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A pressure boundary condition can be applied to the surface of a PFC3D model via the shining-lamp 
algorithm,1 which is described in this memo.2  The shining-lamp algorithm was developed to support 
rock-cutting simulations in which a cutter is moved at a specified velocity and depth of cut across the 
surface of a PFC3D material, while monitoring forces on the cutter and damage in the material. In a 
real borehole, drilling mud produces a pressure that acts on the rock surface and effectively 
strengthens the rock, thereby greatly increasing the energy requirements of drilling.  The shining-
lamp algorithm mimics the effect of the drilling mud by identifying particles on the rock surface, and 
applying a pressure to those particles as the cutting process proceeds.  This pressure inhibits chip 
formation and leads to a more plastic-like zone of damage that remains near the cutter.  Application 
of the shining-lamp algorithm is not limited to rock-cutting simulations — e.g., it could also be used 
to apply confinement to a PFC3D material during the simulation of a confined-compression test.3  
The shining-lamp algorithm is described in this memo, and is provided in PFC Fishtank 1-113, 
which is included with PFC3D 4.0-191 and above.4 

 

                                                 
1 The pressure-application procedure is referred to as the shining-lamp algorithm, because it defines the surface particles 
as those that receive direct illumination from light sources that surround and shine toward the body.  Each surface 
particle is assigned an externally applied force that is related to the specified pressure and the amount of light that it 
receives. 
2 A pressure boundary condition can be applied to the surface of a PFC2D model via the chaining algorithm (Emam and 
Potyondy, 2010). 
3 It is believed that the shining-lamp algorithm will be superior to the use of a confining sleeve modeled with a 
cylindrical wall (already part of the PFC Fishtank) for cases in which large through-going fractures form diagonally 
across the specimen (e.g., a specimen with a diagonally oriented joint that begins to slip).  The sleeved confinement 
vessel inhibits deformation of such fractures, but the shining-lamp algorithm will allow them to form and continue to be 
loaded by the confining pressure. 
4 The term PFC is used to refer to both PFC2D and PFC3D.  FISH is a programming language embedded within PFC.  
The PFC Fishtank is a set of FISH functions that extends the range of modeling that can be done with the PFC programs.  
The latest PFC 4.0 executables can be obtained from http://www.itascacg.com/software/downloads.php.  The PFC 4.0 
manuals (Itasca, 2008a&b) describe PFC and the PFC Fishtank. 
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1.0 SHINING-LAMP ALGORITHM 

1.1 Physical Process Represented 

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

Drilling mud is a viscous liquid that cannot sustain shear stress; thus, the load that it provides to the 
rock surface can be characterized by a pressure.  How does this pressure load the rock?  The mud 
coalesces into a membrane structure that lies on top of the rock surface and bridges across pores in 
the rock (and across crushed rock particles that form in front of a cutter).  The membrane structure 
defines a surface that transmits normal load to the rock material.5  This surface evolves during the 
cutting process.  Envision a magic membrane initially lying on the rock surface with pressurized 
fluid on the non-rock side.  The membrane transmits the fluid pressure to the rock, and stays in 
contact with the rock material (conforming to and thereby defining the surface) as it is broken and 
deformed by the cutter.  The cutter is assumed to interact with the rock, but not with the membrane.  
The membrane can be thought of as a magic blanket that remains in intimate contact with the 
evolving rock surface, thus, serving to both define and confine the rock surface.  The rock surface is 
loaded by both the membrane and the cutter. 

The PFC2D pressure-application procedure (Emam and Potyondy, 2010) identifies connected chains 
of particles that span from the cutter face to the right-hand wall and from the cutter face to the left-
hand wall.  The right-spanning chain starts with the highest particle in contact with the cutter, and 
tests the remaining contacts of this particle (ordered in a clockwise fashion) for chain inclusion.  The 
criterion defining eligibility of a contact for chain inclusion is specified in the FISH function 
cs_contact , and the first eligible contact is used to identify the next particle in the chain.  Each 
chain defines a surface that is used to compute the force and direction of the applied external force 
assigned to each chain particle based on the confining pressure.  The chains formed during the 
application of a 10-MPa confining pressure are shown in Figure 1.  These results used a gap-based 
eligibility criterion such that a contact is used in the chain if the gap between the two chain particles 
is less than the radius of the smaller particle. 

                                                 
5 The membrane-rock interface is assumed to be frictionless; thus, only normal load is transferred across the interface. 
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Figure 1 Particles and spanning chains for cutter displacements of 0, 10, 20 
and 40 mm.  Applied external forces shown in upper-left image. 

