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ABSTRACT: This work reports a numerical study of the mechanism of the soil-polypropylene fiber, when 
the Discrete Element Method (DEM) was used as a modeling tool for analysis of micro-scale reinforced soil, 
which allows the representation of the soil as 2D particle assembly of circular discrete elements. After the 
numerical implementation in the code (GeoDEM), it was possible to analyze the influence deriving from the 
fiber-reinforcement granular soil, when compared to a non-reinforced soil, through biaxial tests simulations in 
discrete samples. Through these simulations can be observed the influence of the fiber insertion in aimed to 
increase the strength of the material, as well as observed in experimental studies. 
 
 
1 INTRODUCTION 

Past research has demonstrated that inclusion of fi-
bers significantly improves the engineering response 
of soils. Gray & Ohashi (1983) studied the mechan-
ics of fiber-reinforcement in cohesionless soils and 
showed that inclusion of fibers increased peak shear 
strength and ductility of soils under static loads. A 
number of factors such as fiber content, orientation 
of fibers with respect to the shear surface, and the 
elastic modulus of the fiber were each found to in-
fluence the contribution of fibers to the shear 
strength. Later work (e.g. Maher & Gray 1990; 
Maher & Ho 1993; Morel & Gourc 1997; Consoli et 
al. 1998, 1999, 2002, 2004, 2005, 2007a, 2007b, 
2009; Zornberg 2002; Vendruscolo 2003; Micha-
lowski & Cermák 2003; Heineck et al. 2005; Casa-
grande 2005 and Casagrande et al. 2006) has im-
proved understanding of the mechanisms involved 
and the parameters affecting the behavior of fiber 
reinforced soils under static loading conditions. 
Within this context, the Discrete Element Method 
(DEM) was used in the present work, as a modeling 
tool for analysis of micro-scale reinforced soil, to 
understand how these materials interact. In particular 
evaluation was made of the behavior of soil-
polypropylene fibers mixtures, when compared to a 
non-reinforced soil.  

The DEM was proposed by Cundall & Strack (1979) 
and is based on the formulations of balance of forces 
and displacements, which are described by the laws 
of classical physics. A two dimensional DEM simu-
lation of the mixture of granular soil and fibers was 
carried out by implementing a special procedure to 
take into account the fiber-soil interaction. This im-
plementation was carried out in the numerical code 
GeoDEM (Velloso, 2009) which is a general pur-
pose discrete element code. Numerical results under 
biaxial compression are presented and discussed in 
association with the observed experimental patterns, 
based on experimental study carried out by Casa-
grande (2005). 
 

2 BASICS OF THE DISCRETE ELEMENT 
METHOD  

The Discrete Element Method (DEM), originally 
proposed by Cundall & Strack (1979), initially eva-
luated the displacement of rock blocks. However, 
their applications are extending the study of micro-
mechanisms in granular materials. From the under-
standing of the microscopic mechanical properties of 
discrete elements and the behavior of the interaction 
between them, the DEM allows to evaluate the ma-
croscopic physical and mechanical behavior of the 
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model studied. The material is considered “discre-
tized” into a series of particles with mechanical 
properties and geometries defined. Generally, the 
DEM uses the dynamic relaxation algorithm for the 
solution of the equilibrium equations of individual 
particles. The explicit nature of the algorithm makes 
it possible to simulate with relative ease large dis-
placements and rotations of particles. Special rou-
tines for tracking particle contacts are necessary. 
Controls are also necessary for the establishment of 
appropriate time steps and damping parameters. Dif-
ferent constitutive models can be introduced to 
represent contact behavior under normal and shear 
forces. An appraisal of these details can be found in 
Itasca (2002) or Figueiredo (1991). 
 

3 NUMERICAL SIMULATION 2D 

3.1 Modeling fiber-soil interaction with the DEM 
 
Literature shows at this stage some attempts to in-
troduce fiber-soil interaction using the DEM formu-
lation. Maeda & Ibraim (2008), for example, does 
that by representing fibers also as particles. Despite 
the ease of implementation, this procedure has how-
ever some shortcomings as for example fibers retain 
some strength under compressive stresses and have 
limitations in relation to representation of small fiber 
thicknesses. 

In the present work, fibers are modeled as straight 
segments connecting two contacts. Therefore, a fiber 
is represented by a set of segments of straight lines 
connecting a number of contacts. This number of 
segments will provide the size of the fiber, thus from 
the diameters it’s possible to estimate the amount of 
segments that form a fiber. Each of the fibers can be 
oriented randomly within the sample domain. It is 
possible to define a fiber from the equation of line 
and the minimum amount of contacts to be joined by 
segments of straight. The fibers inclination change 
with the angle which is marked randomly between 
[0,2π].  

