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Abstract: FDEM (Finite Discrete Element Method) is a computational numeric method [1-3] that permits
dynamic simulation of the interaction of several bodies. Thus, when meeting a fracture criterion, bodies
can elastically deform, have translational and rotational movements, interact and fracture. These processes
lead to the formation of other discrete bodies which in turn can undergo movements, interactions,
deformations and fractures. The Geomechanica IRAZU software package used to perform all simulations
within this paper is based on the FDEM concept, thus being a versatile tool for simulations specific to rock
mechanics. In the paper a computerised simulation of the shear strength test along an imposed plane was
conducted for lignite. In order to achieve this, a series of theoretical aspects regarding shear strength were
presented, along with standardized shear testing methods, as well as the steps to be followed to simulate

the shear strength test.
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1. MINEFIELD SHEAR STRENGTH

When unbroken rock is submitted to shear,
the shear stress raises rapidly until the maximum
shear strength is attained thus initiating slippage
on the plane of fracture. As the displacement
advances, there is a smoothing of the fracture
plane surfaces, resulting in reduction of shear
strength to a residual value depending on the
residual friction angle ¢, and the residual
cohesion c¢,. The residual cohesion is negligeable
(0.1 MPa) for most rocks [4], so usually it’s
considered nil. In geo-engineering, this residual
shear strength is essential as rock mass, although
already containing fracture surfaces, must
remain functional and safe, being subject to
further fractures due to stresses activated by
mining. Ante— and post-rupture analysis is made
harder by discontinuities, irregular natural
surface shapes and the presence of fluids.

The pattern of the ripples on the natural dis-
continuities as a form of mechanical interlocking
is shown in Figure 1. Shear displacement can oc-
cur in two modes: the first, where opposite sur-
faces move on top of each other causing the
expansion of the rock mass, thus volume

increase and additional frictional resistance ap-
pears; the second, involves breaking the ripples
between the two surfaces, thus we are dealing
with an extra element of unbroken cohesion.

New shear surlace

Fig.1. Pattern of ripples on natural fractures as a type of
mechanical interlocking. a). No relative displacement
between layers. Until shear failure, surfaces are kept

together by friction, cohesion, and strength of surfaces in

contact; b). Reciprocal movement between layers due to

their separation; c). Reciprocal movement between
layers due to overcoming contact forces of rock
surfaces (Based on [5])
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This additional cohesion is depending on the
contact strength of the rock encompassing the
surface ripples. As determined by experiments
[6, 7], equation 1 expresses frictional resistance:

7, =0,tan(g +i) M

where 7, is the residual shear strength, ¢ is the
basic angle of friction, and i is the angle of the
saw tooth face of the corrugation.

2. SHEAR STRENGTH TEST ALONG AN
IMPOSED BREAKING PLANE

This type of test [8-10] involves the
application of a tangential force to a rock
specimen, acting on an imposed breaking plane
which results from the test conditions. Thus, the
shear strength determined is an average value
depending on the shape of the specimen, the
testing device, and the test conditions.

The specimens [11] are cylindrical with a
diameter and height of 42 mm, with differences
of up to £0.25 mm allowed for each. In order to
ensure their base parallelism and axis
perpendicularity, their processing is done on a
lathe, with a maximum deviation of £0.02 mm.
The testing device (see Figure 2) is made of
several parts: shear box (1), split mould with
various inclination (2), wedge (3), platen (4), rail
bearing (5). For this testing the inclinations of
the split mould have angles of 30°, 45° and 60°.
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Fig.2. The shear strength along an imposed
breaking plane testing device

Performing the test involves adjustments of
the testing device to meet the chosen load range.
The press must develop a progressive and
uniform compression load of 5-10 daN/cm? per
second until failure, thus determining the
maximum load to failure F,. The shear strength
along an imposed breaking plane is calculated
as:

Fr

I, =—+[osa [daN/cm?] )

where 7,7, is the shear strength along an imposed
plane for angle a, F; (in daN) is the maximum
load recorded at specimen failure, Ao (in cm?) is
the initial area of the shear section, and o the
angle between the breaking plane and the
direction of force (in degrees).

The unit stress normal to the shear plane is:

Fr
o. =

. 2
o = E Bina [daN/cm~] 3)

where o7, represents the unit stress, normal to
the imposed shear plane for angle a, and F, Ao,
a are the same as for equation 2.

