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1.0 EXAMPLE MATERIALS

The PFC FISHTank produces linear, contact-bonded, parallel-bonded, soft-bonded, flat-jointed and
user-defined (3D hill) materials. Examples for each material are provided in the Example Materials
memos. Each example serves as a base case and provides a material at the lowest resolution
sufficient to demonstrate system behavior. There is a material-genesis project for each material, and
these projects are in the £istPkg7 .N/ExampleProjects/MatGen-M directory, where N is
the version number of the PFC FISHTank, and M is the material type. There are separate 2D and 3D
projects for each material, and both projects are contained within the same example-project
directory. Examples for the linear and contact-bonded materials are provided in the following
subsections.!

! The microstructural arrangement and stress-strain curves obtained with the current FISHTank may vary slightly from
those shown here, which may have been generated by an earlier version of the FISHTank.
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1.1 Linear Material Example

The linear material example is in the MatGen-Linear 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 1. 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 1. 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
2).2 The hysteretic response is the expected behavior.

Table 1 Microproperties of AG_Linear Material

Property Value
Common group:
N, AG_Linear
T.a C, p|kgn] 0, 0.7, 0, 2650
S, Typs {Dy,y [mml, ¢}, D, 0, 0, {14,20,1.0}, 1.0

Packing group:

Sevs B, [KPa], €5, & M | 10000, 150, 1x102, 8x107, 2x10°

C,. Ny Hegs Vi [1VS] 0, 0.58, 0, 1.0
Linear material group:
E [MPa], k', 500, 1.5, 0.4

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

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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152 mm

E =500 MPa

220 mm

AG_Linear
835 spherical grains, n=0.383
D=17.0 mm, D,,=17.8 mm

AG_Linear material packed at 150 kPa material pressure at the end of

Figure 1
material genesis.
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AG_Linear material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*1), end of load stage 2.
PFC3D 7, 00 -Deviator Stress vs. -Axial Strain
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Figure 2 Deviator stress versus axial strain for AG_Linear material tested at
150 kPa confinement, and measurement of resilient modulus.

The linear material example is modified to replace the spherical grains with clumped grains 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 2. 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. The
clumped grains are drawn from a uniform size distribution with diameters ranging from 14 to 20
mm, and with 75% of the grains being dyads and 25% of the grains being peanuts. The diameter of
each clumped grain is the diameter of a sphere with the same volume as the grain. The material-
creation and testing procedures for the clumped material are the same as those for the AG Linear
material.

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 3. The porosity of the clumped material
(0.328) is less than that of the spherical material (0.383) — 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 4). 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 (298 MPa) than the spherical material (181 MPa), with increased stiffness
attributed to reduced porosity.
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Table 2 Microproperties of AG_Linear Clumped Material *

Property Value

Common group:
N AG_Linear [clumped]

T, aC, pv[kg/nf] 0, 0.7, 0, 2650
s Ty {Noo D,y ol g}, D, | 1, 2,0 dyad, 14.20,0.75 -,
£ n s s ct? u mms > mult 9 bl b b
o2 S ) ’ peanut, 14,20,0.25

g

Packing group:
Sevs B, [kPa]a Eps Eim> i 10000, 150, 1x1072, 8x107°, 2x10°
0, 0.43, 0, 1.0

Cp’ nc’ luCA’ vlim [In/s]

Linear material group:
E'[MPa], k", p

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

500, 1.5, 04

147 mm

S
= MPa
2 dyad
peanut
AG_Linear [clumped]
843 clumped grains, n=0.328
D=16.9 mm, D, =17.6 mm
Figure3  AG _Linear clumped material packed at 150 kPa material pressure at

the end of material genesis.



Material-Modeling Support for PFC [fistPkg7.3] (Example Materials 1)

Page 8

PFC3D 7.00

©2021 ltasca Consulting Group, Inc
Mechanical step : 34255

History

-101 mv_wsd() (FISH)
vs. Reversed 3 mv_wea() (FISH),

AG_Linear material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 1), end of load stage 2.
-Deviator Stress vs. -Axial Strain

13 4
1.2 3

11

P =150kPa, £ =0.01s"

w10 3
S E
S09 3
X ]
=08 3

807 3

» E
£0.6 4 M,
= ]
#0.5 7

s E 1
204 4
- ]

203 3 133x10° Pa

] M,=—""— =298 MPa
So2 3 * T (5.0-0.54)x10"

n

0.1
0.0

0.1 3

050 100 150 200 250 3.00 350 400 450
-Axial Strain x10~-4

Figure 4  Deviator stress versus axial strain for AG _Linear clumped material
tested at 150 kPa confinement, and measurement of resilient modulus.
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1.2 Linear Material Example (2D model)

The linear material example for the 2D model is in the MatGen-Linear example-project
directory. The files for the 2D model contain the p2* extension (e.g., MatGen.p2prj and
mpParams .p2dat). 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 3.
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 at a 150 kPa material pressure
as shown in Figure 5. 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 resilient modulus and Poisson’s ratio (see Figures 6 and 7, and note that the modulus
computation requires the value of Poisson’s ratio as discussed in Section 5.2 of the base memo).?
The hysteretic response is the expected behavior.

