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A pressure boundary condition can be applied tstinace of #FC3Dmodel via the shining-lamp
algorithm? which is described in this memdrhe shining-lamp algorithm was developed to suppo
rock-cutting simulations in which a cutter is moaé specified velocity and depth of cut across th
surface of @ FC3Dmaterial, while monitoring forces on the cutted @amage in the material. In a
real borehole, drilling mud produces a pressuré #tés on the rock surface and effectively
strengthens the rock, thereby greatly increasiegetiergy requirements of drilling. The shining-
lamp algorithm mimics the effect of the drilling ohby identifying particles on the rock surface, and
applying a pressure to those patrticles as thenguttiocess proceeds. This pressure inhibits chip
formation and leads to a more plastic-like zongarhage that remains near the cutter. Application
of the shining-lamp algorithm is not limited to kecutting simulations — e.g., it could also be used
to apply confinement to BFC3D material during the simulation of a confined-coegsion test.
The shining-lamp algorithm is described in this neemnd is provided in PFC Fishtank 1-113,
which is included witlPFC3D 4.0-191 and abovk.

! The pressure-application procedure is referre tine shining-lamp algorithm, because it definestrface particles
as those that receive direct illumination from tiglources that surround and shine toward the bdthch surface
particle is assigned an externally applied forad th related to the specified pressure and theuatmaf light that it
receives.

2 A pressure boundary condition can be appliedesthface of @FC2Dmodel via the chaining algorithm (Emam and
Potyondy, 2010).

% It is believed that the shining-lamp algorithm Ivike superior to the use of a confining sleeve retlevith a
cylindrical wall (already part of the PFC Fishtarfi&) cases in which large through-going fractur@snf diagonally
across the specimen (e.g., a specimen with a didigasriented joint that begins to slip). The sleé confinement
vessel inhibits deformation of such fractures,thatshining-lamp algorithm will allow them to forand continue to be
loaded by the confining pressure.

* The term PFC is used to refer to bBfRC2DandPFC3D. FISH is a programming language embedded witki@.P
The PFC Fishtank is a set of FISH functions thégmds the range of modeling that can be done héRPEC programs.
The latest PFC 4.0 executables can be obtainedHtpd/www.itascacg.com/software/downloads.pAje PFC 4.0
manuals (Itasca, 2008a&b) describe PFC and theR$tEank.
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1.0 SHINING-LAMP ALGORITHM
1.1 Physical Process Represented

The goal of this work is to develop a robust antbaaatic procedure for applying a pressure
boundary condition to the rock surface during thigieg process. An ideal procedure would mimic
the real process by which drilling mud loads a regiace during cutting. | envision the process to
occur as discussed below.

Drilling mud is a viscous liquid that cannot sustshear stress; thus, the load that it providéseto
rock surface can be characterized by a pressuosv dées this pressure load the rock? The mud
coalesces into a membrane structure that liespaoftthe rock surface and bridges across pores in
the rock (and across crushed rock particles thrat fo front of a cutter). The membrane structure
defines a surface that transmits normal load tadbk material. This surface evolves during the
cutting process. Envision a magic membrane ihytiging on the rock surface with pressurized
fluid on the non-rock side. The membrane transthiésfluid pressure to the rock, and stays in
contact with the rock material (conforming to ahdreby defining the surface) as it is broken and
deformed by the cutter. The cutter is assumemtévact with the rock, but not with the membrane.
The membrane can be thought of as a magic blahketrémains in intimate contact with the
evolving rock surface, thus, serving to both deéind confine the rock surface. The rock surface is
loaded by both the membrane and the cutter.