3. KINEMATICS OF THE SHEAR TEST

Testing labs have different types of shear
testing devices, for samples with shear surfaces
up to 400 cm?. Figure 3 shows the testing device
from the Rock Mechanics Lab of the University
of Petrosani, prepared for a shear test.

Fig.3. Testing device ready for shear test



For the device presented in figure 3, the lower
platen moves vertically upwards at constant
velocity and the upper platen is fixed. Direct
shearing of the specimen is done by two shear
boxes. One is driven vertically by the lower
platen, while between the upper shear box and
the upper platen there is a rail bearing that causes
a horizontal movement of the upper shear box as
a result of the pressure that the lower shear box
exerts on it through the contact surfaces of the
shear boxes. The relative movement between the
contact surfaces of the shear boxes will cause the
specimen to shear.
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Fig.4. Kinematics of the shear test

A schematic image of shear kinematics is
shown in figure 4, where it can be seen that the
two shear boxes have the angle of inclination a.
Assuming the velocity of the lower shear box v,
is known, the translation velocity v; (horizontal
velocity of the upper shear box), and the
resultant velocity v, (shear velocity), can be
calculated.

= 4 4
"= an(a) @
=" 5
Y = (@) ©)
v, =V, (6)

Using equations (4) and (5), the variation of
the translation v; and resultant v, velocities
function of the angle of inclination o were

459

plotted as shown in figure 5. The velocity of the
lower platen was considered v, =0.05m/s. Analy-
sis of the variation graphs of the two velocities,
indicates that a larger inclination angle results in
a lower shear rate, while a smaller inclination an-
gle results in a higher shear rate.
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Fig.5. Variation of v; and v, function of the angle o

4. MODELLING AND SIMULATION OF
THE SHEAR STRENGTH ALONG AN
IMPOSED PLANE AT A 30° ANGLE

For the shear test simulation in IRAZU, first
the geometry of the model was created in
SolidWorks [12]. The dimensions (Figure 6) of
the model are average values based on the
specimens cored at the Rock Mechanics Lab of
the University of Petrosani. The geometry thus
created was saved in .dxf format and imported in
IRAZU.
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Fig.6. The geometry of the model and
the key elements of the simulation

s




460

Also highlighted in Figure 6 are the three key
elements for the simulation: the two shear boxes
that produce the shear stress and the lignite
specimen. Equation (4) imposes the values of the
two velocities (translation and resultant), so that
the inclined surfaces of the shear boxes are
parallel with the shear plane throughout the
simulation.

4.1. Set-up of the shear strength test
simulation in IRAZU

After importing the geometry created in
SolidWorks, the IRAZU model is setup [13]:
both shear boxes, and the specimen were
identified and selected. Next, the finite element
size for each were defined, Gmsh app being used
for generating the triangular finite element mesh
shown in figure 7.

Fig.7. The finite element mesh generated for the model

The size of the finite element for the upper
and lower shear boxes is 2 mm while the size of
the finite element of the specimen is smaller,
equal to 1 mm thus having a finer mesh.

4.2. Set-up of the shear strength test
simulation parameters

4.2.1. The boundary conditions

For the model considered, the boundary
conditions refer to the shear boxes. As
mentioned before the lower shear box moves
upwards vertically at a velocity of 0.05 m/s
(constant) and imposes the upper shear box to
move horizontally at a velocity of 0.087 m/s
(contant), and as shown in figure 8.

Fig.8. The boundary conditions

4.2.2 The material properties

Properties of the materials for the shear test
simulation are referring to the shear boxes and
the lignite specimen. For the shear boxes they
are taken from the material library of IRAZU
while for the lignite specimen they are defined
based on geotechnical lab determinations, with
values as presented in Table 1.

Table 1
Lignite specimen material properties
Elastic characteristics
Densiy | e | conthoient
kg/m? Pa -
1250 3.1x108

Strength characteristics

Friction

coefficient Cohesion Tensile strength
- Pa Pa
7x10° 3.5x10°

4.2.3. The calculation parameters

The calculation parameters of the shear test
simulation refer to the number of iteration steps—
3x10°, the duration of an iteration step—2.5x10°
seconds as well as to the sampling rate of the
graphical response—20,000 steps.