The PFC2D pressure-application procedure mimics the process envisioned above by identifying 
connected chains of particles that are in contact with, and loaded by, a membrane structure that lies 
along their centers.  The spanning chains define both the rock surface and the membrane structure.  
The spanning chains can be constructed unambiguously for two-dimensional particle assemblies 
lying in a plane, because, given a particle in the chain, all contacts of that particle can be ordered, 
and the next contact in a specified direction defines the next particle in the chain.  As all information 
is topological, there is no need to perform geometric queries; thus, the topological data structure 
provided by PFC2D (which provides ball and wall adjacencies via ball-ball and ball-wall contacts, 
respectively) allows one to implement this algorithm in a robust fashion �  i.e., the algorithm will 
never fail, no matter how complex the surface shape. 

For three-dimensional particle assemblies lying in three-dimensional space, the concept of a 
spanning chain becomes a spanning surface.  Such a surface cannot be constructed by relying on 
topological information alone, because the ordering of contacts about a surface particle is 
ambiguous.  The adjacent particles on the surface cannot be found by relying solely on contact 
ordering, but instead, require information about the outside of the body to ensure that each adjacent 
particle lies on the body surface.  However, the body surface is not known in advance; it will be 
defined by the spanning surface.  It may be possible to develop a relatively robust 3D spanning-
surface algorithm, but this was not done here.  Instead, an alternative procedure that is guaranteed to 
be robust and does not rely upon topological adjacency information has been developed. 
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The pressure-application procedure is referred to as the shining-lamp algorithm, because it defines 
the surface particles as those that receive direct illumination6 from light sources that surround and 
shine toward the body.  Each surface particle is assigned an externally applied force (F ) that is 
related to the specified pressure (P ) and the amount of light that it receives (which is related to its 
illuminated surface). 

1.2 General Description 

For a body immersed in a pressurized fluid and wrapped by the magic membrane described above, 
the resultant force and moment that the fluid exerts on the body should be identically equal to zero.  
The present algorithm does NOT simply identify the area (A) of the illuminated surface of each 
surface particle and then set the applied force (acting at its center) to 

 ˆPA=F r  (1) 

where ̂r is the unit-normal vector directed from the centroid of the illuminated region to the center of 
the surface particle.  If this were done, then there would be no guarantee that the sum over the entire 
model of all externally applied forces would equal zero.7  Such a guarantee is provided by the 
present algorithm, which is described as follows. 

Six unidirectional light sources are placed on the faces of a parallelepiped aligned with the global 
axes, and large enough to enclose the body.  Each light source produces a set of parallel light rays 
moving in the ̂g  direction, where ̂g  is the inward-directed unit-normal vector of the parallelepiped 

face from which the light source emanates.  For each source, we find the surface particles that 
receive direct illumination.  Each surface particle receives a force contribution (acting at its center) 

 ˆpPAf = g  (2) 

where pA  is the projected area of its illuminated surface onto a plane perpendicular to the light 

direction (see Figure 2).  After this process has been performed for all six light sources, then the total 
externally applied force of each surface particle will equal the sum of these force contributions.  By 
using this procedure, we guarantee that the sum over the entire model of all applied forces is equal to 
zero.  Why?  The contributions from each of the three opposing pairs of light sources will be equal 
and opposite to one another (see Figure 3).  The resultant moment produced by the applied forces is 
not guaranteed to be zero, but it has been found to be small. 

                                                 
6 Indirect illumination produced by reflection of light rays is not considered. 
7 The shadows cast by surface particles will hide some of the true surface area from direct illumination.  If the true 
surface area could be found (perhaps by including indirect illumination or by moving the light sources and summing the 
directly illuminated regions), then the resultant force and moment would equal zero, and this simple algorithm might 
prove superior to the present algorithm. 
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Figure 2 Sketch of disk-shaped surface particle receiving a force contribution 
from a single light source. 

 

Figure 3 Force contributions from an opposing pair of light sources. 

1.3 Expected Behavior 

The following analysis suggests that the body loading produced by the shining-lamp algorithm 
corresponds with uniform pressure acting on a virtual surface, and the shape of the virtual surface 
changes as the orientation of the surface particles with respect to the light sources changes (see 
Figure 4). 



PFC3D Pressure Boundary Condition   Page 6 

 

 

 

Figure 4 Virtual surfaces (in red) for three identical bodies consisting of 
linearly aligned uniform-size disks.  The loads on each body are 
similar to a uniform pressure acting on its virtual surface. 