Table 3 Microproperties of AG_Linear2D Material*

Property Value
Common group:
N, AG Linear2D
a, C,, p,|ke/m’] 0, 0.7, 0, 2650
S,» Typs {Dyyy [mm], 4}, D, 0, 0, {7,10,1.0}, 1.0
 Packing growp:

Sev» By [KPa], &5, &s m | 10000, 150, 11072, 8107, 2x10°
C,, M.y Hegs Vi [1V/5] 0, 0.25, 0, 1.0

Linear material group:
E [MPa], k', p 500, 1.5, 0.4

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

3 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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163 mm

P, =150 kPa

X E. =500 MPa

230 mm

AG_Llinear2D
530 disk-shaped grains, »=0.165
D=85mm, D, =88 mm

Figure 5 AG_Linear2D material packed at 150 kPa material pressure at the
end of material genesis.
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AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 1), end of load stage 2.
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Figure 6  Deviator stress versus axial strain for AG_Linear2D material tested at
150 kPa confinement, and measurement of resilient modulus.
AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
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Figure 7

Radial strain versus axial strain for AG_Linear2D material tested at

150 kPa confinement, and measurement of Poisson’s ratio.
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The linear material example for the 2D model is modified to replace the disk-shaped grains with
clumped grains 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 4. 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 diameters
ranging from 7 to 10 mm, and with 75% of the grains being dyads and 25% of the grains being
peanuts. The diameter of each clumped grain is the diameter of a unit-thickness disk with the same
volume as the grain. The material-creation and testing procedures for the clumped material are the
same as those for the AG_Linear2D material.

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 8. The porosity of the clumped material (0.131) is less than that of the
disk-only material (0.165) — 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 resilient
modulus and Poisson’s ratio (see Figures 9 and 10, and note that the modulus computation requires
the value of Poisson’s ratio as discussed in Section 5.2 of the base memo). The hysteretic response is
the expected behavior. The clumped material is stiffer (459 MPa) than the disk-only material (242
MPa), with increased stiffness attributed to reduced porosity.

Table 4 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
Se» Msps Tops {Nui» Dy [mm], @}, D, | 12,0, {Z;d’utxgggi} 1.0
‘Packing group:

Sws B, [KPa], &5, &0 1y, 10000, 150, 1x107, 8x107, 2x10°

C,o My Hegs Vi [1V/5] 0, 0.25, 0, 1.0

Linear material group:
E [MPa], k', 500, 1.5, 04

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

P, =150 kPa

dyad

*

E,' =500 MPa

228 mm
_:,.y’.«vA i

peanut

AG_Linear2D [clumped]
530 clumped grains, n=0.131

D=8.5mm, D,,=8.9 mm

Figure 8 AG Linear2D clumped material packed at 150 kPa material pressure
at the end of material genesis.
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AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2
PFCZD 7. 00 -Deviator Stress vs. -Axial Strain
©2021 Itasca Consulting Group, Inc. I
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Figure 9  Deviator stress versus axial strain for AG_Linear2D clumped material
tested at 150 kPa confinement, and measurement of resilient modulus.

AG_Linear2D material, Compression test (confined, Pc = 150000 Pa, eRate = 0.01 s*-1), end of load stage 2.
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Figure 10 Radial strain versus axial strain for AG_Linear2D clumped material
tested at 150 kPa confinement, and measurement of Poisson’s ratio.
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1.3 Contact-Bonded Material Example

The contact-bonded material example is in the MatGen-ContactBonded example-project
directory. A 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 5. 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 11). The material is then subjected to compression, diametral-
compression and direct-tension tests. The test results are shown in Figures 12—18.