5. RESULTS AND DISCUSSION

The outcomes of the lignite shear test
simulation are presented using ParaView.
Because of certain limitations of niche software



like IRAZU to present the results in a
graphically appealing way, in order to highlight
the results post-processing engines are used.
ParaView was chosen, as it is open-source, and
a top post-processing visualization engine, fully
integrated with the workflow and processes of
IRAZU, and it allows quick and accurate analyse
of obtained data and building of visualizations.

In order to simulate the lignite shear strength
along an imposed breaking plane, the variation
in time of the magnitude of the stress along a line
parallel to the imposed breaking plane was
plotted using the Plot Over Line filter of
ParaView [14]. Figure 9 shows the line and its
defining coordinates.

The distribution of the shear stress 7 on the
surface of the specimen and the finite element
mesh nodes where the failure took place were
highlighted in the left side of Figures 1, series
a—ij.

In the right side of the same figure series, the
variation of the shear stress 7 along the line
parallel to the imposed breaking plane is
presented for the entire simulation time.
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Fig.9. Plot Over Line filter and line used for the
magnitude variation line plotting

By analysing the series of images in figure
10, it is seen that the shear stress has a concave
parabolic shape along the line parallel to the
imposed breaking plane.

The left part of the sequence of images clearly
highlights the failure phenomenon, that initially
occurs in the upper right and lower left of the
specimen. These are superficial fractures, which
could not be highlighted in the case of lab tests
performed.
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Fig. 10. The distribution of the shear stress 7 on the surface of the specimen and the finite element mesh nodes where the

stresses Magnitude.
000400 2e+6  dess  betb  Bets 108407
i i | 1

[— sresses Mognne

stresses Magnifu
dess  bets  Bets  10e+07 4sest.
| 1

006400 2046
i i |

do [— stesses Mognne

stresses Magnifude
000400 2046 dosb 016 Bot6 10407
0 | 1

L | L S50t
Sers
asase

D-

failure occurs (left part of each image), and the variation of the shear stress t along the line parallel to the imposed
breaking plane is presented for the entire simulation time (right part of each image)

Figure 11, series a—f shows the energy
variation  associated with the fracture
phenomenon and the variation in the magnitude
of the shear stress on the surface of the specimen
during the shear strength test simulation along
an imposed plane.

For these results, ParaView was used to
calculate the maximum shear stress value of t =
07.14 x 10° Pa.

6. CONCLUSIONS

The paper represents a part of the research
results carried out by the team of authors within
the VETAF-Geo research project. In essence,
the research efforts were directed towards
modelling and simulation with the IRAZU
software package of the specific stresses in rock
mechanics: compressive, direct and indirect
tensile, and shear. The results obtained for



simulating shear stress highlight the major role
that computer simulation tools play in research
activity and especially in analysing the
behaviour of anisotropic materials such as
lignite. The use of IRAZU software package
represents a premiere at national level, and the
results obtained, and their visualization—with
special accent on the initiation and propagation
of the fracturing phenomena with the help of
ParaView—is also a modern teaching approach
in rock mechanics and engineering.
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Simularea si modelarea prin metoda elementelor finite discrete a solicitarii
la forfecare a lignitului dupa un plan de rupere obligat

Rezumat: Metoda combinata a elementelor finite-discrete (FDEM), este o metodd numerica de calcul care permite
simularea dinamica a interactiunii mai multor corpuri. Astfel la indeplinirea unui criteriu de fracturare corpurile se pot
deforma elastic, pot avea miscari de translatie si de rotatie, pot interactiona si se pot fractura. Aceste procese conduc la
formarea altor corpuri discrete care la randul lor pot suferi miscari, interactiuni, deformari si fracturari. Aplicatia
Geomechanica IRAZU cu ajutorul céreia au fost efectuate simuldrile din aceastd lucrare este are ca principiu de calcul
metoda FDEM, fiind astfel orientatd pentru simuliri specifice mecanicii rocilor. in lucrare am prezenta o simulare la
forfecare dupa un plan obligat pentru lignit. Pentru aceasta am prezentat o serie de notiuni teoretice legate de acest tip de
solicitare, metode standardizate de forfecare, precum si pasii care trebuie urmati pentru simularea solicitdrii la forfecare.
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