ThePFC2Dpressure-application procedure (Emam and Poty@tdy)) identifies connected chains
of particles that span from the cutter face toriplet-hand wall and from the cutter face to the-lef
hand wall. The right-spanning chain starts with lighest particle in contact with the cutter, and
tests the remaining contacts of this particle (tedén a clockwise fashion) for chain inclusiorheT
criterion defining eligibility of a contact for chinclusion is specified in the FISH function
cs_contact , and the first eligible contact is used to idgntife next particle in the chain. Each
chain defines a surface that is used to computithe and direction of the applied external force
assigned to each chain particle based on the éogfpressure. The chains formed during the
application of a 10-MPa confining pressure are showFigure 1. These results used a gap-based
eligibility criterion such that a contact is usedhe chain if the gap between the two chain pdadic
is less than the radius of the smaller patrticle.

® The membrane-rock interface is assumed to bédinietss; thus, only normal load is transferred ssithe interface.
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Figure 1  Particles and spanning chains for cutterspplacements of 0, 10, 20
and 40 mm. Applied external forces shown in uppeftimage.

The PFC2D pressure-application procedure mimics the proeasssioned above by identifying
connected chains of particles that are in contétt, &@nd loaded by, a membrane structure that lies
along their centers. The spanning chains definle the rock surface and the membrane structure.
The spanning chains can be constructed unambiguéarstwo-dimensional particle assemblies
lying in a plane, because, given a particle indhain, all contacts of that particle can be ordered
and the next contact in a specified direction cefitihe next particle in the chain. As all inforioat

is topological, there is no need to perform geoimemeries; thus, the topological data structure
provided byPFC2D (which provides ball and wall adjacencies via4all and ball-wall contacts,
respectively) allows one to implement this algaritin a robust fashion i.e., the algorithm will
never fail, no matter how complex the surface shape

For three-dimensional particle assemblies lyinghree-dimensional space, the concept of a
spanning chain becomes a spanning surface. Sswiface cannot be constructed by relying on
topological information alone, because the ordemafigcontacts about a surface particle is
ambiguous. The adjacent particles on the surfacaat be found by relying solely on contact
ordering, but instead, require information aboetdhtside of the body to ensure that each adjacent
particle lies on the body surface. However, théyosurface is not known in advance; it will be
defined by the spanning surface. It may be posstbdevelop a relatively robust 3D spanning-
surface algorithm, but this was not done hereteht an alternative procedure that is guaranteed t
be robust and does not rely upon topological adi@cenformation has been developed.
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The pressure-application procedure is referred th@ shining-lamp algorithm, because it defines
the surface particles as those that receive ditestination® from light sources that surround and
shine toward the body. Each surface particle $ggasd an externally applied forcg ) that is
related to the specified pressuie)(and the amount of light that it receives (whishelated to its
illuminated surface).

1.2 General Description

For a body immersed in a pressurized fluid and pedby the magic membrane described above,
the resultant force and moment that the fluid exentthe body should be identically equal to zero.
The present algorithm does NOT simply identify #nea (A) of the illuminated surface of each
surface particle and then set the applied forcen@at its center) to

F=PA?F (1)

wherer is the unit-normal vector directed from the centrofi the illuminated region to the center of
the surface patrticle. If this were done, thendlveould be no guarantee that the sum over theeentir
model of all externally applied forces would eqaato’ Such a guarantee is provided by the
present algorithm, which is described as follows.

Six unidirectional light sources are placed onfdees of a parallelepiped aligned with the global
axes, and large enough to enclose the body. Ekgittsburce produces a set of parallel light rays
moving in theg direction, wherej is the inward-directed unit-normal vector of tregallelepiped
face from which the light source emanates. Foheaurce, we find the surface particles that
receive direct illumination. Each surface partigeeives a force contribution (acting at its cente

f=PAQ (2)

where A is the projected area of its illuminated surfaotoca plane perpendicular to the light

direction (see Figure 2). After this process heerperformed for all six light sources, then ttalt
externally applied force of each surface partidleequal the sum of these force contributions. By
using this procedure, we guarantee that the sumtibeentire model of all applied forces is eqoal t
zero. Why? The contributions from each of the¢hopposing pairs of light sources will be equal
and opposite to one another (see Figure 3). Thatest moment produced by the applied forces is
not guaranteed to be zero, but it has been foubeé small.

® Indirect illumination produced by reflection oglit rays is not considered.

