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Abstract The use of fiber reinforcement in granular

media is known to increase the cohesion and there-

fore the strength of the material. However, a new ap-

proach, based on layer-wise deployment of predeter-

mined patterns of the fiber reinforcement has led self-

confining and free-standing jammed structures to be-

come viable. We have developed a novel model to sim-

ulate fiber reinforced granular materials, which takes

into account irregular particles and wire elasticity and

apply it to study the stability of unconfined jammed

granular columns.

Keywords Granular matter · Fiber · Discrete element

method · Friction · Polyhedral particles · Jamming

1 Introduction

Fiber reinforcement is widely used in different materi-

als and for various types of applications. Examples are

fiber reinforced polymer, concrete and soil. Particularly

interesting is the use of fibers in combination with co-

hesionless granular materials like sand or gravel, since

the reinforcement itself acts as an additional “cohesion”

to the material. Typically, in reinforced granulates the

wire is randomly distributed inside the soil. Alterna-

tively, the wire can be deployed along an apriori de-

termined path, creating strong anisotropies. Recently

it was demonstrated [1] that with the latter technique

self-containing packings can be constructed allowing for

load-bearing granular columns. This approach, coined
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“3D rock printing” opens new opportunities for engi-

neering and architectural applications since the struc-

tures behave like a solid and yet they are completely

reversible - the moment the wire is removed the grains

will crumble into a pile [1, 22].

Over the past few decades, reinforced soils have been

studied extensively by numerical [14, 24, 25, 26, 42, 9,

28, 35] and experimental [30, 29, 19, 40, 21, 2] means.

Several underlying mechanisms are known to be in-

volved: tensioning of segments of wire, blocking between

particles, friction induced sticking of wire wrapped around

particles, and geometrical interlocking between individ-

ual grains. However, the mechanical behavior of such

free-standing structures is not fully understood, since

the reinforcement in this case has not only strength

and cohesion enhancing, but also a confining function.

In this paper, we present a discrete numerical model for

simulating fiber reinforced granular materials that cap-

tures all the aforementioned mechanisms. We apply it

to study jammed, free standing granular columns under

vertical load, see Fig. 1. Our discrete model incorpo-

rates two fundamentally different methods and couples

them together. This allows us to capture the irregu-

larities in the particle shapes, the non-elastic frictional

contacts between grains and the elastic mechanical be-

havior of the frictional wire. It should be noted that the

proposed method has a very general scope of applicabil-

ity, ranging from fiber [24] or geogrid [15, 34] reinforced

soils to rockfall protection [7, 13] and beyond. In this

study we focus on the influence of friction coefficients,

wire stiffness as well as particles size distribution and

system size on the stability of fiber reinforced granular

columns.
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Fig. 1 Free standing fiber reinforced granular columns. Experiment (top row) and simulation (bottom row) showing the
structure before (left) and after (right) the removal of the confining walls. Parameters used for the simulations in dimensionless
units: µw = 0.5, µp = 0.6, Ew = 100, Ep = 1000, amin = 0.8, amax = 1.0, rw = 0.1, lw = 0.2, R = 10amax.

2 Numerical model

This section aims at the description of the numerical

methods used in the simulations. First, we introduce

the numerical models of the particles and the wire, fol-

lowed by the coupling scheme, the contact calculation

algorithms and lastly, the numerical procedure.

2.1 Particles

The particles are arbitrary shaped convex polyhedra

and their interactions are implemented by the Non-

Smooth Contact Dynamics (NSCD) method [8, 37],

originally proposed by Moreau [31]. This method is well

suited for modeling dense packings of rigid, frictional

particles with lasting contacts. Recent studies [4, 5, 6]

also show the efficiency of this method for modeling

polyhedral particles. The NSCD method is based on

volume exclusion constraint and Coulomb friction law

without any regularization (Fig. 2). Because of the dis-

continuous nature of the contact laws, an implicit inte-

gration of the equations of motion:

mi
d

dt
vi = Fi + Fexti ,

Ii
d

dt
ωi = Ti + Text

i ,

(1)

is required for each particle Pi. Where mi and Ii are the

mass and moment of inertia tensor of the particle, vi
and ωi are the translational and rotational velocities, Fi
and Ti are forces and torques from contacts, Fexti and

Text
i are external forces and torques. The contact forces

F = Fnn+Ft between the particles are calculated with

an iterative scheme based on a Gauss-Seidel algorithm
for each time step until a desired global convergence cri-

terion is satisfied. The calculation of each contact force

for one iteration consists of the following three steps:

