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From: David Potyondy

Re: Material Modeling Support for PFC: Example Materials [nmPkg9.4]
Ref: ICG7766-L

The Material Modeling support package supports creation and testing of granular (linear and Hill)
and bonded (contact-bonded, parallel-bonded, soft-bonded, and flat-jointed) materials. Examples
of the creation and testing of each material are provided here. Each example serves as a base case
and provides a material at the lowest resolution sufficient to demonstrate system behavior. There
is a project for each material, and these projects are in the mmPkg9 .N/ExampleProjects2D
and mmPkg9.N/ExampleProjects3D directories, where N is the package subversion number.
The directories are mg_M where M is the material type.

This memo is an extension of the base memo “Material Modeling Support for PFC". All citations
in this memo are listed in the REFERENCES section of the base memo.
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1.0 GRANULAR MATERIALS

Granular materials use the linear and Hill contact models. Both 2D and 3D models are constructed
with disk/sphere and clumped particles. The clumped materials are created by starting with the
disk/sphere model and replacing the call to mpParams.p2dat in MatGen.p2dvr with a call to
mpParams-Clumped.p2dat.

1.1 Linear Material (2D Disks and Clumps)

The 2D linear material example is in the mg_linear2D example-project directory. A 2D linear
material (consisting of rigid unit-thickness disks) is created to represent a typical aggregate base
layer of an asphalt-surface roadway (Potyondy et al., 2016). We denote our aggregate material as
the AG_Linear2D material with microproperties listed in Table 1. The material has a median particle
size of 8.8 mm. The 2D material is created in a rectangular-cuboid material vessel (of 240-mm
height, 170-mm width and unit depth, with a 500 MPa effective modulus) and packed ata 150 kPa
material pressure as shown in Figure 1. The material is then subjected to compression testing.
During the compression test, the confinement is 150 kPa, and a load-unload cycle is performed
at an axial strain of 0.05% to measure the effective resilient modulus (see Figure 2)." The hysteretic
response is the expected behavior.

Table 1 Microproperties of AG_Linear2D Material

Property Value
Common group:
N, AG_Linear2D
T,. a. C,. p,|kg/m’] 0, 0.7, 0, 2650
Ser Te {Dy, [mm]. ¢, D, 0, 0, {710,1.0}, 10

Packing group:

Sw> B, [KPa], €5, & M | 10000, 150, 1x102, 8x10, 2x10°

C,, Ny Hegs Vi [1V5] 0, 0.25, 0, 1.0
Linear material group:
E"[MPa], x°, u 500, 1.5, 0.4

* Linear material parameters are defined in Table 3 of the base
memo.

' The confinement is similar to that defined in resilient modulus laboratory protocols, and axial strains
correspond with vertical strains in the aggregate base layer for typical traffic loads.
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AG_Linear2D
530 disk-shaped particles, »=0.163
ds, =8.8 mm

AG_Linear2D material packed at 150 kPa material pressure at the end
of material genesis. The height and diameter are less than the initial

values because the boundary-contraction packing procedure has moved
the walls inwards.

Figure 1
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PFCZD 9 00 AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
* -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc.
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Figure 2 Deviator stress versus axial strain for AG_Linear2D material tested at

150 kPa confinement, and measurement of effective resilient modulus.

The 2D linear material example is modified to replace the disk-shaped particles with clumps by
replacing the call to mpParams.p2dat in MatGen.p2dvr with a call to mpParams-
Clumped.p2dat. The new material is denoted as a linear clumped material with microproperties
listed in Table 2. The clumped material has two particle shapes. The first shape is a dyad consisting
of two disk-shaped pebbles, and the second shape is a peanut consisting of three disk-shaped
pebbles. The clumped particles are drawn from a uniform size distribution with diameters ranging
from 7 to 10 mm, with 75% of the particles being dyads and 25% of the particles being peanuts.
The material has a median particle size of 8.9 mm. The material-creation and testing procedures
for the clumped material are the same as those for the AG_Linear2D material.
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Table 2 Microproperties of AG_Linear2D Clumped Material

Property Value

Common group:
N, AG_Linear2D [clumped]

T,. a, C,. p,|kg/m’] 0, 0.7, 0, 2650

dyad, 7,10,0.75
1, 2,0, , 1.0
peanut, 7,10,0.25

Packing group:

Swvs B, [KPa), &5, &is M 10000, 150, 1x1072, 8x107, 2x10°
C,, Ny Hegs Vi [1V5] 0, 0.25, 0, 1.0
Linear material group:
E [MPa], £, u 500, 1.5, 04

* Linear material parameters are defined in Table 2 of the base memo.

The 2D clumped material is created in a rectangular-cuboid material vessel (of 240-mm height,
170-mm width and unit depth, with a 500 MPa effective modulus) and packed at a 150 kPa
material pressure as shown in Figure 3. The porosity of the clumped material (0.127) is less than
that of the disk-only material (0.163) — the dyads and peanuts have packed to a denser state than
the disks. The material is then subjected to compression testing. During the compression test, the
confinement is 150 kPa, and a load-unload cycle is performed at an axial strain of 0.05% to
measure the effective resilient modulus (see Figure 4). The hysteretic response is the expected
behavior. The clumped material is stiffer (477 MPa) than the disk material (256 MPa), with
increased stiffness attributed to reduced porosity.
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P, =150 kPa

dyad
E‘_* =500 MPa

227 mm

peanut

AG_Linear2D [clumped]

1193 clumps, n=0.127
ds, =8.9 mm

Figure 3 AG_Linear2D clumped material packed at 150 kPa material pressure at
the end of material genesis. The height and diameter are less than the
initial values because the boundary-contraction packing procedure has
moved the walls inwards.
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PFCZD 9 00 AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
. -Deviator stress vs. -Axial strain
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Figure 4 Deviator stress versus axial strain for AG_Linear2D clumped material

tested at 150 kPa confinement, and measurement of effective resilient
modulus.

1.2

Linear Material (3D Spheres and Clumps)

The 3D linear material example is in the mg linear3D example-project directory. A linear
material is created to represent a typical aggregate base layer of an asphalt-surface roadway
(Potyondy et al., 2016). We denote our aggregate material as the AG_Linear material with
microproperties listed in Table 3. The material has a median particle size of 17.8 mm. The material
is created in a cylindrical material vessel (of initial 240-mm height and 170-mm diameter, with a
500 MPa effective modulus) and packed at a 150 kPa material pressure via the boundary-
contraction packing procedure as shown in Figure 5. The material is then subjected to triaxial
testing. During the triaxial test, the confinement is 150 kPa, and a load-unload cycle is performed
at an axial strain of 0.05% to measure the resilient modulus (see Figure 6).> The hysteretic response

is the expected behavior.