The analysis is performed for a set of disks, and it is believed that similar results could be obtained 
for a set of spheres.  The analysis consists of two parts.  First, we prove that if a portion of disk 
surface is illuminated from two directions (surface of sector a  in Figure 4), then the total force 
assigned to that disk by the shining-disk algorithm is the same as the total force arising from uniform 
pressure acting on that portion of disk surface.  Second, we state that if a continuous portion of disk 
surface is illuminated from only one direction (surface of sector b  in Figure 4), then the force 

contribution from that direction is equivalent to the total force arising from uniform pressure acting 
on a flat virtual surface tangential to the disk and normal to that direction.8  The virtual surfaces 
shown in Figure 4 are obtained by applying these two results to a body consisting of linearly aligned 
uniform-sized disks. 

The first part of the analysis follows and makes use of Figure 5.  Let uniform pressure (P ) act on the 

portion of unit-thickness ( 1t = ) disk surface defined by [ ]1 2,q q qÎ .  The total force produced by 

this pressure is 

                                                 
8 The loading on the flat virtual surface would also induce a moment on the corresponding particle, but this moment is 
not applied by the current algorithm. 
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where 1s  and 2s  are the projected areas of the surface portion onto planes perpendicular to light 

directions 1g and 2g , respectively.  It can be shown that PF  is located at the center of the surface-

portion chord and directed toward the disk center.  The total force assigned to this disk by the 
shining-lamp algorithm will have two contributions ( 1f  from the 1g light source and 2f  from the 2g

light source): 

 1 2 1 2
ˆ ˆPts Pts= + = - + -F f f i j  (4) 

where î  and ĵ  are unit vectors in the directions of the global x and y axes, respectively.  

Comparison of these two equations indicates that = PF F , which proves the initial assertion. 

 

Figure 5 Portion of disk surface loaded by uniform pressure. 

1.4 Implementation Details 

The preceding description and analysis of the shining-lamp algorithm assumes that the illuminated 
surfaces can be computed exactly.  The algorithm implementation discretizes the light sources, and 
thereby provides an approximation of each illuminated surface; the approximation converges to the 
exact surfaces in the limit as the grid size approaches zero.  As with any approximate solution, the 
grid size required to obtain useful model results must be determined by studying the effect of grid 
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size on model results �  such a study has not been performed as part of this work, but should be 
among the first steps taken when applying the algorithm to real systems. 

Six unidirectional light sources are placed on the faces of a parallelepiped aligned with the global 
axes, and large enough to enclose the body.  There are three sets of opposing light sources (that shine 
light toward one another).  Each set of opposing light sources is aligned with one of the global axes, 
and is represented by a two-dimensional, rectangular grid (see Figure 6).  Grids 1, 2 and 3 are 
aligned perpendicular to the global x-, y- and z-axes, respectively (see Figure 7).  Each grid has a 

local ( ),x y  coordinate system, with origin at the lower-left corner when looking at the grid from its 

positive global axis direction.  Each grid is defined by: (a) the global coordinates of its lower-left 

corner ( ),C Cx h �  the global coordinates of the lower-left corner of grid 1 are ( ), ,d C Cx h  with 

[ ],d Î -¥ +¥ , (b) the lengths in the local directions ( ),x yl l  and (c) the number of cells in the local 

directions ( ),x yn n .  These 6 3 18´ =  parameters define the parallelepiped, and must be specified so 

as to enclose the body, both in its initial and any subsequent locations.  Note that each grid 
approximates two opposing lights sources, which are assumed to be located at plus and minus 
infinity along its global axis direction; thus, it is the body cross-section in each global direction that 
must be encompassed by the grids. 

 

Figure 6 Two-dimensional grid used to represent a set of opposing light 
sources. 
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Figure 7 The three grids used to approximate the six light sources. 

The algorithm proceeds by first assigning zero to the externally applied force of each particle.  Then, 
each grid is duplicated and placed at plus and minus infinity along its global axis direction.  Light is 
assumed to emanate in a straight line from each grid cell toward the body.  The following operations 
occur independently for each of the six grids.  The first particle to be intersected by each grid cell is 

found, and receives the force contribution from Eqn. (2), where pA  is the area of the grid cell.  If no 

particle is found, then the grid cell contributes no force to the model.  There are two intersection 

criterions (see Figure 8) controlled by iC  (FISH variable sl_ic ).  If 0iC = , then an intersection 

occurs if any portion of the grid cell intersects the particle; if 1iC = , then an intersection occurs if 

the center of the grid cell intersects the particle.  Furthermore, the first particle to be intersected by a 
grid cell is affected by the intersection criterion.  If 0iC = , then the intersection is assumed to occur 

at the distance along the grid-cell ray corresponding with the particle center; if 1iC = , then the 

intersection is assumed to occur at the distance along the grid-cell ray corresponding with the 

location on the particle at which the center of the grid cell intersects the particle.  The 1iC =  

criterion provides a more accurate determination of the first intersected particle.  The results 
described in this report were produced using 1iC = , which is believed to be the superior criterion; 

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

The algorithm is implemented in an efficient fashion that requires only one pass through the global 
list of particles.  Each cell of the three grids stores a pointer to a high and low particle and an 
associated intersection depth for each.  The difference in intersection depths corresponds with the 
distance between the particles.  Each particle is tested for intersection with each of the three grids, 
and if the intersection point lies outside of the high and low region, then this region is updated and 
thereby expands.  After all particles have been tested, the high and low particles associated with each 
grid cell will be surface particles that intersect the grid-cell ray and lie on the body surface (the 
distance between them is the greatest).  These particles are the surface particles, and they receive an 
applied force contribution from each intersected grid-cell ray. 