First, if the gap between two particles is positive, the

contact force is set to zero since the particles are not in

contact. Second, if the gap is negative, vanishing rela-

tive tangential velocity at the contact is imposed. The

normal force Fn in this case is set to be sufficient for

avoiding inter-penetration. The calculated force is ac-

cepted only if the static friction condition Fn ≤ µp‖Ft‖
is satisfied, where Ft is the tangential force and µp is

the coefficient of friction for the particles. Third, if the

condition is violated, the force is recalculated imposing

the dynamic friction condition ‖Ft‖ = µpFn. The force

calculation in the sliding contact case for non-spherical

particles requires a non-linear solver, which in our sim-

ulations is performed by a Newton iterative scheme im-

plemented in the GSL library [18].
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Fig. 2 Contact laws for NSCD method. Left: volume ex-
clusion constraint for the normal force Fn (Signorini graph).
Right: static friction constraint plus the dynamic friction con-
dition (Coulomb graph).
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Fig. 3 Schematic of the numerical model of the wire. The
mechanical response of the wire is carried out by linear springs
attached to each element ek and rotational springs attached
to each node nj .

2.2 Wire

The wire is modeled as a chain of point-like masses con-

nected by tensile spring elements and rotational springs

attached to each node [42, 38, 14], see Fig. 3. The elas-

tic constants of the longitudinal and rotational springs
are kelo = meloEwπ(rw)2/(lw)2 and krot = mrotEwπ(rw)4/4(lw)2,

where Ew is the Young’s modulus, lw is the length of

each segment and rw is the radius of the wire. The co-

efficients melo and mrot are simply stiffness multipliers,

taking values in the interval [0, 1]. When melo = mrot =

1 this model corresponds to a linear-elastic beam model

in the continuum limit [38]. We assume that torsion

does not have a significant effect, therefore it is not

considered in our model.

Self-interaction of the wire is realized with the Soft Par-

ticle (SP) Discrete Element method [27] introduced by

Cundall and Strack [11] with a linear spring-dashpot

model for simplicity. Herzian type of contact was also

implemented and did not affect the nature of the re-

sults. Each wire element has a spherocylinder [36, 23]

with radius rw attached to it in order to carry out the

overlap computation (see Ref. [9, 41]). The forces of

a contact between two elements are distributed to the

four involved nodes with weights inversely proportional

to their distance from the closest point of contact [41].

A 5-th order Gear predictor-corrector method is used

to integrate the equations of motion (Eq. 2) for the

translational degrees of freedom of each node nj :

mj
d2

dt2
rj = fj + felj + fextj , (2)

where mj is the mass of node j, rj is the position vec-

tor of the node, fj is the contact force, felj is the elastic

force due to stretching and bending and fextj is external

force to the wire. The contact force f consists of nor-

mal and tangential components fn = kwwn ξn + γwwn ξ̇n
and ft = kwwt ξt + γwwt ξ̇t , where kwwn = Ewwlwπ/4

and kwwt = Ewwrw are the wire-wire contact stiffness

coefficients. With ξn and ξt we denote the indentation

depth and the displacement of the tangential spring and

Eww = Ew/2(1 − (νw)2). While the tangential spring

models static friction, dynamic friction is taken into

account by removing the spring when the condition

fn ≤ µws ‖ft‖ is violated. The tangential force is then

replaced by ft = µwd fn
ft
‖ft‖ , where µws and µwd are the

static and dynamic friction coefficients for the wire. The

contributions of the elastic forces due to elongation and

bending of the wire are stored in the vector fel.

2.3 Coupling

So far we have described the two different numerical

techniques with which we treat the particles and the

wire. In this section we describe the scheme that cou-

ples the two methods. Similar to the spherocylinders

that are added to the wire segments, the polyhedra are

dilated with a spherical particle of radius rp, which in

our simulations is set to be equal to the wire radius

rw. This spherical dilatation of polyhedra is known as

spheropolyhedra (Fig. 4) and it is a well established

technique for SP discrete element simulations of irreg-

ular particles [3, 17, 16]. Note that for the particle-

particle interaction, we also consider spheropolyhedra,

instead of the sharp-edged polyhedra, which doesn’t

change the contact law or the contact calculation pro-

cedure.