2 The confinement is similar to that defined in resilient modulus laboratory protocols, and axial strains
correspond with vertical strains in the aggregate base layer for typical traffic loads.
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Table 3 Microproperties of AG_Linear Material

Property Value
Common group:
N, AG_Linear
T, a, C,, p,[kg/m’] 0, 0.7, 0, 2650
Ses T {D{,,u} [mm], ¢}, D,., 0, 0, {14,20,1.0}, 1.0

Packing group:
S Pm[kPa]’ Ep> Ems Mhim 10000, 150, 1x107, 8x107*, 2x10°

C,, ., Hops Vi (V3] 0, 0.58, 0, 1.0
Linear material group:
E"[MPa], «°, u 500, 1.5, 0.4
* Linear material parameters are defined in Table 3 of the base
memo.
152 mm
P =150 kPa
IS
£ "
o) E, =500 MPa
—
(@]

AG_Linear
835 spherical particles, »=0.381
ds, =17.8 mm

Figure 5 AG_Linear material packed at 150 kPa material pressure at the end of
material genesis. The height and diameter are less than the initial values
because the boundary-contraction packing procedure has moved the

walls inwards.
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AG_Linear material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
PFC3D 9. 00 -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc.
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Figure 6 Deviator stress versus axial strain for AG Linear material tested at

150 kPa confinement, and measurement of resilient modulus.

The 3D linear material example is modified to replace the spherical particles with clumps by
replacing the call to mpParams.p3dat in MatGen.p3dvr with a call to mpParams-
Clumped.p3dat. The new material is denoted as a linear clumped material with microproperties
listed in Table 4. The clumped material has two particle shapes. The first shape is a dyad consisting
of two spherical pebbles, and the second shape is a peanut consisting of three spherical pebbles.
The clumped particles are drawn from a uniform size distribution with diameters ranging from 14
to 20 mm, with 75% of the particles being dyads and 25% of the particles being peanuts. The
material has a median particle size of 17.6 mm. The material-creation and testing procedures for
the clumped material are the same as those for the AG_Linear material.
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Table 4 Microproperties of AG_Linear Clumped Material

Property

Value

Common group:
N

m

T, C, p|kefm|

Packing group:
SRN’ Bn [kPa]’ gP’ ‘C"lim’ n’lim
C,, n, tegs Vim [m/s]

Linear material group:

E [MPa], k', u

AG_Linear [clumped]

0, 0.7, 0, 2650

Lo dyad, 14,20,0.75
> 77 | peanut, 14,20,0.25

10000, 150, 1x107%, 8x107°, 2x10°

0, 043, 0, 1.0

500, 1.5, 0.4

},10

* Linear material parameters are defined in Table 2 of the base memo.

The clumped material is created in a cylindrical material vessel (of initial 240-mm height and 170-
mm diameter, with a 500 MPa effective modulus) and packed at a 150 kPa material pressure via
the boundary-contraction packing procedure as shown in Figure 7. The porosity of the clumped
material (0.344) is less than that of the spherical material (0.381) — the dyads and peanuts have
packed to a denser state than the spheres. The clumped material is then subjected to triaxial
testing. During the triaxial test, the confinement is 150 kPa, and a load-unload cycle is performed
at an axial strain of 0.05% to measure the resilient modulus (see Figure 8). The hysteretic response
is the expected behavior, and the resilient modulus is similar to the effective modulus of the linear
material. The clumped material is stiffer (308 MPa) than the spherical material (182 MPa), with

increased stiffness attributed to reduced porosity.
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147 mm
P =150 kPa
S
= E' =500 MPa
— dyad
~
peanut
AG_Linear [clumped]
1895 clumps, n=0.334
ds, =17.6 mm
Figure 7 AG_Linear clumped material packed at 150 kPa material pressure at the
end of material genesis. The height and diameter are less than the initial
values because the boundary-contraction packing procedure has moved
the walls inwards.
ITASCA Minneapolis Page 10 www.itascacg.com

Minnesota, US.A. +1(612) 371-4711



Material Modeling Support for PFC: Example Materials [mmPkg9.4b] October 5, 2026

Ref. ICG7766-L Potyondy
PFC3D 9 00 AG_Linear material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
. -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc. ~ ya
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Figure 8 Deviator stress versus axial strain for AG _Linear clumped material

tested at 150 kPa confinement, and measurement of resilient modulus.

1.3  Hill Material (3D Spheres and Clumps)

The Hill material example is in the mg_hil13D example-project directory. A hill material is created
to represent a typical aggregate base layer of an asphalt-surface roadway (Potyondy et al., 2016).
We denote our aggregate material as the AG_Hill material with microproperties listed in Table 5.
The material has a median particle size of 17.8 mm. The material is dry while being created in a
cylindrical material vessel (of 240-mm height and 170-mm diameter, with a 500 MPa effective
modulus) and packed at a 150 kPa material pressure as shown in Figure 9. The material is then
subjected to triaxial testing. The material is tested dry and wet. The wet material has a 20 kPa
suction added between all particles that are within 3 mm of one another at the end of material
genesis.> During each triaxial test, the confinement is 150 kPa, and a load-unload cycle is
performed at an axial strain of 0.05% to measure the resilient moduli of the dry and wet materials
(see Figures 10 and 11).* The hysteretic response is the expected behavior, and the resilient
modulus is increased for the wet material.

Table 5 Microproperties of AG_Hill Material

Property Value

Common group:

3 The suction is typical for aggregates with gravimetric moisture content ranging from 5 to 10 percent.
4The confinement is like that defined in resilient modulus laboratory protocols, and axial strains correspond
with vertical strains in the aggregate base layer for typical traffic loads.
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Figure 9

N,

m

(TN, @ €, p, [ke/m']

Sg’ TSD’ {D{l,u} [mm], ¢}’ Dmult

Packing group:
Spv> By [kPa]v €ps> Ciim> Mim
Cp’ s Hess Viim [II]/S]

Hill material group:

AG_Hill

{5,hill}, 0.7, 0, 2650

0, 0, {14,20,1.0}, 1.0

10000, 150, 1x102, 8x107, 2x10°
0, 0.58, 0, 1.0

29, 0.15, 04, 0, 20

E, [GPa], v,, u, a,, y[kPa]

* Hill material parameters are defined in Table 4 of the base memo.

152 mm

220 mm

P, =150kPa, dry

E =500 MPa

AG_Hill
835 spherical particles, »=0.378
ds, =17.8 mm

Dry AG_Hill material packed at 150 kPa material pressure at the end of
material genesis. The height and diameter are less than the initial values

because the boundary-contraction packing procedure has moved the

walls inwards.
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©2025 Itasca Consulting Group, Inc.
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mv_wsd
vs. -mv_wea

AG_Hill material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
-Deviator stress vs. -Axial strain
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Figure 10

Deviator stress versus axial strain for dry AG_Hill material tested at

150 kPa confinement, and measurement of resilient modulus.

