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WORKPACKAGE N. 4

Establishment of scenarios on the basis of mechanical run-out
modelling: application of numerical methods

WP leader: TUW
Participants: POLITO

Start month: month 0
End month: month 18

According to the gantt chart the work in month 6 to month 12 deals with activity 4 and activity 6 and
begin of activity 7.

Acivity 4: Implementation and calibration of the material and run-out relevant parameters (PFC).
Activity 6: Application of the DAN model to the study of the Ceppo Morelli site (scenario).
Activity 7: Application of the DAN model to the study of the Oselitzenbachs site (scenario).

Activity 4 was done by partner TUW and activity 6 and 7 by partner POLITO.
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1 PARTNER TUW

According to activity 4 of WP4: Implementation and calibration of the material and run-out relevant
parameters.
  This was done using the programs of Itasca FLAC3D and PFC2D. Two directions have to be
investigated. Firstly to investigate the micro parameter in order to model the realistic material
parameter. Secondly to implement the run-out relevant parameters in order to model a realistic
run-out movement.

1.1 CALIBRATION OF A PFC2D-MATERIAL

1.1.1 Contact Constitutive Models

The overall constitutive behavior of a material is simulated in PFC by associating a simpl
constitutive model with each contact.

The constitutive model acting at a particular contact consists of three parts:

• a stiffness Model
• a slip model
• and a bonding model

1.1.1.1 Contact-Stiffness Models

Figure 1: Contact-Stiffness Model

A contact-stiffness model provides an elastic relation between the contact force and relative
displacement. The normal and shear contact stiffnesses relate the normal and shear components
of force and relative displacement. In PFC2D, the normal components are related via a secant
stiffness, while the shear components are related via a tangent stiffness. Thus, the total normal
force can be computed at any time if the total normal relative displacement is known, but only the
increment of shear force can be computed given an increment of shear relative displacement (Eq.
1 and 2) . This means that if the normal stiffness is altered during the course of a simulation, there
will be an immediate effect upon the entire assembly, but if the shear stiffness is altered during the
course of a simulation, it will only affect the new increments of shear force. This fact makes it
possible for the code to handle arbitrary placement of balls and changes in ball radii after a
simulation has begun.

(1)
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(2)

PFC2D provides two stiffness models: a linear model and a simplified Hertz-Mindlin model. In the
linear model, the forces and relative displacements are linearly related by the constant contact
stiffness, which is a function of the intrinsic stiffnesses of the two contacting entities. In the
simplified Hertz-Mindlin model, the forces and relative displacements are nonlinearly related by the
non-constant contact stiffness, which is a function of the geometric and material properties of the
two contacting entities as well as the current value of the normal force.

The simplified Hertz-Mindlin model is appropriate when modeling assemblies having no bonds,
experiencing small-strain conditions and exclusively compressive stresses. For example, the
wavepropagation characteristics of packed sand are a function of the confining stresses. In order
to obtain the correct wave speeds, the stiffnesses must be altered as given by the Hertz-Mindlin
model. For all but these few highly specialized situations, the linear model should be adequate.

1.1.1.2 Slip and Separation Model

The slip model in PFC2D allows two entities in contact to slide relative to one another and to
separate if they are not bonded and a tensile force develops between them. The slip condition
occurs when the shear component of force reaches the maximum allowable shear contact force.
This allowable shear contact force is taken to be the minimum friction coefficient of the two
contacting entities multiplied by the magnitude of the compressive normal component of force (Eq.
3). The slip model continually limits the magnitude of the shear component of force to remain
below this maximum allowable value.

(3)

1.1.1.3 Bonding Models

The contact-stiffness and the slip and separation models fully describe the physical behavior at
all ball-wall and unbonded ball-ball contacts and are illustrated in Figure 1. However, two types of
bonds, a contact bond and a parallel bond, may also be present at ball-ball contacts. These two
types of bonding correspond to two physical possibilities: (1) contact bonds reproduce the effect of
an adhesion acting over the vanishingly small area of the contact point, thus the name contact
“point” bond (or simply contact bond); and, (2) parallel bonds reproduce the effect of additional
material (e.g., cementation) deposited after the balls are in contact. The effective stiffness of this
additional material acts in parallel with the contact point stiffness, thus the name parallel bond. Any
additional load applied to the two particles after the parallel bond is installed is shared between the
contact springs and the parallel-bond springs. The bonding logic is illustrated in Figure 2.
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A contact bond provides each contact point with a tensile normal and shear contact-force
strength.  This allows a tensile force to develop between two particles. If the magnitude of the
tensile normal or shear contact force exceeds the respective strength, the bond breaks. Two
particles with a contact bond behave as though they are welded together at the contact point; thus,
no slip is possible while the bond remains intact. However, a contact bond provides no resistance
to rolling. Rolling is caused by an unbalanced moment acting at the contact point. Because the
contact bond acts only at a point, and not over a finite-sized area, it cannot build up the necessary
couple forces to resist the moment.