The pressure-application procedure is activated by calling ct_init  with the following inputs. 

1. Initialize the procedure by defining the parallelepiped and specifying the intersection 
criterion.  When the procedure is applied to the cutting model, only the number of cells in the 
local directions (three sets of values for ( ),x yn n  via FISH variables gd{1,2,3}_n{x,y} ) 

and the intersection criterion (iC ) must be provided.  The remaining 12 parallelepiped 
parameters are assigned automatically by function _ct_MakeGrids  to ensure that the 
parallelepiped encloses the specimen and cutter. 

2. Specify the pressure (P , FISH variable: ct_press ) . 

3. Specify the pressure-update rate (un , FISH variable: ct_pressrate ). 

During subsequent cycles, the pressure boundary condition will be re-applied to the model every un  

cycles.  The cutting model is run by calling ct_cutit , which continues cycling until a specified 
cutter displacement has occurred, with SAVE files being generated at a specified cutter-displacement 
increment. 
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1.5 Observed Behavior 

The behavior of the shining-lamp algorithm is illustrated in Figures 9 to 14.  This example uses the 
driver files in the PFC Fishtank template directory PressureBC-3d\SphereTest .  The model 
is a 100-mm diameter spherical body of Carthage limestone with microproperties as listed in Table 1 
(parameters defined in the PFC Fishtank chapter of Itasca (2008a&b)) and a 5-mm average particle 
diameter, to give a resolution of 20 particles across the diameter (see Figure 9).  All grids are square, 
and the number of grid cells is varied to produce ratios of cell-size to average-particle-diameter that 
range from 1 2 to 1 16.  The locations of the grid-cell intersections with the surface particles in the 

positive octant are shown in Figures 10 to 14.  In these figures, the cells that have originated from 
the positive x, y  and z  grids are colored red, green and blue, respectively.  As the grids are refined, 

the outline of each surface ball becomes better defined.  This confirms that the approximation of the 
illuminated surfaces improves with increased grid refinement.  For a specified pressure of 10 MPa, 
the stress measured with a 90-mm-diameter measurement sphere centered in the body is isotropic     

( , 0xx yy zz m xy xz yzPs s s s s s@ @ @ @ @ @) with 9.6 MPamP @  for all four grid resolutions.  Greater 

insight into the algorithm behavior could be obtained by further analysis of both the sphere test and a 
proposed cut-sphere test in which the sphere is cut by a plane and the total stress acting on that plane 
is measured. 

Table 1 PFC3D model microproperties for Carthage limestone 

Property PFC3D model 

[ ] ( )min max min mm ,R R R  varies, 1.66 

[ ] ( )0  MPa , ,t
f f bN n Ns  -0.1, 3, 0 

3 kg mbulkr � �� �  2620. 

[ ] ( ) GPa , ,c n sE k k m 100, 3.7, 0.5 

[ ] ( ),  GPa , n s
cE k kl  1, 100, 3.7 

[ ] MPa

(mean, s.d.)
c cs t=  107, 20 
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Figure 9 Spherical body showing all particles (left) and particles in the positive 
octant along with global axes (right). 

 

 

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

 

 

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

 

 

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

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

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

2. The loading on each particle does not correspond with that of a well-defined surface.  It is 
not clear what effect this has on the failure process near the cutter.  Of particular concern is 
the loading on the pile of broken material that forms ahead of the cutter.  The effect of this 
behavior should be studied, and it should be confirmed that the pressure loading is producing 
realistic material failure.  One possible solution to this problem of an ill-defined loaded 
surface would be to implement a pressure-loaded membrane scheme by simulating directly a 
membrane structure loaded by pressure and interacting with the particles.  This approach was 
considered in the present work, but was rejected because of the concern that it may be 
difficult to prevent the membrane from folding over on itself, and the concern that the 
scheme would be computationally expensive (because of the need to keep updating the 
membrane-particle intersections). 

3. The parallelepiped is aligned with the global axes.  Allowing the alignment to vary might 
allow better illumination (thus, better pressure application) for bodies that are not aligned 
well with the global axes. 
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