PFC3D 9.00

©2025 Itasca Consulting Group, Inc.
Mechanical step : 45476

History

mv_wsd
vs. -mv_wea

AG_Hill_suc20kPa material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
-Deviator stress vs. -Axial strain
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Figure 11

Deviator stress versus axial strain for wet AG_Hill material tested at

150 kPa confinement, and measurement of resilient modulus.

The Hill material example is modified to replace the spherical particles with clumps by replacing
the call to mpParams.p3dat in MatGen.p3dvr with a call to mpParams-Clumped.p3dat. The
new material is denoted as a Hill clumped material with microproperties listed in Table 6. The
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clumped material has two particle shapes. The first shape is a dyad consisting of two spherical
pebbles, and the second shape is a peanut consisting of three spherical pebbles. The clumped
particles are drawn from a uniform size distribution with diameters ranging from 14 to 20 mm,
with 75% of the particles being dyads and 25% of the particles being peanuts. The material has a
median particle size of 17.6 mm. The material-creation and testing procedures for the clumped
material are the same as those for the AG_Hill material.

Table 6 Microproperties of AG_Hill Clumped Material

Property Value

Common group:
N AG_Hill [clumped]

m

{T,.N,}. a, C,. p,[kg/m'] {5.hill}, 0.7, 0, 2650

dyad, 14,20,0.75
Sg’ nSD’ T:SD’ {N D{l,u} [mm]7 ¢}7 D 15 25 s { }s

ct?

peanut, 14, 20,0.25

Packing group:

Sws B, [KPa], &, & My 10000, 150, 1x102, 8x10°, 2x10°
C,, n., Hegs Vi [M/5] 0, 0.43, 0, 1.0

Hill material group:
E, [GPa], v,, u, a,, v [kPa] 29, 0.15, 04, 0, 20

* Hill material parameters are defined in Table 3 of the base memo.

The clumped material is dry while being created in a cylindrical material vessel (of 240-mm height
and 170-mm diameter, with a 500 MPa effective modulus) and packed at a 150 kPa material
pressure as shown in Figure 12. The porosity of the clumped material (0.333) is less than that of
the spherical material (0.378) — the dyads and peanuts have packed to a denser state than the
spheres. The clumped material is then subjected to triaxial testing. The material is tested dry and
wet. The wet material has a 20 kPa suction added between all particles that are within 3 mm of
one another at the end of material genesis. During each triaxial test, the confinement is 150 kPa,
and a load-unload cycle is performed at an axial strain of 0.05% to measure the resilient moduli
of the dry and wet materials (see Figures 13 and 14). The hysteretic response is the expected
behavior, and the resilient modulus is increased for the wet material. The clumped material is
stiffer (372 and 414 MPa) than the spherical material (213 and 235 MPa), with increased stiffness
attributed to reduced porosity.
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147 mm

E =500 MPa
dyad

215 mm

peanut
P, =150 kPa, dry

AG_Hill [clumped]
843 clumps, n=10.333
ds, =17.6 mm

Dry AG_Hill clumped material packed at 150 kPa material pressure at
the end of material genesis. The height and diameter are less than the
initial values because the boundary-contraction packing procedure has

moved the walls inwards.

Figure 12
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AG_Hill material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
PFC3D 9. 00 -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc. 2.0
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Figure 13  Deviator stress versus axial strain for dry AG_Hill clumped material
tested at 150 kPa confinement, and measurement of resilient modulus.
AG_Hill_suc20kPa material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
PFC3D 90 00 -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc. 2.0
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Figure 14  Deviator stress versus axial strain for wet AG_Hill clumped material

tested at 150 kPa confinement, and measurement of resilient modulus.

ITASCA Minneapolis
Minnesota, U.S.A.

Page 16 www.itascacg.com
+1(612) 371-4711



Material Modeling Support for PFC: Example Materials [mmPkg9.4b] October 5, 2026
Ref. ICG7766-L Potyondy

2.0 BONDED MATERIALS

Bonded materials that use the linear contact bond, linear parallel bond, soft bond, and flat joint contact
models are created to represent Castlegate sandstone. The following properties are typical of Castlegate
sandstone: density of 1960 kg/m’; median grain size of 0.19 mm; direct-tension strength of 1.0 MPa;

unconfined-compressive strength of 20.0 MPa; and Young’'s modulus and Poisson’s ratio measured during
unconfined-compression tests of 2.9 GPa and 0.33, respectively. Both 2D and 3D models are constructed
with disk/sphere and clumped particles. There are also rigid-block particles for the flat-jointed material. The
clumped materials are created by starting with the disk/sphere model and replacing the call to
mpParams.p2dat in MatGen.p2dvr with a call to mpParams-Clumped.p2dat.

2.1 Contact-Bonded Material (2D Disks and Clumps)

The 2D contact-bonded material example is in the mg_cbond2D example-project directory. A 2D
contact-bonded material (consisting of rigid unit-thickness disks) is created to represent a typical
sandstone, which we take to be Castlegate sandstone.” We denote our sandstone material as the
SS_ContactBonded2D material with microproperties listed in Table 7. The material is created in a
square-cuboid material vessel (of 50 mm side length and unit depth, with a 3 GPa effective
modulus). The grain-scaling packing procedure is used to pack the grains to a 30 MPa material
pressure, and then contact bonds are added between all grains that are in contact with one
another (see Figure 15). The material is then subjected to compression, diametral-compression
and direct-tension tests. The test results can be displayed and interpreted, and a 2D contact-
bonded clumped material (see Figure 16) can be created, in the same way as the parallel-bonded
material example.

Table 7 Microproperties of SS_ContactBonded2D Material

Property Value
Common group:
N, SS_ContactBonded2D
T,. a. C,. p,[ke/m’] 1, 0.7, 1, 1960
S, Ty { Dy, [mm], ¢}, D, 0, 0, {1.6,2.4,1.0}, 1.0
‘Packing group:
Sevs By [MPa], &5, &4, my, | 10000, 30, 1x102, 8x10°, 2x10°
C,. n, 1, 0.08
Contact-bonded material group:
Linear group:
E"[GPa], x°, u | 3.0, 1.5 04
Contact-bond group:
g, [mm] | 0

> Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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(. ){m,sd} [MPa], (Sg){md} [MPa] I {1.0,0}, {20.0,0}

o

Linear material group:
E[GPa], &, u, | 3.0, 1.5, 04

* Contact-bonded material parameters are defined in Table 6 of the
base memo.