This way we can compute overlaps between the par-

ticles and the wire and calculate the contact force be-

tween them just like in the SP method. The overlap ξn
between the particle Pi and wire element ek is given by

ξn = (rp+rw)−(ri−rk)·n, where ri and rk are the clos-

est points of approach and n is the normal vector. The

contact stiffness coefficients for the wire-particle con-

tact are given by kwpn = Ewplwπ/4 and kwwt = Ewprw,

where by the mixing rule 1
Ewp = 1−(νw)2

Ew + 1−(νp)2

Ep .

The NSCD is unconditionally stable, since it is an im-

plicit method and thus the time step can be significantly
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Fig. 4 Schematic of the contact between a particle Pi and
a wire element element ek. The darkened part is the overlap
volume, which is replaced by the penetration depth ξn.

bigger than the one used for the SP method, which is

explicit. Therefore, it is reasonable to have two different

time steps: ∆tNSCD and ∆tSP , for the NSCD and SP

method, respectively. This means that every time the

particles positions are updated, the positions of the wire

nodes are updated ∆tNSCD/∆tSP times resulting in a

sub-cycling procedure as shown in Fig. 5. After the sub-

cycling the contact forces between the wire and the par-

ticles are averaged over the time interval ∆tNSCD and

added to the particles. Other coupling schemes were

also implemented, but due to the smoothening effect

of the averaging procedure this method was the most

stable. The contributions of the contact forces of the

wire-particle contacts are added to the external forces

Fexti and fextj for the particles and the wire nodes re-

spectively. Note that there are no transfers of torque

between the particles and the wire.

2.4 Contact calculation

A major part of the numerical implementation is the

contact calculation. For each type of contact, particle-

particle, wire-wire and particle-wire there are three steps.

First, a linked cell is generated in order to define possi-

ble contacting pairs. Then, a bounding sphere method

is used for each of the pairs to check for possible over-

laps. The last step is the calculation of the overlaps

and points of contacts if they exist. For this task each

type of contact requires a different contact calculation

algorithm:

– For the particle-particle contact a Common Plane

(CP) [10, 32, 33] method is used to carry out the

Predictor step for wire

Calculation of wire-wire and wire-particle
contact forces with SP method

Calculation of elastic forces on the wire

Corrector step for wire

Average contributions from wire-particle
 contacts and add them to the particles 

Time integration of particles

Looped ΔtSP/ΔtNSCD 

times 

Yes

No

Start

End

Calculation of particle-particle contact
forces with NSCD method

Fig. 5 Flow diagram describing the coupling between the
two solvers.

overlap determination and the normal vector of the

contact. Note that for the particle-particle contacts,

three situations may arise, namely point contact,

line contact, and area contact. Point contact emerges

in the case of vertex-vertex, vertex-edge, edge-edge
and vertex-face encounters, line contact in the case

of edge-face encounters, and area contact in the case

of face-face encounters. However, without modifying

the contact law, a line contact can be represented

by two contact points and the area contact by three

or more contact points. Each of the contact points

is treated independently in the iterative scheme for

the force calculation.

– For the calculation of the shortest distance and the

closest point of contact between two wire segments,

the algorithm by Sunday [12, 39] is used, with the

modification that the line segments are normalized

to improve the accuracy of the calculation in the

case of short parallel segments.

– For the wire-particle contact, we first calculate the

shortest distance between a wire element and edges

of the polyhedra, then between the nodes of the el-

ement and the faces of the polyhedra. The shortest

distance is then defined as the minimum of the two

aforementioned shortest distances.
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2.5 Numerical procedure

Particles can be generated in a variety of ways by char-

acteristic shape parameters. For this work, we employ a

simple way to control the aspect ratios of the particles,

which gives valuable information about their shapes.

We do this by choosing randomly points on an ellipsoid

with given semi-principal axis: a ≥ b ≥ c and obtaining

the convex hull of the points with the CGAL library

[20]. The particle size is defined by the longest semi-

principal axis a of the ellipsoid. Sizes are sampled from a

uniform distribution in the interval [amin, amax]. The el-

lipsoid radii b and c are chosen such that b/a ≤ c/a ≤ 1.

The sample construction resembles the procedure used

by Lindström et. al. [1]. Particles and wire are both

deposited by gravitation inside a rectangular container

with frictional bottom wall and side walls with zero fric-

tion. Layers of particles and wire are deposited sequen-

tially. A layer of particles is constructed in the following

way: particles with randomized orientations are placed

on two horizontal staggered lattices, separated in the

vertical direction by 2amax. For a layer of wire we only

consider a double loop with disconnected ends, meaning

that each layer of wire is an individual segment, unlike

the continuous wire approach used in Ref. [1]. Every

new layer of both particles and wire is released close to

the top of the sample in order to avoid the build-up of

kinetic energy in the system. After the sample is gener-

ated, the side walls are removed with constant velocity

vwall. The simulations stop at t = 600 in dimension-

less units, which is enough for all simulated systems to

have negligible kinetic energy. The second part of the

procedure, namely, the wall removal starts at t = 300,

again assuring that the kinetic energy is dissipated. A

brief illustration of the numerical procedure is given in

Fig. 6 (animations of the two stages of the simulation

procedure: sample construction and wall removal, can

be found in Online Resources 1 and 2).