The fibers have stiffness only in the axial direc-
tion and only when under tensile stresses. They do 
not carry compressive stresses. In the present im-
plementation fibers do not have bending stiffness. 
The axial behavior of the straight segment element is 
described therefore by the one dimensional constitu-
tive model. The axial stiffness is described in terms 
of K = EA/L. Strength under tensile loads in as-
signed to the fibers. Fibers are also allowed to slide 
in the contacts if necessary. From the numerical 
point of view fibers are not explicitly represented in 
the domain. In order to control fiber distribution in 

the domain, a data structure was created to keep 
track of the information and behavior of each fiber.  
The total number of fibers in a specimen is calcu-
lated based on percent sample weight basis. In the 
present work, the amount of fiber was taken as 0.5% 
by weight of the soil. The segments of lines are gen-
erated randomly, with angles ranging between [0.2 
π], based on the coordinates (x, y). In addition, a 
simple mathematical condition was used to maintain 
the segments inside the sample not extending 
beyond the boundary walls.  

Figure 1 shows the fiber reinforced sand speci-
men model for the analysis with code GeoDEM 
(Velloso, 2009). This is a biaxial test that involved 
granular matrix and fibers in a rectangular container 
enclosed by four wall boundary elements. The sand 
sample has a width of 5mm and 10mm of height, 
and has approximately 1500 particles. The basic pa-
rameters for granular matrix are presented in Table 
1. 
 
Table 1: Granular matrix parameters (Dmax = maximum dia-
meter;  Dmin = minimum diameter;  n = porosity) 

Parameter Unit Value 
Density KN/m³ 2.65 
Dmax m 1.00E-04 
Dmin m 5.00E-05 

n  - 0.2  
 

Stresses and displacements at the boundary walls 
are controlled. Stress history of the numerical tests 
comprises an initial isotropic compression under 
contact stresses followed by uniaxial loading under 
constant lateral stresses.  
 

 
Figure 1: GeoDem program - Sample of fiber reinforced sand 
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2028



4 RESULTS AND ANALYSIS 

The biaxial compression data for the non-reinforced 
and fiber- reinforced sand samples are analyzed by 
comparing the stress-strain curves.  

Figure 2 shows the normalized stress-strain beha-
vior for different fiber contents at confining pressure 
of 100kPa. Using the same confining pressure the 
behavior of the mixture was evaluated for different 
fiber contents. It can be observed that an increase in 
fiber content causes an increase in strength.  
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Figure 2: Normalized stress-strain curves for different fiber 
content  
 

Figure 3 presents the results from numerical si-
mulations and experimental tests (Casagrande, 
2005), for 100kPa of confining stress.  

The first step was the calibration of model using 
particles without fibers, based on both, stress-strain 
and volumetric strain-axial strain curves. It can be 
observed that the behavior in terms of q x εa is simi-
lar when comparing experimental and numerical re-
sults. 

In general, it can be observed that the values of 
peak strength obtained by numerical simulations are 
consistent with those obtained by experimental tests; 
however, the initial stiffness observed in the rein-
forced soil was not observed in the simulations car-
ried out.  

Concerning the εv x εa behavior as shown in Fig-
ure 3, the numerical analysis showed initially a ten-
dency for compression and later for expansion while 
the experimental results show practically no change 
in volume. 

The peak strength increases due to increase in 
confining stress, causing greater stiffness in the con-
fined material. Therefore, it is visible that the intro-
duction of fiber increases the strength of the material 

after a certain deformation distortional, and that this 
strength increase with strain. 
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Figure 3: Sand and fiber reinforced sand stress-strain and vo-
lumetric strain-axial strain results, for 100kPa confining stress. 
Numerical analysis and experimental results (Casagrande, 
2005) 

5 CONCLUSIONS 

The objective of this study the development and im-
plementation of a numerical procedure to represent 
fibers in a Discrete Element Code for the solution of 
2D problems. The developed code allows the simu-
lation of mixtures of granular materials and fibers, 
randomly inserted under biaxial compression state. 
2D simulations of such systems have some limita-
tions but extensions to 3D problems are relatively 
forward the straightforward.  

However, the 2D model presented in this paper 
has shown, in a satisfactory way aspects such as the 
increase in soil strength with fibers insertion and a 
satisfactory match with experimental results. It was 
also observed that the inclusion of fibers provides 
not only an increase in soil strength, but also an in-
crease in the ratio of stress q/p'. However, it doesn’t 
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cause a significant influence on the stiffness of the 
material studied. 
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