50 mm

square, s =10 mm

| /\/\ /\\ \:
= L AN YAA
£ Y Y Y
2 \\/\ \ \/\’
Y &
. \_\/ ‘

e w  {
VAN TCAICA A

" T contact bonds as lines
SS_ContactBonded2D

719 grains, ¢, =4.1
dy, =2.0 mm

Figure 15  SS_ContactBonded2D material at the end of material genesis with grains
and intact contact bonds in the microstructural box.
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square, s =10 mm

//// \\/ \
v /\\ / dyad

peanut

50 mm

SS_ContactBonded2D [clumped]
727 grains, ¢, =6.4
dy, =2.0 mm

Figure 16  SS_ContactBonded2D clumped material at the end of material genesis
with grains and contact bonds in the microstructural box.

2.2 Contact-Bonded Material (3D Spheres and Clumps)

The 3D contact-bonded material example is in the mg_cbond3D example-project directory. A 3D
contact-bonded material is created to represent a typical sandstone, which we take to be
Castlegate sandstone.® We denote our sandstone material as the SS_ContactBonded material with
microproperties listed in Table 8. The material is created in a cubic material vessel (of 50 mm side
length, with a 3 GPa effective modulus). The grain-scaling packing procedure is used to pack the
grains to a 30 MPa material pressure, and then contact bonds are added between all grains that
are in contact with one another (see Figure 17). The material is then subjected to compression,
diametral-compression and direct-tension tests. The test results can be displayed and interpreted,
and a 3D contact-bonded clumped material can be created, in the same way as the parallel-
bonded material example.

Table 8 Microproperties of SS_ContactBonded Material

Property Value

Common group:

N SS ContactBonded

m

T,aC, ,ov[kg/nf'] 1, 07, 1, 1960

6 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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Figure 17

Ser T {l){l,u} [m], ¢}, D,

Packing group:

SRN’ Rn[MPa]a Eps Eims My
Cp, n

c

Contact-bonded material group:
Linear group:
E [GPa], K, U
Contact-bond group:
& [mm|

(T'O'){m,sd} [

Linear material group:
En* [(}Pa]ﬁ Kn*ﬂ /’ln

0, 0, {40,60,10}, 1.0

10000, 30, 1x107, 8x107°, 2x10°
1, 0.30

30,15 04

0

{1.0,0}, NA, 20

3.0, 1.5, 04

* Contact-bonded material parameters are defined in Table 6 of the

base memo.

SS_ContactBonded
1276 grains, ¢, =6.1
d, =5.1mm

contact bonds as lines

and intact contact bonds in the microstructural box.

SS_ContactBonded material at the end of material genesis with grains
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2.3 Parallel-Bonded Material (2D Disks and Clumps)

The 2D parallel-bonded material example is in the mg_pbond2D example-project directory. A 2D
parallel-bonded material (consisting of rigid unit-thickness disks) is created to represent a typical
sandstone, which we take to be Castlegate sandstone.” We denote our sandstone material as the
SS_ParallelBonded2D material with microproperties listed in Table 9. The material is created in a
square-cuboid material vessel (of 50 mm side length and unit depth, with a 3 GPa effective
modulus). The grain-scaling packing procedure is used to pack the grains to a 30 MPa material
pressure, and then parallel bonds are added between all grains that are in contact with one
another (see Figure 18). The material is then subjected to compression, diametral-compression
and direct-tension tests. The test results are shown in Figures 19 to 25.

Table 9 Microproperties of SS_ParallelBonded2D Material

Property Value
Common group:
N, SS ParallelBonded2D
I,. a, C,, p,|kg/m’] 2, 0.7, 1, 1960
Ser Tops (D, [mm], ¢}, D, 0, 0, {1.6,2.4,10}, 1.0
‘Packing group:
Sevs B, [MPa], &5, &y My 10000, 30, 1x107, 8x107, 2x10°
C,n 1, 0.08

Parallel-bonded material group:
Linear group:

E'[GPa], k7, u 15, 15, 04
Parallel-bond group:
g [mm|, 2, E"[GPa], k', B 0, 1.0, 1.5, 1.5, 1.0
(.) g [MP2], (€),,,.,, [MPa], ¢ | degrees] {1.0,0}, {20.0,0}, 0

Linear material group:
E[GPal, x,, u, 15,15, 04

* Parallel-bonded material parameters are defined in Table 8 of the base memo.

7 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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square, s =10 mm

9

50 mm

SS ParallelBonded2D jrafallel-bone cament

719 disks, ¢, =4.3
ds, =2.0 mm

Figure 18  SS_ParallelBonded2D material at the end of material genesis with
grains and intact parallel bonds in the microstructural box.

SS_ParallelBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
P F CZD 9. 00 Compression test cell

©2025 Itasca Consulting Group, Inc.
Mechanical step : 59388

Wall
Ball
Balls (719)
ball
Fracture group 1
Fractures (186)
B PB-tenFail

Figure 19  SS_ParallelBonded2D material at the end of the fully unconfined test
with grains and cracks.
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PFC2D 9.00

Mechanical step : 59388

SS_ParallelBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.

-Deviator stress vs. -Axial strain

©2025 Itasca Consulting Group, Inc.
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Figure 20

Deviator stress versus axial strain for SS_ParallelBonded2D material

tested fully unconfined, and measurement of peak strength and effective

Young's modulus.

PFC2D 9.00

©2025 Itasca Consulting Group, Inc.
Mechanical step : 59388

SS_ParallelBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
Radial strain (measurement based) vs. -Axial strain
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Figure 21

Radial strain versus axial strain for SS_ParallelBonded2D material

tested fully unconfined, and measurement of effective Poisson’s ratio.
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SS_ParallelBonded2D material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1.
P F CZD 9. 00 Diametral compression test

©2025 Itasca Consulting Group, Inc.
Mechanical step : 48665

Wall
Ball
Balls (576)
ball
Fracture group 1
Fractures (65)
B PB-tenFail

Figure 22  SS_ParallelBonded2D material at the end of diametral-compression test
with grains and cracks.