3 Results and discussion

For the experiment shown in Fig. 1 we have used rail-

way ballast particles with similar sizes, while the wire is

a standard textile string and the walls are made out of

acrylic glass. The construction of the samples for both

experiment and simulation is equivalent. In Fig. 1 we

observe similar behavior for the experimental system

and the numerical one. After the side walls have been

removed, the structure loses a part of the initial height.

This is because the fiber, or more precisely crucial sec-

tions of it must become under tension first in order for it

to start acting as a confinement and prevent the column

Table 1 Typical simulation parameters in dimensionless
units

Particle
Young’s modulus Ep 1000
Poisson ratio νp 0.3
Sweep radius rp 0.1
Minimum size amin 0.8
Maximal size amax 1
Aspect ratio b/a 0.8
Aspect ratio c/a 0.6
Number of vertices Nv 20
Density ρp 1.5
Time increment for NSCD ∆tNSCD 10−3

Wire
Young’s modulus Ew 100
Poisson ratio νw 0
Elongation multiplier melo 1
Rotational multiplier mrot 0.1
Radius rw 0.1
Element length lw 0.2
Density ρw 0.5
Time increment for SP ∆tSP 10−4

Interaction
Wire-particle static friction µs 0.5
Wire-particle dynamic friction µd 0.5
Particle-particle friction µp 0.5

System
Number of particles Np 915
Number of wire elements Nw 4242
Wall velocity vwall 0.02
Gravity g 1

from expanding in the transverse direction, see Fig. 7.

Even though our simulation resembles well the exper-

iment, there are noticeable differences in the particle

shapes, the stiffness of the wire and friction coefficients.

This leads to the bigger loss of initial height in the nu-

merical simulation in comparison to the experiment. In

order to further validate our numerical model we have

performed 10 different experiments, identical to the one

shown in Fig. 1 and measured the sustained height af-

ter the walls have been removed. The mean value of the

experiments is plotted in each of Figs. 8, 9, 10 and 11

as a solid black line. We observe that our numerical sim-

ulations can recover the experimental results for certain

parameters. Furthermore, we want to gain some deeper

understanding of the mechanical behavior of fiber rein-

forced jammed columns and to analyze which parame-

ters have an affect on their performance.

We are interested in the influence of material prop-

erties on the stability of the granular columns and in-

vestigate the global behavior of the system for a broad

range of parameters. Local interaction properties, such

as friction coefficients are essential for the load-bearing

mechanisms of fiber reinforced granular materials and

will be discussed in Sections 3.1 and 3.2. Self-confining

mechanisms require the redistribution of forces along

the wire, therefore one would expect a wire with larger
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Gravitational deposition Wall removal Final column
Fig. 6 Numerical procedure. Left: initial position before gravitational deposition within recipient with walls. Middle: particles
and wire are deposited and the system is relaxed. Right: the system after the side walls were slowly removed and a granular
column has formed. Colors on the wire represent elastic strain energy.
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Fig. 7 Height of the numerical column from Fig. 1, normal-
ized by the initial height (left axis) and total elastic energy
stored in the wire, normalized by the maximum value (right
axis) as functions of time after the walls have started displac-
ing.

stiffness to be able to support larger transverse forces.

This issue will be addressed in Sec. 3.3. In Sec. 3.4 the

influence of the particles size distributions will be dis-

cussed. Finally, we will deal with the behavior of the

columns with different aspect ratios in Sec. 3.5. Typical

parameters used in the simulations are listed in Table

1. For our analysis we monitor four global parameters:

Hn the height of the column normalized by the height

before the removal of the side walls,

φp the fraction of retained particles, measured by count-

ing the number of particles inside a cylinder with

radius equal to the mean distance from the central

axis of the column to the wire nodes,

Us/L the elastic strain energy density in the wire,

zwpc the average coordination number for the contacts

between wire elements and particles.