Figure 1: Contact logic

Figure 2: Bonding logic

1.1.2 Choosing Material Properties for PFC Models

Although it is relatively easy to assign chosen properties to a PFC model, it is often difficult to
choose such properties so that the behaviour of the resulting synthetic material resembles that of
an intended physical material. For codes that model continua, the input properties (such as
modulus and strength) can be derived directly from measurements performed on laboratory
specimens. For codes such as PFC that synthesize macro-scale material behaviour from the
interactions of microscale components, the input properties of the microscopic constituents are
usually not known. In this case, we must first determine the relevant behaviours (and response set
that best characterizes these behaviors) of our intended physical material, and then choose the
appropriate microproperties by means of a calibration process in which the responses of the
synthetic material are compared directly with the relevant measured responses of the intended
physical material. This comparison can be made at both laboratory scale (e.g., triaxial and static-
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fatigue response) and field scale (e.g., evolution and extent of phenomena in various rock slopes)
depending upon the intended application of the PFC model.

1.1.3 Discussion of the Calibration Process

In a general sense, one can characterise any model of a synthetic material by the parameters of
deformability and strength. In order to have confidence that a particular model is reproducing
desired physical behaviour, it is necessary to relate each model parameter to a set of relevant
material properties.

In the case of the PFC model, the model parameters cannot, in general, be related directly to a
set of relevant material properties because the behaviour of the PFC model is also affected by
particle size and packing arrangement. The relation between PFC model parameters and
commonly measured material properties is only known a priori for certain simple packing
arrangements. For the general case of arbitrary packings of arbitrarily sized particles, the relation is
found by means of a calibration process in which a particular instance of a PFC model—with a
particular packing arrangement and set of model parameters—is used to simulate a set of material
tests (e.g Brazilian test, Biaxial test). The PFC model parameters are then chosen to reproduce the
relevant material properties as measured in such tests.

1.1.4 Relation between Macro- and Micro-Parameters

The microproperty-specification procedure requires relating the deformability and strength
microparameters (particle and bond stiffnesses, particle friction coefficients and bond strengths) to
their corresponding set of macroresponses (such as elastic constants, material friction angle and
peak-strength envelope).

Set of Microparameters that characterises a contact-bonded material:

• Contact Young’s Modulus Ec

• Ratio of normal stiffness to shear stiffness kn/ks

• Friction coefficient µ
• Normal strength σc (mean  & standard deviation)
• Shear strength τc (mean  & standard deviation)

Set of Macroparameters:

• Young’s Modulus E
• Poisson’s Ratio ν
• Cohesion c
• Friction angle ϕ
• Tensile strength σt

1.1.4.1 Contact-Bond Behavior
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A contact bond can be envisioned as a pair of elastic springs (or a point of glue) with constant
normal and shear stiffnesses acting at the contact point. These two springs have specified shear
and tensile normal strengths. The existence of a contact bond precludes the possibility of slip.

1.1.4.2 Deformability

A consistent means of setting the deformability microparameters is to specify the Young’s
modulus at each particle-particle contact, Ec; and the ratio of particle normal to shear stiffness,
kn/ks . Values of normal and shear stiffnesses for each particle can be determined by using Eq. 4 to
compute kn and then dividing this value by the ratio kn/ks to compute ks .
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kn, ks normal and shear stiffness acting at the contact point

1.1.4.3 Strength

 A consistent means of setting the strength microparameters is to specify the mean and
standard deviations of the material normal and shear strengths, σc and τc, respectively, as well as a
single value for the particle friction coefficient µ. Values of normal and shear contact-bond
strengths for each contact bond can be determined by using Eq. 5 to compute Φn and Φs . Note
that the particle friction coefficient, µ, applies to an unbonded contact, or one in which the contact
bond has broken; in the standard bond models, there is no dependence of shear strength on
normal force.

( )µτσ ,, ccfStrength =

tRcn ⋅⋅⋅= ~2σφ        tRcs ⋅⋅⋅= ~2τφ (5)

φn, φs normal and shear strength [force]
σc,τc normal and shear strength [stress]
t thickness of disks
R mean ball(disk) radius

1.1.5 Reproducing the Response of a Physical Material

The appropriate microproperties are determined by a calibration process in which the response
of the synthetic material is compared directly with the measured response of the physical material.
This comparison can be made at both laboratory and field scale.
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The laboratory-scale properties typically chosen to characterize the short-term response of rock
are the elastic modulus (E), crack-initiation stress (σci) and strength envelope (σ1-σ3-diagram). We
can reproduce a given modulus, crack-initiation stress and peak strength at a given confinement,
and we can then obtain the strength envelope and Brazilian tensile strength by performing Biaxial
and Brazilian tests (Fig. 3 & 4) upon the synthetic material.