P F C 2 D 9 0 0 SS_ParallelBonded2D material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1.
0 -Axial force vs. -Axial strain
©2025 Itasca Consulting Group, Inc.
Mechanical step : 48665 ]
4.0- ’E] ~45kN
History ’ X
dc_wfa ]
vs. -dc_wea 3.5
< ]
<S3.0*
X
22.5~
S
= =}
82'0
E 1.5
; s
Lo F, 45x10° N
] O'BZ‘ fmas ~ — =0.57 MPa
05 7Rt m(25x107 m)(1m)
[ e e o TN B s e o L L s o s e o B S AL
0.0 1.0 2.0 3.0 4.0 5.0 6.0 7.0 8.0 9.0
-Axial strain x10”-4

Figure 23  Axial force versus axial displacement for SS_ParallelBonded2D material
during the diametral-compression test, and measurement of Brazilian
tensile strength.
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SS_ParallelBonded2D material, Direct-tension test (eRate = 0.05 s*-1), end of load stage 1.
PFCZD 9. 00 Tension test

©2025 Itasca Consulting Group, Inc.
Mechanical step : 19984

Ball group Any
Balls (719)

Il Oefau=SS_ParallelBonded20-SD1,1=ttGripBottom
Default=SS_ParallelBonded20-SD1.1=ttGripNot
Il Ocfoult=SS_ParalielBonded20-SO1, 1=ttGripTop
Fracture group 1
Fractures (12)

PB-tenFail

1
0590

Y\ /\(\(

AN
N}

Figure 24  SS_ParallelBonded2D material at the end of the direct-tension test with
grains, grip grains, and cracks.

SS_ParallelBonded2D material, Direct-tension test (eRate = 0.05 s*-1), end of load stage 1.

P F CZD 9. 00 Axial stress (measurement based) vs. Axial strain (boundary based)
©2025 Itasca Consulting Group, Inc.
Mechanical step : 19984 5.0

History 0, =20.54 MPa

mv_msa 4.5+
vs. tt_bea

UL R AN LN IR LS I B I LIS I UL IR LS IR UL I BN R
02 04 06 08 1.0 1.2 14 16 1.8 2.0 22 24 26 2.8 3.0 3.2 34
Axial strain x107-4

Figure 25  Axial stress versus axial strain for SS_ParallelBonded2D material during
the direct-tension test, and measurement of tensile strength.

The 2D parallel-bonded material example is modified to replace the disk-shaped particles with
clumps by replacing the call to mpParams.p2dat in MatGen.p2dvr with a call to mpParams-
Clumped.p2dat. The new material is denoted as a 2D parallel-bonded clumped material with
microproperties listed in Table 10. The clumped material has two grain shapes. The first shape is
a dyad consisting of two disk-shaped pebbles, and the second shape is a peanut consisting of
three disk-shaped pebbles. The clumped grains are drawn from a uniform size distribution with
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diameters ranging from 1.6 to 2.4 mm, with 75% of the grains being dyads and 25% of the grains
being peanuts. The material has a median particle size of 2.1 mm. The material-creation and
testing procedures for the clumped material are the same as those for the AG_ParallelBonded2D
material.

Table 10 Microproperties of SS_ParallelBonded2D Clumped Material

Property Value
Common group:
N, SS ParallelBonded2D
T,. a, C,. p,|kg/m’] 2, 0.7, 1, 1960
S o T Dy ok ] 2 [ 12,040 (S0 10
‘Packing group:
Sevs B, [MPa), &, &is 1, 10000, 30, 1x1072, 8x107, 2x10°
C, n, 1, 0.08
‘Parallel-bonded material group:
Linear group:
E"[GPal, «°, p L5, 15, 04
Parallel-bond group:
g [mm|, 2, E"[GPa], &', B 0,10, 1.5, 15, 1.0
(.) sy [MP2], (€),,,.,, [MPa], ¢ | degrees] {1.0,0}, {20.0,0}, 0
Linear material group:
E[GPa], x,, u, 15,15, 04

* Parallel-bonded material parameters are defined in Table 5 of the base memo.

The 2D clumped material is created in a square-cuboid material vessel (of 50 mm side length and
unit depth, with a 3 GPa effective modulus). The grain-scaling packing procedure is used to pack
the grains to a 30 MPa material pressure, and then parallel bonds are added between all grains
that are in contact with one another (see Figure 26). The bond coordination number of the
clumped material (6.9) is larger than that of the disk-only material (4.3), and the porosity of the
clumped material (0.092) is less than that of the disk-only material (0.121) — the dyads and
peanuts have packed to a denser state than the disks. The clumped material is then subjected to
compression, diametral-compression and direct-tension tests. The compression-test results are
shown in Figures 27 and 28. The clumped material is stronger (3.2 MPa versus 2.3 MPa) and stiffer
(3.8 GPa versus 2.5 GPa) than the disk-only material, with increased strength and stiffness
attributed to increased bond coordination number and reduced porosity.
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Figure 26  SS_ParallelBonded2D clumped material at the end of material genesis
with grains and parallel bonds in the microstructural box.
P F CZ D 9 0 0 SS_ParallelBonded2D material, Compression test (unconfined, eRate = 0.05 s”-1), end of load stage 1.
) Compression test cell

Mechanical step : 92152

©2025 Itasca Consulting Group, Inc.

Wall
Clump group Any
Clumps (1640)
Default=dyad-SD1
Default=peanut-SD2
Fracture group 1
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Figure 27  SS_ParallelBonded2D clumped material at the end of the fully

unconfined test with grains and cracks.
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SS_ParallelBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
PFC2D 9. 00 -Deviator stress vs. -Axial strain

©2025 Itasca Consulting Group, Inc. 3.2
Mechanical step : 92152 3.0

History 28 (o) i
mv_wsd 2.6-

vs. -mv_wea
©24
2227 E'
=210
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G 1.4-
S
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N

3.2 MPa

00 01 02 03 04 05 06 07 08 09 10 LI
-Axial strain x107-3

Figure 28  Deviator stress versus axial strain for SS_ParallelBonded2D clumped
material tested fully unconfined, and measurement of peak strength and
effective Young’'s modulus.

2.4 Parallel-Bonded Material (3D Spheres and Clumps)

The 3D parallel-bonded material example is in the mg_pbond3D example-project directory. A
parallel-bonded material is created to represent a typical sandstone, which we take to be
Castlegate sandstone.® We denote our sandstone material as the SS_ParallelBonded material with
microproperties listed in Table 11. The material is created in a cubic material vessel (of 50 mm
side length, with a 3 GPa effective modulus). The grain-scaling packing procedure is used to pack
the grains to a 30 MPa material pressure, and then parallel bonds are added between all grains
that are in contact with one another (see Figure 29). The material is then subjected to compression,
diametral-compression and direct-tension tests. The test results are shown in Figures 30 to 36.