" The shadows cast by surface particles will hidmesof the true surface area from direct illuminatidf the true

surface area could be found (perhaps by includidgéct illumination or by moving the light sourcsd summing the
directly illuminated regions), then the resultamtce and moment would equal zero, and this simiglerighm might

prove superior to the present algorithm.
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illuminated surface

surface particle

Figure 2  Sketch of disk-shaped surface particle edang a force contribution
from a single light source.

pl

______:_;_____

P2

A TN ) A

5 4
’,
Z Apm - Z Apm

m=l m=1

Figure 3  Force contributions from an opposing paaf light sources.
1.3 Expected Behavior

The following analysis suggests that the body legdroduced by the shining-lamp algorithm
corresponds with uniform pressure acting on a airsurface, and the shape of the virtual surface
changes as the orientation of the surface partiglés respect to the light sources changes (see
Figure 4).
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Figure 4  Virtual surfaces (in red) for three idental bodies consisting of
linearly aligned uniform-size disks. The loads aach body are
similar to a uniform pressure acting on its virtuaurface.

The analysis is performed for a set of disks, amlbelieved that similar results could be obtdine
for a set of spheres. The analysis consists ofparts. First, we prove that if a portion of disk
surface is illuminated from two directions (surfaafesectora in Figure 4), then the total force
assigned to that disk by the shining-disk algorithitme same as the total force arising from umfor
pressure acting on that portion of disk surfacecofid, we state that if a continuous portion df dis
surface is illuminated from only one direction (fage of sectorb in Figure 4), then the force
contribution from that direction is equivalent bettotal force arising from uniform pressure acting
on a flat virtual surface tangential to the diskl aormal to that directioh. The virtual surfaces
shown in Figure 4 are obtained by applying thesergsults to a body consisting of linearly aligned
uniform-sized disks.

The first part of the analysis follows and makesaifsFigure 5. Let uniform pressur ) act on the
portion of unit-thicknesst(=1) disk surface defined byl [g,g,]. The total force produced by

this pressure is

® The loading on the flat virtual surface would aifsduce a moment on the corresponding particletistmoment is
not applied by the current algorithm.
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72 %
F.=- PtRdgfhi=- PtR (cosq,sing) d
. . 3

=-Pt(R{sing,- sing}- R cosy cog3- P{s 9

where s, ands, are the projected areas of the surface portioa plaines perpendicular to light

directionsg, and g,, respectively. It can be shown tHat is located at the center of the surface-

portion chord and directed toward the disk centéhe total force assigned to this disk by the
shining-lamp algorithm will have two contributioffs from theg, light source and, from theg,

light source):
F=f +f,=-Ptsj +- Pty 4)

where i andjT are unit vectors in the directions of the globaland y axes, respectively.
Comparison of these two equations indicates Fhat,, which proves the initial assertion.

n=(cosf,sind)
g

Figure 5 Portion of disk surface loaded by uniforpressure.
1.4 Implementation Details

The preceding description and analysis of the sgiemp algorithm assumes that the illuminated
surfaces can be computed exactly. The algorithplementation discretizes the light sources, and
thereby provides an approximation of each illumedeturface; the approximation converges to the
exact surfaces in the limit as the grid size apgiiea zero. As with any approximate solution, the
grid size required to obtain useful model resultstie determined by studying the effect of grid
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size on model results such a study has not been performed as part®ofuvbik, but should be
among the first steps taken when applying the #lguorto real systems.