For each value of a studied parameter we have per-

formed 10 different simulations, changing only the seed

of the random number generator. Each data point in

Figures. 8, 9, 10 and 11 represents the mean of the

10 realizations and error bars have the size of the stan-

dard deviations. Polynomial fits are also plotted in each

of the above mentioned figures as well as the mean

value obtained from the experiments. The computer

program was written in c++ and all simulations have

been performed on an IBM cluster with Intel Xeon

E5640 2.67GHz CPU nodes. Running times vary be-

tween different realizations, but on average a single sim-

ulation was completed within approximately one week.

3.1 Wire-Particle friction

We investigate first the influence of the friction between

wire and particles. This is done by varying the friction

coefficient µw = µws = µwd in the range 0.1 − 0.6. For

simplicity, the static and dynamic friction coefficients

are set to be equal.

We observe in Fig. 8, a strong dependence of the wire-

particle friction on the stability of the columns. For the

normalized height in the interval we are investigating,

we see that the behavior can be fitted well by a second

order polynomial (Fig. 8 top, left). Since there is a limit

for Hn at 1 a saturation is expected, which is not visi-

ble in this region. The fraction of retained particles also

depends strongly on µw, after a steep initial increase,

we observe a slowing down at µw = 0.5 (Fig. 8 top,

right). It is intuitive that when the wire-particle fric-

tion is increasing, this leads to activation of the wire.

For the elastic energy density of the wire we see ini-

tially a strong increase for values of µw between 0.1

and 0.4 and a slowing down afterwards (Fig. 8 bottom,

left). Lastly, from Fig. 8 we observe that a wire with

higher friction tends to contact with less particles (bot-

tom, right), meaning that a stable column is due to the

stronger shear forces between wire and particles instead

of the number of contacts.
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Fig. 8 Influence of the wire friction µw on the stability of
granular columns. Particle-particle friction µp = 0.5, stiffness
multiplier melo = 1, and uniform particle size distribution in
[0.8, 1].
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Fig. 9 Influence of the friction between particles µp on the
stability of granular columns. Wire-particle friction µw = 0.5,
stiffness multiplier mmelo = 1, and uniform particle size dis-
tribution in [0.8, 1].

3.2 Particle-Particle friction

Next, we are looking at the friction between the par-

ticles. The inter particle friction coefficient µp is again

varied in the range 0.1− 0.6.

From Fig. 9 we observe that Hn and Np
n do not depend

strongly on the particle-particle friction (top row). Ini-

tially, for µp between 0.1 and 0.3 we see a small increase

of the sustained height and for µp > 0.3 there is no

dependence anymore, while for Np
n in the whole stud-

ied range there is no dependence on µp. This is due to

the dominating role of the irregularities in the particle

melo
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0.7
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Fig. 10 Influence of the strain resistance, determined by the
coefficient melo on the stability of granular columns. Particle-
particle friction µp = 0.5, wire-particle friction µw = 0.5, and
uniform particle size distribution in [0.8, 1].

shapes, which contributes to the shear resistance of the

particles, allowing them to interlock between each other

and constraining their translational and rotational de-

grees of freedom. Although the inter particle friction

µp does not contribute noticeably to Hn and Np
n, it is

clear that the energy density on the wire Us/L and the

coordination number zwpc strongly depend on µp (Fig. 9

bottom row). With an increase in µp there is a signif-

icant decrease in the wire strain energy, which is due

to the distribution of the forces on the particles, in-

stead on the wire. Again, we observe a tendency of the

coordination number between the grains and the fiber

to decrease with an increase in the friction coefficient

(Fig. 9 bottom, right).

3.3 Wire elongation stiffness

As described in Sec. 2.2, we have introduced the mul-

tiplication factors melo and mrot in order to change the

elongation and bending resistance of the wire without

changing the Young’s modulus Ew of the wire.

It is clear from Fig. 10 top, left, that having a stiffer

wire can certainly increase the sustained height of the

fiber reinforced granular columns. The observed behav-

ior in the interval melo ∈ [0.2, 0.6] is a steep increase,

while for values higher than 0.6 the increase is slowed

down. It is conclusive that the coefficient melo does not

influence significantly the amount of particles contained

inside the wire (Fig. 9 top, right). This can be caused

by the way this parameter is measured, since a floppy

wire will tend to spread wider, thus increasing the mean
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Fig. 11 Influence of particles size distribution on the sta-
bility of granular columns. Particle-particle friction µp =
0.5, wire-particle friction µw = 0.5, and stiffness multiplier
melo = 1.

radius, see Sec. 3. Interestingly, the elastic energy de-

creases when increasing wire strain resistance (Fig. 9

bottom, left). Even though one would expect a stiffer

wire to be able to store higher elastic energy, the effect

appears to be opposite - a column with a stiffer wire

decreases the energy density of the wire. Lastly, a con-

sistent decrease in zwpc is observed once again (Fig. 9

bottom, right).