Table 11 Microproperties of SS_ParallelBonded Material

Property Value
Common group:
N, SS_ParallelBonded
T,. a, C, p,[kg/m’] 2, 0.7, 1, 1960
S, Ty {D{,’u} [mm], ¢}, D, 0, 0, {4.0,6.0,1.0}, 1.0
'Packing group:

8 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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Sevs B, [MPa), &, &, 1y, 10000, 30, 1x1072, 8x107, 2x10°
C.n 1, 030

Parallel-bonded material group:
Linear group:

E'[GPa], &7, u 15, 15, 04
Parallel-bond group:
g [mm], 2, E"[GPa], &', B 0,10, 1.5, 15, 1.0
(0.) g [MPa], (€),,, , [MPa], 7, ¢ | degrees| {1.0,0}, NA, 20, 0
Linear material group: |
E[GPa], &', u, 15, 15, 04

* Parallel-bonded material parameters are defined in Table 8 of the base memo.

parallel-bond cement
(gold, 50% size)

SS_ParallelBonded
1276 grains, ¢, =6.6
ds, =52 mm

Figure 29  SS_ParallelBonded material at the end of material genesis with grains
and intact parallel bonds in the microstructural box.
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SS_ParallelBonded material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
P F C3D 9. 00 Compression test cell
©2025 Itasca Consulting Group, Inc.
Mechanical step : 43235
Wall name
Facets (12)
mvBack
mvBottom
mvFront
mvLeft
mvRight
mvTop
Ball
Balls (1276)
ball
Fracture group 1
Fractures (975)
B PB-tenFail
z
X
Figure 30  SS_ParallelBonded2D material at the end of the fully unconfined test
with grains and cracks.
PFC3D 9 00 SS_ParallelBonded material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
. -Deviator stress vs. -Axial strain
©2025 Itasca Consulting Group, Inc. q
Mechanical step : 43235 2.6
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£204 g
X 1.8
= ]
1.6 -
£16 1
2 1.4
& ]
» 1.2 p
) 1
- 1.2x10° Pa
5107 Ex——"————=22GPa
2038 0.55x10
0.6
0.4 —
02
0.0+ T L el T T LA SRR B IR S | T L B |
00 0.1 02 03 04 05 06 07 08 09 10 I.I 12 13 14 15
-Axial strain x107-3
Figure 31 Deviator stress versus axial strain for SS_ParallelBonded2D material

tested fully unconfined, and measurement of peak strength and Young's

modulus.
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SS_ParallelBonded material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
PFC3D 9. 00 Radial strain (measurement-based) vs. -Axial strain
©2025 Itasca Consulting Group, Inc. 4.0
Mechanical step : 43235
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Figure 32 Radial strain versus axial strain for SS_ParallelBonded2D material
tested fully unconfined, and measurement of Poisson'’s ratio.
SS_ParallelBonded material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1.
PFC3D 9. 00 Diametral compression test specimen
©2025 Itasca Consulting Group, Inc.
Mechanical step : 38423
Wall
Ball
Balls (1037)
ball
Fracture group 1
Fractures (505)
PB-tenFail
Y
z>
X
Figure 33  SS_ParallelBonded2D material at the end of diametral-compression test

with grains and cracks.
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SS_ParallelBonded material, Diametral-compression test (eRate = 0.05 s”-1), end of load stage 1.
P F C3D 9. 00 -Axial force vs. -Axial strain

©2025 Itasca Consulting Group, Inc.

Mechanical step : 38423 3.40

History 320 ’E’llmx
3.00 4

dc_wfa

vs. -dc_wea 2.80 7

2.60

02404
=220
X

~2.00 -
E’l.Sg—
= 1.60 -
"_31.40«
£1.20-
<1.00-

ot o Nl 3.4x10° N

1

34kN

” = ~ ———=0.87 MPa
0.40 - 7Rt  7w(25%107 m)(50x10~ m)
0.20 4

—T T — T

—— T ——T——T———T—
0.20 0.40 0.60 0.80 1.00 1.20
-Axial strain x107-3

Figure 34  Axial force versus axial displacement for SS_ParallelBonded2D material
during the diametral-compression test, and measurement of Brazilian
tensile strength.

SS_ParallelBonded material, Direct-tension test (eRate = 0.05 s*-1), end of load stage 1.
PFC3D 9. 00 Tension Test Specimen

©2025 Itasca Consulting Group, Inc.
Mechanical step : 13321

Ball group 1
Balls (1276)
[T ttGripBottom
ttGripNot
I ttGripTop
Fracture group 1
Fractures (108)
. PB-tenFail

Figure 35  SS_ParallelBonded2D material at the end of the direct-tension test with
grains, grip grains, and cracks.
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SS_ParallelBonded material, Direct-tension test (eRate = 0.05 s”-1), end of load stage 1.

PFC3D 9. 00 Axial Stress (measurement based) vs. Axial Strain (boundary based)
©2025 Itasca Consulting Group, Inc.
Mechanical step : 13321 6.5
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Figure 36  Axial stress versus axial strain for SS_ParallelBonded2D material during
the direct-tension test, and measurement of tensile strength.

The parallel-bonded material example is modified to replace the spherical particles with clumps
by replacing the call to mpParams.p3dat in MatGen.p3dvr with a call to mpParams-
Clumped.p3dat. The new material is denoted as a parallel-bonded clumped material with
microproperties listed in Table 12. The clumped material has two grain shapes. The first shape is
a dyad consisting of two spherical pebbles, and the second shape is a peanut consisting of three
spherical pebbles (see Figure 37). The clumped grains are drawn from a uniform size distribution
with diameters ranging from 4 to 6 mm, with 75% of the grains being dyads and 25% of the grains
being peanuts. The material has a median particle size of 5.3 mm. The material-creation and
testing procedures for the clumped material are the same as those for the SS_ParallelBonded
material.

The clumped material is created in a cubic material vessel (of 50 mm side length, with a 3 GPa
effective modulus). The grain-scaling packing procedure is used to pack the grains to a 30 MPa
material pressure, and then parallel bonds are added between all grains that are in contact with
one another (see Figure 37). The bond coordination number of the clumped material (11.6) is
larger than that of the spherical material (6.6), and the porosity of the clumped material (0.275) is
less than that of the spherical material (0.303) — the dyads and peanuts have packed to a denser
state than the spheres. The clumped material is then subjected to compression, diametral-
compression and direct-tension tests. The compression-test results are shown in Figure 38. The
clumped material is stronger (4.5 MPa versus 2.7 MPa) and stiffer (3.0 GPa versus 2.2 GPa) than
the spherical material, with increased strength and stiffness attributed to increased bond
coordination number and reduced porosity.
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Table 12 Microproperties of SS_ParallelBonded Clumped Material

Property Value
Common group:
N, SS ParallelBonded [clumped]
T,. a, C, p,[kg/m’] 2, 0.7, 1, 1960
s T, {N D, , [mm] ¢} D L, 2,0 dyad, 4,6,0.75 1.0
, n B ) ct? u mm |, s mult D) ) ) )
£ T ) [ peanut, 4,6,0.25
‘Packing group:
Sevs B, [MPa], &5, &y My 10000, 30, 1x107, 8x107, 2x10°
C,n, 1, 030

Parallel-bonded material group:
Linear group:

E'[GPa], &7, u 15,15, 04
Parallel-bond group:
g [mm|, 2, E"[GPa], k', B 0, 1.0, 1.5, 1.5, 1.0
() g [MPa). (@), [MPa). 7, 6 degres] 10,0}, NA, 20, 0

Linear material group:
E[GPa], &, u, 15, 15, 04

* Parallel-bonded material parameters are defined in Table 5 of the base memo.
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cube, s =20 mm
dyad
peanut

P, =30 MPa
g =0
SS_ParallelBonded [clumped]
1285 grains, ¢, =11.6
dy, =5.3 mm

parallel-bond cement
(gold)

Figure 37  SS_ParallelBonded clumped material at the end of material genesis with
grains and parallel bonds in the microstructural box.

