary of the inclusions must be respected 
by the edges of the generated triangles (the edges 
are called ‘elements’ from now on). Second, the 
distribution of the element orientation should be 
as uniformly as possible, as discussed in paragraph 
2.1. Third, adjacent triangles should be of approx-
imately the same size and sharp triangles should 
be avoided, both to guarantee reasonable solution 
accuracy in UDEC. In order to check the gener-
ated triangles, quality parameters have been intro-
duced (Debecker & Vervoort 2006):

‘Minimum triangle angle’: the smallest angle of 
the triangle and a degree to evaluate the skinni-
ness of the triangles. Its aimed interval is [20°, 
60°].
‘Triangle aspect ratio’: a measure for the maxi-
mum edge size to the minimum altitude of the 
triangle. Its ideal interval is [1, 2.5].
‘Triangle quality’ Q: the ratio of the smallest 
angle to the largest angle of the triangle. The 
ideal interval of Q is [0.4, 0.9].

The present algorithm provides an overview of 
all quality parameters after the mesh has been gen-
erated. Note that all quality parameters are only 
indicative and not stringent.

2.5 Results of the simulations

In order to study the influence of several inclusion 
properties (e.g. vol%, shape, size, relative position), 
about 200 uniaxial compression tests on soil mix 

Table 1. Material properties of the blocks correspond-
ing to the matrix material and the soft inclusions (Van 
Lysebetten 2011).

Material properties Matrix Inclusions

Density  [kg/m3] 1820 1820

Young’s modulus E [GPa]   11.6    0.165

Poisson’s ratio  [ ]    0.3    0.4

Bulk modulus K [GPa]    9.67    0.275

Shear modulus G [GPa]    4.46    0.059

Figure 2. (a) 2D sample (120  240 mm) from a real soil 
mix column cross-section. (b) Mesh of the basic model.

failure by 60 to 70° inclined shear fractures, 
etc.). This time-consuming process finally leads 
to the matrix—matrix contact strength and stiff-
ness parameters. Next, the strength properties of 
matrix—inclusion and inclusion—inclusion con-
tacts are easily deduced from the matrix—matrix 
contact strength by applying the strength ratios of 
mixed and unmixed material.

2.3 Basic model

The starting point for the soil mix samples is a sec-
tion through a real soil mix column, of which an 
area of 120  240 mm is considered (Fig. 2a). This 
2D sample contains 11 inclusions which account 
for 11 vol%. Based on this sample, the basic model 
is assembled. It consists of 9 of the 11 inclusions 
or 10 vol% of inclusions (Fig. 2b). Note that the 
term vol% is justified, since the 2D model in fact 
has a unit thickness. Moreover, using this termi-
nology the link with the measurements on real soil 
mix material is more easily made.

2.4 Mesh generation algorithm

As illustrated by the basic model in Figure 2b, the 
mesh of a soil mix sample is built up by a com-
bination of a predefined structure and a certain 
degree of randomness. Or in other words, the 
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models (120  240 mm) with different inclusion 
geometries have been simulated.

2.5.1 Influence of volume percentage, shape  
and size of the inclusions

On the basis of the real 2D section and the basic 
model (Figs. 2a and 2b), 68 additional models are 
generated with 1, 5, 10 and 20 vol% inclusions. For 
these models, the relative position of the inclu-
sions is varied as well as the shape (e.g. explic-
itly rounded or sharp-ended) and the number of 
inclusions (e.g. 1 large rounded inclusion against 
3 smaller rounded inclusions).

The evolution of the fracture pattern of the basic 
model (Fig. 2b) is presented in Figures 3a, b and c 
for 3 different loading steps (just before, at and just 
after peak strength). The basic model has a UCS 
value of 4.4 MPa against a UCS value of 11.7 MPa 
for the pure soil mix sample without inclusions. The 
9 inclusions (a total of 10 vol%) reduce the strength 
thus with more than 60%. At relatively low vertical 
loads (less than 50% of the peak strength) a part of 
the material inside the inclusions starts to fail. This 
is logical since the inclusions have lower strength 
properties. However, failure is clearly limited to 
specific parts of the inclusions. At 2.6 MPa vertical 
load several vertical splitting type of fractures are 
induced in the matrix at the top and at the bottom 
of the grouped inclusions (Fig. 3a). At higher ver-
tical loads, especially after the UCS value has been 

reached (Fig. 3b), also shear fractures are induced. 
Finally, this results in a shear zone that extends 
from the upper left corner to the lower right corner 
of the sample (Fig. 3c).