 
Fig. 3: Brazilien-test enviroment    Fig. 4: Biaxial-test enviroment

1.1.5.1 Reproducing the Elastic Modulus and Poisson’s Ratio

For a contact-bonded material, the elastic modulus is controlled by the two microparameters, Ec

and kn/ks. To reproduce a given elastic modulus, set the bond strengths to a large value to prevent
bond failure and thereby force the material to behave elastically, and then perform a biaxial test to
obtain the modulus. For a fixed particle-size distribution and a fixed value of kn/ks, the modulus will
be linearly related to the value of Ec.

The Poisson’s ratio of a PFC2D material can be defined as the negative ratio of lateral strain to
axial strain in a biaxial test (assuming plane-stress conditions) by

y

x

ε
ευ

∆
∆−= (6)

However, a value so obtained is not strictly comparable to the Poisson’s ratio of a real material,
because conditions in a two-dimensional PFC2D biaxial test are neither plane strain nor plane
stress — there is no out-of-plane stress and no out-of-plane deformation.

In general, the measured Poisson’s ratio of the PFC material will be affected by kn/ks for a
contact-, parallel- and un-bonded material, and will also be affected by kn*/ks* for a parallel-
bonded material. As the ratio increases, the Poisson’s ratio also increases.

For a first estimation the ratio kn/ks can be set equal to the ratio of Young’s to shear modulus
(Eq. 7).
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1.1.5.2 Reproducing the Crack-Initiation Stress

The crack initiation stress, σci , is defined as the stress at which dilation just begins on a plot of
crack volumetric strain. The crack volumetric strain is found by subtracting the elastic volumetric
strains from the total volumetric strains. The elastic volumetric strains are calculated using the
elastic constants determined from the linear portion of stress-strain curves.

The initiation of cracking is controlled by the ratio of standard deviation to mean material
strength. Increasing this ratio lowers the stress at which the first crack initiates.

f( )σ

f ( )2 σ

f ( )1 σ

σ

lowers the crack initiation stress

Figure 5: strength distribution
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Figure 6: stress-strain curve of a simulated uniaxial compression test

1.1.5.3 Ductil or Brittle Material Behaviour

The ratio of material normal to shear strength will affect the failure mode by controlling the
relative numbers of shear- and tensile-failure events. A PFC material with a small ratio will fail in a
brittle fashion (failing predominantly in tension) while a material with a large ratio will fail in a ductile
fashion (failing predominantly in shear).
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Figure 7 shows the stress-strain curve for a ductile (left part of the figure) and a brittle material
(right part of the figure) and the distribution of microcracks.
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Fig. 7: Stress-strain curves and accessory distribution of cracks
(red: tension cracks, black: shear cracks)

1.1.5.4 Reproducing the Peak Strength

For a fixed ratio of standard deviation to mean material strength, and a fixed ratio of normal to
shear material strength, the peak strength will be linearly related to the mean material normal
strength.

terms:

1. Fixed particle-size distribution

2. constdev =σσ

3. constcc =τσ

Dependence:

( )cf f σσ =
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Simulation Biaxial Test / Project: Murau / Material: Marmor
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Figure 8: Peak strength (red line) determined by biaxial test as a function of mean material
 normal strength (magenta line)

1.1.5.5 Investigation of Factors Effecting the Strength Envelope
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Figure 9: Mohr’s circles of stress and strength envelope calculated by simulated biaxial tests

Reproducing the Friction Angle

The slope of the strength envelope is increased considerably by increasing the ratio of shear to
normal strength ττττc  / σσσσc but there is a practical limit to this ratio (that occurs when all of the bonds



IMIRILAND – Impact of Large Landlsides in the Mountain Environment: 2nd Report on Activities
Identification and Mitigation of Risk WP 4

 - 12 -

fail in the tensile mode). Small increases in slope are provided by dividing the synthetic material
into clusters.

terms:

1. Fixed particle-size distribution

2. constdev =σσ

Dependence:

( )ccf στϕ =

Simulation Biaxial Test / Project: Imiriland / Material: Naßfeld-schists
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Figure 10: Dependence of the friction angle on the ratio of shear to normal strength
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Reproducing the Cohesion

For a fixed ratio of standard deviation to mean material strength, and a fixed ratio of shear to
normal material strength, the cohesion will be related to the mean material shear strength.

terms:

1. Fixed particle-size distribution

2. constdev =σσ

3. constcc =στ

Dependence:

( )cfc τ=

Simulation Biaxial Test / Project: Murau / Material: Marmor
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Figure 11: Dependence of the cohesion on the mean material shear strength (green linie)