SS_ParallelBonded material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
P F C3D 9. 00 -Deviator stress vs. -Axial strain
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Figure 38  Deviator stress versus axial strain for SS_ParallelBonded clumped

material tested fully unconfined, and measurement of peak strength and
Young’s modulus.
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2.5 Soft-Bonded Material (2D Disks and Clumps)

The 2D soft-bonded material example is in the mg_sbond2D example-project directory. A 2D
soft-bonded material (consisting of rigid unit-thickness disks) is created to represent a typical
sandstone, which we take to be Castlegate sandstone.’ We denote our sandstone material as the
SS_SoftBonded2D material with microproperties listed in Table 13. The material is created in a
square-cuboid material vessel (of 50 mm side length and unit depth, with a 3 GPa effective
modulus). The grain-scaling packing procedure is used to pack the grains to a 30 MPa material
pressure, and then soft bonds are added between all grains that are in contact with one another
(see Figure 39). The material is then subjected to compression, diametral-compression and direct-
tension tests. The test results can be displayed and interpreted, and a 2D soft-bonded clumped
material can be created, in the same way as the parallel-bonded material example.

Table 13 Microproperties of SS_SoftBonded2D Material

Property Value
Common group:
N, SS SoftBonded2D
T,. a, C,. p,|kg/m’] 3, 0.7, 1, 1960
Se» Typ | Dy [mm], g}, D, 0, 0, {4.0,6.0,1.0}, 1.0
Packing group:
Serr B, [MPa], &, &is My 10000, 30, 1x107%, 8x107, 2x10°
C,n 1, 0.08
Soft-bonded material group:
g [mm|, 4, E"[GPa], «", B 0, 1.0, 1.5, 1.5, 1.0
(O-C){m,sd} [MPa], (c){msd} [MPa], 7, ¢[degrees] {1.0,0}, NA, 20, 0.0
Sy m A A 0.0, 0.0, 0.4, 0.0, 0.0

Linear material group:
E[GPa], &, u, 15, 1.5, 04

* Soft-bonded material parameters are defined in Table 9 of the base memo.

9 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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square, s =10 mm

50 mm

SS SéﬁB(;ndedZD soft-bond cement

719 disks, ¢, =4.3

ds, =2.0 mm

Figure 39  SS_SoftBonded2D material at the end of material genesis with grains
and intact soft bonds in the microstructural box.

2.6 Soft-Bonded Material (3D Spheres and Clumps)

The 3D soft-bonded material example is in the mg_sbond3D example-project directory. A 3D
soft-bonded material is created to represent a typical sandstone, which we take to be Castlegate
sandstone.” We denote our sandstone material as the SS_SoftBonded material with
microproperties listed in Table 14. The material is created in a cubic material vessel (of 50 mm
side length, with a 3 GPa effective modulus). The grain-scaling packing procedure is used to pack
the grains to a 30 MPa material pressure, and then soft bonds are added between all grains that
are in contact with one another (see Figure 40). The material is then subjected to compression,
diametral-compression and direct-tension tests. The test results can be displayed and interpreted,
and a 3D soft-bonded clumped material can be created, in the same way as the parallel-bonded
material example.

Table 14 Microproperties of SS_SoftBonded Material

Property Value
Common group:
N, SS_SoftBonded
T,. a C,. p,|keg/m’] 3,07, 1, 1960
S, Tips (D, [mm], ¢}, D, 0, 0, {4.0,6.0,1.0}, 1.0

10 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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Sevs B, [MPa), &, &, 1y, 10000, 30, 1x102, 8x107, 2x10°
C,n, 1, 0.30

Soft-bonded material group:

g [mm|, 4, E"[GPa], x", B 0, 1.0, 1.5, 1.5, 1.0
(Uc){msd} [MPa], (C){m,sd} [MPa], 7, ¢[degrees] {1.0,0}, NA, 20, 0.0
S0 A A 0.0, 0.0, 04, 0.0, 0.0

Linear material group:
E[GPa], &, u, 15,15, 04

* Soft-bonded material parameters are defined in Table 9 of the base memo.

soft-bond cement

SS_SoftBonded
1276 grains, ¢, =6.6
dy, =52 mm

Figure 40  SS_SoftBonded material at the end of material genesis with grains and
intact soft bonds in the microstructural box.

2.7 Flat-Jointed Material (2D Disks and Clumps)

The 2D flat-jointed material example is in the mg_£3j2D example-project directory. A 2D flat-
jointed material (consisting of rigid unit-thickness disks) is created to represent a typical
sandstone, which we take to be Castlegate sandstone.”” We denote our sandstone material as the
SS_FlatJointed2D material with microproperties listed in Table 15. The material is created in a
square-cuboid material vessel (of 50 mm side length and unit depth, with a 3 GPa effective

" Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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modulus). The grain-scaling packing procedure is used to pack the grains to a 30 MPa material
pressure, and then the flat-joint contact model is installed between all grains that are in contact
with one another, with the flat-jointed material properties being assigned to those flat-jointed
contacts (see Figure 41). The material is then subjected to compression, diametral-compression
and direct-tension tests. The test results can be displayed and interpreted, and a 2D flat-jointed
clumped material can be created, in the same way as the parallel-bonded material example.