Figure 3d presents three detailed fracture pat-
terns of tested samples, cored from a real soil mix 
wall with several soil inclusions. The inclusions 
are clearly visible, as well as the induced fractures. 
Moreover, the observed fractures are comparable 
to the simulated fracture patterns around inclu-
sions. For example in the left picture, two fractures 
are induced at both extremities of the bottom part 
of the inclusion, which is also observed around 
several inclusions in the simulations. In the central 
and right pictures, fractures are observed some-
where along the middle of the inclusion or at the 
most top or bottom point of the inclusion. Again, 
these fractures are also visible in the simulations.

Figure 4 compares laboratory data of in situ 
cored samples from 12 different Belgian construc-
tion sites with the results of the numerical simula-
tions (69 models). Both sets of results show a similar 
downward trend in function of the volume percent-
age of inclusions. The results of the simulations are 
clearly situated within the (wider) range of labora-
tory results. The fact that the experimental data have 
a wider range is logical, as the soil type at the 12 con-
structions sites is different. Clayey, as well as loamy 
and sandy soils were encountered, and of course the 
mechanical characteristics of the different soil mix 
materials are different (Denies et al. 2012b). For the 
numerical simulations one single value is considered 
for the model without any inclusions, i.e. a strength 
value of 11.7 MPa for the homogeneous sample. 
Other reasons for the wider range are that in reality a 
real soil mix sample is never perfectly homogeneous 

Figure 3. (a, b, c) Evolution of the fracture pattern of 
the basic model. (d) Examples of real fracture patterns of 
uniaxial loaded soil mix samples.

Figure 4. Comparison of the variation of strength 
(UCS) in function of the volume percentage of unmixed 
material for the numerical simulations (results based on 
Van Lysebetten (2011)) and for the results of laboratory 
experiments.
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and that two samples even without any inclusions 
(or with exactly the same amount of inclusions) still 
have different strength values because of variations 
in e.g. cement content.

Therefore, the numerical simulations are more 
suitable to study the effect of the volume percent-
age of unmixed material on the strength of a sam-
ple. The numerical results of Figure 4 are based 
on the basic model and the 68 additional models 
(diamond-shaped markers). First, the decrease 
of strength is clearly larger than the percentage 
of inclusions in the sample. For a mere 1% of 
unmixed material strength is reduced by 13% on 
average. For 10% of inclusions even half  of the 
strength disappears on average (Van Lysebetten 
2011). The same can be concluded for the stiffness 
(Vervoort et al. 2012), though it is less influenced 
(for 1 and 10 vol% of inclusions the stiffness is 
reduced on average with respectively 3 and 32%). 
Second, there is an overlapping zone between the 
strengths of 5 and 10% and of 10 and 20%. This 
overlap is caused by the relatively large range for 
each volume percentage of inclusions. For the stiff-
ness, there is just no overlap between successive 
volume percentages.

Strength and stiffness of a sample are clearly 
not only determined by the volume percentage. 
This is further analyzed for additional models with 
10% of inclusions. It is observed that strength and 
stiffness are reduced more by sharp-ended inclu-
sions than by rounded inclusions. Apart from this, 
the strength of a sample also drastically decreases 
when less inclusions (but with the same shape and 
the same total percentage of inclusions) are present 
(Vervoort et al. 2012).

2.5.2 Influence of the relative position  
of the inclusions

Apart from the volume percentage, size and number 
of inclusions, the relative position has also an influ-
ence on strength and stiffness. 123 additional mod-
els are generated to study this effect. All additional 
models represent 10% of inclusions and are com-
posed of two sets of respectively 3 and 5 inclusions. 
The main difference between all models is the relative 
position of these inclusions. In some models, they 
are concentrated, in others they are spread as wide 
as possible, or they are nicely situated along a vertical 
line or along a diagonal, etc. The ranges of strength 
(3.8–8.1 MPa) and stiffness (5–8.7 GPa) increase in 
comparison with the results of the 69 models for 
the study of the influence of the volume percent-
age, shape and number of inclusions (respectively 
3.1–9.2 MPa and 6.3–7.9 GPa). This is logical since 
the more simulations, the greater the probability that 
new minimum and maximum values are found.