1.1.5.6 Evaluation of the simulated biaxial tests in the principal stress diagramm

The biaxial tests may be evaluated in a principal stress diagramm. The resulting strength
envelopes of the calibration process for the Naßfeld shists are shown in Figure 12.
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Figure 12: Approximation on the desired strength envelope in the principal stress diagram

1.2 IMPLEMENTATION AND CALIBRATION OF RUN-OUT PARAMETERS

PFC uses two kinds of elements balls, circular or spherical shaped particles,  and walls linear or
polygonal segments. In order to model a rockfall using this PFC elements two methods can be
provided:

- The surface of the slope consists of walls and the moving mass of balls (fig.13). There the
moving mass consists of already broken material simulated by particles with a fixed grain size
distribution. Additionally some particles can be bonded together to a cluster by using parallel
bonds in order to model differently shaped blocks. If the strength of the bondage is exceeded
during a simulated impact the bonds of the cluster break. Thus it is possible to reduce the
moving mass into small particles due to exceeding the strength of the bondage during the
moving process (fig.14). The failure envelope has to be defined firstly and will be modelled by
walls. Then the moving mass will be put into the area of the main scarp. After consolidation of
the mass the run-out calculation starts. Due to this generation process this method is more
reliable for brittle material but can be used for ductile material too.

figure 13: slope consists of wall and particles
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Fig. 14: breaking of bonds during calculation process

- The whole slope consists of particles (fig.15). In order to model the failure it is necessary to
calibrate the model and to assign the correct micro parameters. How the right micro parameters
can be found out is described in the previous chapter. The failure envelope will be found due to the
PFC calculation process. Because of the calibration process this method is more reliable for ductile
material at the moment.

figure 15: slope consists of particles
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1.2.1 Movement behaviour in PFC:
According to observations in nature several kinds of movements of the rockfall process have to be
distinguished during the calculation of a rockfall process: free falling, bouncing, sliding and rolling.
In order to achieve an appropriate simulation these different kinds of movements with PFC some
modifications are necessary by using the implemented programming language (Fish).

1.2.1.1 Mechanical Damping
PFC has an explicit solution scheme, provides a stable solution for unstable physical processes
and makes it possible to simulate the non-linear interaction of a large number of particles. In order
to get a stable solution PFC uses mechanical damping . Energy supplied to the particle system is
dissipated through frictional sliding. However, frictional sliding may not be active in a given model
or, even if active, may not be sufficient to arrive at a steady-state solution in a reasonable number
of cycles. Local non-viscous damping is available in PFC to dissipate energy by effectively
damping the equations of motion. Local non-viscous damping is controlled by setting the damping
constant for each particle.

1.2.1.2 Local Non-Viscous Damping
The local non-viscous damping used in PFC is similar to that described in Cundall (1987). A
damping-force term is added to the equations of motion. Local damping is inappropriate for
particles in free flight under gravity. Thus the damping of individual particles has to be removed,
using the FISH-defined variable b_damp.

1.2.1.3 Run-out parameters
The damping procedure as well as some additional modifications were used in order to model a
realistic movement behaviour of a rockfall. A distinction has to be made between ball-ball, ball-wall
and no contact-behaviour.
In the following introduced parameters due to different contact states, the ball properties and their
influences to the calculation process will be discussed. Further some effects on the rockfall
analysis due to back analysis will be described:

No contact:
Free falling – this is considered in PFC using a very low local damping factor, b_cont.

Ball-wall contact:
Bouncing – the velocity in the tangential and normal direction  (RN, RT) to the surface will be
damped as a result of impact of particles.
Rolling – the rotational velocity will be reduced due to the assigned friction coefficient.
Sliding – will be modelled automatically
The parameter ‘wcont’ is introduced , which defines the duration of the movement and of the
calculation time. The parameter ‘wcont’ damps the acceleration of the particles.

Ball-ball contact:
The factor ‘bcont’ is introduced, which has an effect on the moving mass itself.
The parameter ‘bcont’ damps the acceleration of the particles.

Ball properties:
The ball properties have a great influence on the movement of the particles as well as the deposit.
The friction coefficient has an influence on the thickness of the deposit. The parallel bonds
properties used in the material which consists of clusters have an effect on breaking of the
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material. A further influence on the movement can be seen due to the shape of the blocks. As a
result of the ball properties different distribution of broken parallel bonds can be achieved (fig. 16).

figure 16: different rate of broken parallel bonds at the deposit

1.3 FURTHER DEVELOPMENTS OF THE RESEARCH WORK
Firstly in order to calibrate the run-out parameters back analysis will be done for ductile material. In
the next step this method will be applied to the rockfall scenario determined by the FLAC3D

calculation. Thus the same scenario will be investigated by PFC as well as DAN in order to make a
comparison possible.