Six unidirectional light sources are placed onfdees of a parallelepiped aligned with the global
axes, and large enough to enclose the body. Hnet@ree sets of opposing light sources (thaeshin
light toward one another). Each set of opposiglgtisources is aligned with one of the global axes,
and is represented by a two-dimensional, rectangyid (see Figure 6). Grids 1, 2 and 3 are
aligned perpendicular to the global x-, y- and esaxespectively (see Figure 7). Each grid has a

local (x, y) coordinate system, with origin at the lower-leftreer when looking at the grid from its
positive global axis direction. Each grid is definby: (a) the global coordinates of its lower-left
corner(CX,Ch) the global coordinates of the lower-left cornemgati 1 are(d,CX, g) with

di {¥ +¥ ] (b) the lengths in the local directio(1§,ly) and (c) the number of cells in the local

directions(nx, ny) . Theses” 3= 18 parameters define the parallelepiped, and muspéeified so

as to enclose the body, both in its initial and aopsequent locations. Note that each grid
approximates two opposing lights sources, whichassumed to be located at plus and minus
infinity along its global axis direction; thusjstthe body cross-section in each global diredtia
must be encompassed by the grids.

. n
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- . ¢
(1,2) (n . ) global system
[ i€ [l,n_[]
(L1) (2,1) je [LHV\]
c..C
J_.( 9 n) . xi
I 7 S

Figure 6 Two-dimensional grid used to represent at of opposing light
sources.
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Figure 7 The three grids used to approximate th& Bght sources.

The algorithm proceeds by first assigning zerdéoexternally applied force of each particle. Then
each grid is duplicated and placed at plus and sriimfinity along its global axis direction. Ligist
assumed to emanate in a straight line from eackcgti toward the body. The following operations
occur independently for each of the six grids. Titst particle to be intersected by each grid =l

found, and receives the force contribution from @iy whereA, is the area of the grid cell. If no
particle is found, then the grid cell contributesfarce to the model. There are two intersection
criterions (see Figure 8) controlled Ky (FISH variablesl_ic ). If C =0, then an intersection
occurs if any portion of the grid cell intersedts particle; ifC, =1, then an intersection occurs if
the center of the grid cell intersects the parti€larthermore, the first particle to be intersddig a
grid cell is affected by the intersection criteridhC, =0, then the intersection is assumed to occur
at the distance along the grid-cell ray correspogdvith the particle center; i€ =1, then the
intersection is assumed to occur at the distanmegalhe grid-cell ray corresponding with the
location on the particle at which the center of gnel cell intersects the particle. Tig =1
criterion provides a more accurate determinatiorthef first intersected particle. The results
described in this report were produced usthg 1, which is believed to be the superior criterion;

however, for coarse grids (with grid cells largkatige to particle size), the other criterion may b
beneficial. Further study of the effect of thaemion may be warranted.
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Figure 8  Finding the grid cells that intersect a picle.

The algorithm is implemented in an efficient faghibat requires only one pass through the global
list of particles. Each cell of the three gridsres a pointer to a high and low particle and an
associated intersection depth for each. The diffeg in intersection depths corresponds with the
distance between the particles. Each particlesi®t for intersection with each of the three grids

and if the intersection point lies outside of tihghhand low region, then this region is updated and
thereby expands. After all particles have beetetkshe high and low particles associated witheac

grid cell will be surface particles that interséoe grid-cell ray and lie on the body surface (the

distance between them is the greatest). Theselpardre the surface particles, and they receive a
applied force contribution from each intersected-gell ray.

The pressure-application procedure is activateddtiingct_init  with the following inputs.

1. Initialize the procedure by defining the parallepeml and specifying the intersection
criterion. When the procedure is applied to théirmg model, only the number of cells in the
local directions (three sets of values (fn;, ny) via FISH variablegd{1,2,3} n{x,y} )
and the intersection criteriorC() must be provided. The remaining 12 parallelepipe

parameters are assigned automatically by functeinMakeGrids  to ensure that the
parallelepiped encloses the specimen and cutter.

2. Specify the pressure?(, FISH variablect_press ).
3. Specify the pressure-update ratg,(FISH variablect_pressrate ).

During subsequent cycles, the pressure boundaditcamwill be re-applied to the model evary

cycles. The cutting model is run by callictg cutit ~ , which continues cycling until a specified
cutter displacement has occurred, with SAVE fileiig generated at a specified cutter-displacement
increment.