Table 15 Microproperties of SS_FlatJointed2D Material

Property Value
Common group:
N, SS_FlatJointed2D
T,a C,p, [kg/mﬂ 4, 0.7, 1, 1960
S, Tps (D, [mm], ¢}, D, 0, 0, {1.6,2.4,1.0}, 1.0
Packing group:
Sevs B, [MPa), &, &ipo My, 10000, 30, 1x102, 8x107°, 2x10°
___________________________ A N S
Flat-jointed material group:
Ciss &[], 65, . (8, ) [mm], N, false, 0, 1, 0, {0,0}, 2
{C.. A}, E"[GPa], ", u {0, 1.0}, 3.0, 1.5, 0.4
(0.) g [MPa], (), , [MPa], 7, ¢, M,, §degress] {1.0,0}, NA, 20, 0.0, 0, 0

Linear material group:
E[GPa], k., 4, 15,15, 04

* Flat-jointed material parameters are defined in Table 11 of the base memo.
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square,s =10 mm

50 mm

N

flat-jointed interfaces

SS_FlatJointed2D
719 grains, ¢, =8.6 (2 elem./intfc.)
ds; =2.0 mm

Figure 41  SS_FlatJointed2D material at the end of material genesis with grains
and flat-jointed interfaces in the microstructural box.

2.8 Flat-Jointed Material (3D Spheres and Clumps)

The 3D flat-jointed material example is in the mg_£3j3D example-project directory. A 3D flat-
jointed material is created to represent a typical sandstone, which we take to be Castlegate
sandstone.”> We denote our sandstone material as the SS_Flatlointed material with
microproperties listed in Table 16. The material is created in a cubic material vessel (of 50 mm
side length, with a 3 GPa effective modulus). The grain-scaling packing procedure is used to pack
the grains to a 30 MPa material pressure, and then the flat-joint contact model is installed between
all grains that are in contact with one another and the flat-jointed material properties are assigned
to those flat-jointed contacts (see Figure 42). The material is then subjected to compression,
diametral-compression and direct-tension tests. The test results can be displayed and interpreted,
and a 3D flat-jointed clumped material can be created, in the same way as the parallel-bonded
material example.

Table 16 Microproperties of SS_FlatJointed Material

Property Value
Common group:
N, SS FlatJointed
T.C. & &, & C, p|kgn | 4, NA, NA, NA, 07, 1, 1960

12 Properties of Castlegate sandstone are listed in the first paragraph of Section 2.0.
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Sy Tps (D [om], ¢, D, 0, 0, {4.0,6.0,1.0}, 1.0
 Packing group:
Sews B, [MPa], &, &, 10000, 30, 1x1072, 8x107, 2x10°
C,n 1, 0.30
_____________________________ e ]
Flat-jointed material group:
CM’ gl[mn]’ ¢B’ ¢G’ (go){m,sd} [nln]’ {]vr’Na} false: 0: 13 Oa {O:O}a {1:3}
{C, A}, E'[GPa], K, u {0, 1.0}, 3.0, 1.5, 0.4
(0:) g [MP2, (c),,, , [MPa], 7, ¢, M,, ¢]degrees| {1.0,0}, NA, 20, 0.0, 0, 0
Linear material group:
E[GPa], x,, u, 1.5, 1.5, 04

* Flat-jointed material parameters are defined in Table 11 of the base memo.

cube, s =20 mm

flat-jointed interfaces
SS_Flatlointed
1276 grains, ¢, =19.9 (3 elem./intfc.)
dy, =5.2 mm

Figure 42  SS_FlatJointed material at the end of material genesis with grains and
flat-jointed interfaces in the microstructural box.

2.9 Flat-Jointed Material (3D Rigid Blocks)

The 3D flat-jointed Voronoi- and tetrahedral-grain examples are in the ExampleProjects3D
directory with the subdirectory names of mg_£3jVor3D and mg_£jTet3D, respectively. These
materials represent Lac du Bonnet granite and are denoted as LdB_FJvorC and LdB_FJtetC, with
microproperties listed in Tables 17 and 18 , respectively. The material-creation procedure and
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behavior during compression and tension tests are described in Potyondy et al. (2020) and shown
in Figure 43. The materials (including a spherical-grain material) are shown in Figure 44. The
material is then subjected to compression, diametral-compression and direct-tension tests. The
test results can be displayed and interpreted in the same way as the parallel-bonded material
example.

Table 17 Microproperties of LdB_FJvorC Material (Voronoi grains)

Property Value
Common group:
N, LdB_FJvorC
T,G ¢, ¢, aC, ,ov[kg/m}} 4, 1, 0.01, 6, 0.7, 1, 2630
Sp> Toor { Dy [0, 4}, Do . Q 0 {1522510), 10, NA
| Packing group:
Ses B, [MPa], &5, & 1y, 10001, 30, 1x107, 8x107, 2x10°
C,n 1, 0.30
| Flatjointed material group:
Coo &[0, 1 1 (2), [, (N} NA NA 10,00, {13
{C,, A}, E'[GPa], k", u NA, 60, 1.5, 0.6

(02) g [MPa], (€),,,, [MPal, 7 ¢, M, §[degrees] [ {94113, {73876, 0, 0, 0, 3

Linear material group:
E[GPa], &, u, 60, 1.5, 0.6

* Flat-jointed material parameters are defined in Table 11 of the base memo.
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Table 18 Microproperties of LdB_FJtetC Material (tetrahedral grains)
Property Value
Common group:
N, LdB_FJtetC
T,GC. &, 6 0C, pv[kg/nf] 4,2, 0.01, 6, 0.7, 1, 2630
Ser Ty {Dyy [mm], ], Dy f, 0, 0, {1.5,2.25,1.0}, 1.0, NA
[ Packing group:
Sevs B, [MPa], &, & 1y, 10001, 30, 1x102, 8x107, 2x10°
C, n, 1, 0.30
Flat-jointed material group:
G & [mm), ¢y, . (8,),,. [m], (NN} NA, NA, 1, 0, {0,0}, {13}
{C,, A}, E'[GPa], k", u NA, 80, 1.5, 0.2
() s [MPa, (c),., , [MPal, 7, ¢, M, §[degress] | {12,1.4}, {240,288}, 0, 0, 0, 0
Linear material group:
E[GPa], k., 4, 180, 1.5, 0.2
* Flat-jointed material parameters are defined in Table 11 of the base memo.
Triaxial Tests
Effect of Confinement on Stress-Strain Curves
350
Confinement (MPa)
300
I 250
[-9
=3
2 200
?E 150
% 100
50
0
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00
Axial Strain (%)
Figure 43  Stress-strain response during triaxial tests on the flat-jointed Voronoi-
grain material. (From Fig. 31 of Potyondy et al. [2020)
ITASCA Minneapolis Page 43 www.itascacg.com

Minnesota, U.S.A.

+1(612) 371-4711



Material Modeling Support for PFC: Example Materials [mmPkg9.4b] October 5, 2026
Ref. ICG7766-L Potyondy

835 grains 835 grains 1532 grains

18 mm

Spherical Grains Voronoi Grains Tetrahedral Grains

Figure 44  Flat-jointed materials with spherical, Voronoi and tetrahedral grains.
(From Fig. 9 of Potyondy et al. [2020])
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