The simulations clearly show the influence of the 
relative position of the inclusions on the strength 

and stiffness of a sample (Van Lysebetten et al. 
2012). For example, it is observed that strength 
and stiffness decrease if  the inclusions are located 
along the diagonal of the sample. This configu-
ration probably facilitates a global shear failure. 
 Figure 5a shows that there is a clear negative trend 
between strength and stiffness and wi/t: the ratio 
of the total width of inclusions, i, and the sample 
width, t (Fig. 5b). However, a significant overlap is 
also observed, e.g. the largest UCS value for a width 
ratio of 60% is still larger than the smallest value for 
20% ratio. For the stiffness, the overlap is probably 
even larger. In these additional simulations, it was 
also observed that the strength and stiffness also 
decrease if  the vertical distance between the inclu-
sions decreases, since inclusions tend to act as one 
larger inclusion. However, this effect is less impor-
tant than the influence of the ratio wi/t.

2.5.3 Link with simulated fracture patterns
Figs 6a, b, c and d show the evolution of the frac-
ture pattern of 4 models for successive loading 
steps. At relative low stress levels (less than 50% of 
the strength) vertical extension type of fractures 
initiate at the lower and upper parts of the inclu-
sions (see also Figs 3a, b and c for the evolution 
of the fracture pattern of the basic model). Only at 
stress levels near the UCS value of the sample, shear 
fractures are observed at the sides of the inclusions 
after which the sample finally fails due to a combi-
nation of shear and extension type of fractures.

Most of the described effects of inclusions can 
be related to and explained by the observed  fracture 
patterns. For example, stress peaks near sharp-
ended inclusions are higher than close to rounded 
inclusions, causing fracture initiation at lower 

Figure 5. (a) Relation between the strength (left) 
and stiffness (right) and wi/t. (b) Definition of the ratio 
wi/t  i/t.
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Figure 6. Illustration of the fracture pattern at successive loading steps of 4 samples of the original set each with 
10% of inclusions. Shape and number of inclusions are different. The stiffness of the models is respectively 7.2 GPa, 
8.0 GPa, 6.7 GPa and 7.4 GPa.

stress levels. Finally, this results in lower strength 
and stiffness (compare Figs 6a and c). Fractur-
ing also initiates at lower stress levels when 1 large 
inclusion is present instead of 3 smaller inclusions, 
at least if  these 3 inclusions are vertically aligned 
(compare Figs 6a, b and d). Again, this is caused 
by higher stress peaks near the largest inclusions 
(i.e. because a higher horizontal distance has to be 
bridged).

However, the fact that the 3 inclusions are verti-
cally aligned is very important. Figure 6d shows the 
fracture pattern of a sample with the same 3 inclu-
sions positioned diagonally. This sample results in 
about the same strength and stiffness as the sample 
with 1 large rounded inclusion. The large reduc-
tion of strength in comparison with the model 
with 3 vertically aligned inclusions is caused by 
the diagonal orientation of the inclusions result-
ing in a larger wi/t ratio. Moreover, the stress peaks 
around the stress relieved zones interfere and prob-
ably amplify each other.

Finally, if  the vertical spacing between the inclu-
sions of Figure 6b is decreased, the inclusions 
tend to form one larger inclusion. Overlapping 
zones with increased stresses expand again and the 
amplifying effect grows. This causes earlier fracture 
initiation (at lower vertical loads), but the vertical 
extension type fractures around the central inclu-
sion also reach faster the upper and lower inclu-
sions. The travelled distance through the stronger 
material before reaching other weak inclusions is 
thus lower. Because propagation through these 
inclusions goes much faster, a much larger part of 

the sample is damaged. Again, this results in lower 
strength and stiffness.

3 CONCLUSIONS

Although calibration of  the numerical discrete 
model is very time-consuming, the results show 
that numerical simulations are very interesting 
to perform relatively easily sensitivity analyses. 
The influence of  soil inclusions on the strength 
and stiffness of  soil mix material has been inves-
tigated by a total of  192 simulations. It has been 
observed that soft inclusions have a large impact 
on the resulting strength and stiffness of  a sam-
ple. However, not only the volume percentage is 
important, but also the relative position of  the 
inclusions, their shape and number, etc. Moreover, 
UDEC has shown to be suitable for the simula-
tion of  fracture initiation and growth in soil mix 
material with soft inclusions. Similar trends of 
the influence of  the volume percentage of  inclu-
sions on the strength are observed for the results 
of  laboratory data of  in situ cored samples from 
different Belgian construction sites and the results 
of  numerical simulations. The simulated fracture 
patterns are also comparable with these observed 
in real soil mix samples.
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