PFC3D Pressure Boundary Condition Page 11

1.5 Observed Behavior

The behavior of the shining-lamp algorithm is ithaged in Figures 9 to 14. This example uses the
driver files in the PFC Fishtank template directergssureBC-3d\SphereTest . The model

is a 100-mm diameter spherical body of Carthagedtane with microproperties as listed in Table 1
(parameters defined in the PFC Fishtank chaptéastéa (2008a&b)) and a 5-mm average particle
diameter, to give a resolution of 20 particles asrbie diameter (see Figure 9). All grids aresgjua
and the number of grid cells is varied to produts of cell-size to average-particle-diametet tha
range froml/2 to 1/16. The locations of the grid-cell intersectionshitite surface particles in the

positive octant are shown in Figures 10 to 14thése figures, the cells that have originated from
the positivex, y andz grids are colored red, green and blue, respegtivas the grids are refined,
the outline of each surface ball becomes bett@ne@f This confirms that the approximation of the
illuminated surfaces improves with increased geithement. For a specified pressure of 10 MPa,
the stress measured with a 90-mm-diameter measuotespleere centered in the body is isotropic
(5@, &, Bs ,s @s @O0)with B, @.6 MPafor all four grid resolutions. Greater

insight into the algorithm behavior could be ob&aiy further analysis of both the sphere testand
proposed cut-sphere test in which the sphere isycaplane and the total stress acting on thaepla
is measured.

Table 1 PFC3D model microproperties for Carthagenkstone

Property PFC3D model
Ry [MM],(Ros/ Ran) varies, 1.66
[ s [MPd N, (n/N) |- 01,30
T kg/m7 2620,
E. [GPE (k,/k) /m 100, 3.7, 0.5
| 7.E [cPd (k/k) | 1,100,3.7
5,=r, [MP4g
(mean, s.d.) 107,20
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Figure 9  Spherical body showing all particles (Ig&nd particles in the positive
octant along with global axes (right).

Figure 10 Grid-cell intersections with surface pattes in positive octant (ratio
of cell-size to average-particle-diameter: 1/2).
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Figure 11 Grid-cell intersections with surface pattes in positive octant (ratio
of cell-size to average-particle-diameter: 1/4).

Figure 12 Grid-cell intersections with surface pattes in positive octant (ratio
of cell-size to average-particle-diameter: 1/8).
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Figure 13 Grid-cell intersections with surface pattes in positive octant (ratio
of cell-size to average-particle-diameter: 1/16).

Figure 14 Grid-cell intersections with surface pactes in a small portion of
positive octant (ratio of cell-size to average-pele-diameter: 1/16).
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1.6 Limitations

The following limitations of the shining-lamp alghhm are listed here, along with possible
solutions.

1. Only surfaces that can be illuminated directly ree@ressure. Much of the surface of the
trough left in the wake of the cutter is illumindtenly by grid 2, and thus receives loading
only in the negative global y-direction. The trbwgides are not illuminated from grid 3 and,
thus, do not receive loading normal to their truefexes. A possible solution to this
limitation would be to find more than two surfacgéersection points for each grid-cell ray.
If this solution were applied to the trough, thénmays parallel to the top and perpendicular
to the trough (originating from grid 3) would commtéour intersection points corresponding
with the four surfaces intersected by the ray.

2. The loading on each particle does not correspottid tvat of a well-defined surface. It is
not clear what effect this has on the failure pssagear the cutter. Of particular concern is
the loading on the pile of broken material thatferahead of the cutter. The effect of this
behavior should be studied, and it should be cor@d that the pressure loading is producing
realistic material failure. One possible solutionthis problem of an ill-defined loaded
surface would be to implement a pressure-loadedbrem scheme by simulating directly a
membrane structure loaded by pressure and integagiih the particles. This approach was
considered in the present work, but was rejectexdme of the concern that it may be
difficult to prevent the membrane from folding owvan itself, and the concern that the
scheme would be computationally expensive (becafitee need to keep updating the
membrane-particle intersections).

3. The parallelepiped is aligned with the global ax@dowing the alignment to vary might
allow better illumination (thus, better pressurglagation) for bodies that are not aligned
well with the global axes.
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