3.4 Particle size distribution

In practice, aggregates go through a certain breaking

process, eventually followed by a sieving procedure that

results in complex size distributions. Because of the

relatively small number of particles it makes no sense

studying a particular distribution. Instead, we choose

the simplest case of uniform distribution and keep the

mean constant at amean = 0.8 and we change the differ-

ence (amax − amin), which is proportional to the stan-

dard deviation.

Similar to concrete structures, where it is known that

larger variation in the sizes of the aggregates leads to

an increase of the compressive strength, we observe here

an increase in the mechanical properties of the granular

columns when particles have larger variations in sizes

(Fig. 11). When increasing (amax − amin) the normal-

ized column height increases slightly, the elastic energy

stored in the wire decreases, the wire-particle coordi-

nation number decreases. While for the fraction of re-

tained particles, no dependence of the standard devia-

tion on the distribution is observed.

3.5 System size

In order to manufacture taller and wider structures it is

important to know how the system scales. Since build-

ing higher columns with smaller radius will just lead to

buckling we are interested to know how much can we

increase the radius of the wire loop. Obtaining a char-

acteristic wire radius to particle radius ratio is useful

if also a more complex pattern, composed of many cir-

cles is used. This approach can overcome the system

size restrictions and finding an optimal pattern radius

will assure the structure optimization in terms of max-

imizing the compressive strength and minimizing the

amount of material being used.

We are interested in the behavior of the granular columns

for different system sizes, or more precisely, different

radii - R. From Fig. 12 we see that for R = 5amax,

R = 6amax, R = 7amax and R = 7amax there is a well

distinct vertical column, i.e. an angle of repose of ap-

proximately 90◦. For R larger than 8amax, there is no

clear vertical part and the structure collapses, resem-

bling a pile without the fiber reinforcement.

Therefore, we can conclude that the radius of the fiber

has a big influence on the structural stability and for

the given parameters the largest loop radius for which

the wire acts as a self-confinement is at R = 8amax.

4 Conclusions and outlook

In this article, a new model, incorporating irregular par-

ticles and elastic wires for the simulations of fiber re-

inforced granular materials has been presented. This

novel approach is based on the coupling between two

fundamentally different numerical techniques: Non-Smooth

Contact Dynamics (NSCD) method and Soft Particle

(SP) method. A detailed description of the numerical

methods used in the developed model has been given,

including the governing equations, contact forces and

coupling scheme. Further, we have applied the method

to the study of free-standing fiber reinforced jammed

granular columns and observed a good qualitative as

well as quantitative agreement with experiments. We

have performed a large number of simulations in order

to investigate the behavior of the columns for a broad

range of friction coefficients, wire stiffness and particle

size distributions.

We can conclude from our results that higher friction

between the particles and the fiber can help obtain

higher columns as well as creating tension in the wire. In

contrast, particle-particle friction does not influence the

height of the columns, neither the number of particles

kept inside, since the irregularities in the particle shapes
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a) b) c)

d) e) f)

Fig. 12 Fiber reinforced granular structure for different loop radii R: a) R = 5amax, b) R = 6amax, c) R = 7amax, d)
R = 8amax, e) R = 9amax, f) R = 10amax. Colors on the wire represent elastic strain energy.

account for geometric interlocking between the grains.

Nevertheless, higher friction between particles leads to

the reduction of the elastic energy on the wire. Higher

elongation resistance of the wire optimizes the perfor-

mance of the structure. Intuitively, wire stiffness also

plays an essential role in the stability of the structures,

although the strain energy density has been found to

decrease when strain resistance is increased. We have

shown also that larger variations in the particle sizes

can be beneficial for the stability of free-standing fiber

reinforced granular columns.

Further investigations on fiber reinforced jammed gran-

ular structures should include quantitative validation,

such as comparison between numerical and experimen-

tal results for the force-displacement behavior in a uni-

axial test setup. Also, the influence of packing strate-

gies and wire patterns should be studied. Another im-

portant point is the limitation caused by the need of

decreasing the time step when the wire stiffness is in-

creased, which increases the computational time required

for the simulations. A reasonable suggestion therefore,

would be to consider perfectly rigid wire, i.e. wire with

infinite stiffness.
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