Table 5 Microproperties of SS_ContactBonded Material*

Property Value

Common group:

N, SS ContactBonded
T, C, p,|kgnt ] 1, 07, 1, 1960
Sy Tp» {Dyy [, 6}, Dy 0, 0, {40,60,1.0}, 10
Packing group:
Seer B, [MPa, &, &, 1, 10000, 30, 1x107, 8x107, 2x10°
C,n, 1, 0.30

Contact-bonded material group:
Linear group:

E [GPa], k', u 30, 15, 04
Contact-bond group:
g [mm] 0
(7)o [MP2], (S,),, , [MPa], 7 {1.0,0}, NA, 20

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

* Contact-bonded material parameters are defined in Table 3 of the
base memo.

4 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 test of 2.9 GPa and 0.33, respectively.
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E=3.0 GPa

P, =30 MPa
g =0
SS_ContactBonded
1276 grains, ¢, =6.1
D=4.8 mm, D,,=5.1 mm

contact bonds as lines

Figure 11 SS ContactBonded material at the end of material genesis with grains
and contact bonds in the microstructural box.
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PFC3D 7.00

©2021 Itasca Consulting Group, Inc.
Mechanical step : 41117

Wall name
Facets (12)
mvBack
mvBottom
mvFront
mvLeft
mvRight
mvTop
Ball
Balls (1276)
[] pall
Fracture group 1
Fractures (469)
B cB-tenFail

SS5_ContactBonded material, Compression test (unconfined, eRate = 0.05 s"-1), end of load stage 1.
Compression Test Cell

P =0, &,=005s"

Figure 12 SS ContactBonded material at the end of the fully unconfined test

with grains and cracks.

PFC3D 7.00

SS_ContactBonded material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1
-Deviator Stress vs. -Axial Strain

©2021 Itasca Consulting Group, Inc.
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Figure 13 Deviator stress versus axial strain for SS_ContactBonded material
tested fully unconfined, and measurement of peak strength and

Young’s modulus.
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PFC3D 7.00

©2021 ltasca Consulting Group, Inc.
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Figure 14 Radial strain versus axial strain for SS ContactBonded material
tested fully unconfined, and measurement of Poisson’s ratio.

PFC3D 7.00

©2021 Iltasca Consulting Group, Inc.
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dcBottom
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Fracture group 1
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SS_ContactBonded material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1.
Diametral Compression Test Specimen

£,=005s"

Figure 15 SS_ContactBonded material at the end of diametral-compression test
with grains and cracks.
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PFC3D 7.00

©2021 ltasca Consulting Group, Inc
Mechanical step : 38334
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SS_ContactBonded material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1.
-Axial Force vs. -Axial Displacement
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Figure 16 Axial force versus axial displacement for SS_ContactBonded material

during the diametral-compression test, and measurement of Brazilian
tensile strength.

PFC3D 7.00

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

©2021 Itasca Consulting Group, Inc.
Mechanical step : 8622

Ball group 1
Balls (1276)

ﬁ 1tGripBottom

ttGripNot
tGripTop
Fracture group 1
Fractures (94)
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£,=005s"

Figure 17 SS_ContactBonded material at the end of the direct-tension test with
grains and cracks.
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55_ContactBonded material, Direct-tension test (eRate = 0.05 s*1), end of load stage 1
PF C3D 7, 00 Axial Stress (measurement based) vs. Axial Strain (boundary based)
©2021 Itasca Consulting Group, Inc
Mechanical step : 8622

History

101 mv_msa() (FISH)
vs. 3 tt_bea() (FISH)

Mkl M G S 4 S W Wl 4 R T O o 4 M R o 1 1 T 1
Axial Strain x10"-4

Figure 18 Axial stress versus axial strain for SS_ContactBonded material
during the direct-tension test, and measurement of tensile strength.

The contact-bonded material example is modified to replace the spherical grains with clumped grains
by replacing the call to mpParams.p3dat in MatGen.p3dvr with a call to mpParams-
Clumped.p3dat. The new material is denoted as a contact-bonded clumped material with
microproperties listed in Table 6. 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 3). The clumped grains are drawn from a uniform size distribution with
diameters ranging from 4 to 6 mm, and with 75% of the grains being dyads and 25% of the grains
being peanuts. The diameter of each clumped grain is the diameter of a sphere with the same volume
as the grain. The material-creation and testing procedures for the clumped material are the same as
those for the SS_ContactBonded 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 contact bonds are added between all grains that are in contact with one
another (see Figure 19). The bond coordination number of the clumped material (10.3) is larger than
that of the spherical material (6.1), and the porosity of the clumped material (0.299) is less than that
of the spherical material (0.330) — 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 Figures 20 and 21. The clumped material is
stronger (5.9 MPa versus 2.7 MPa) and stiffer (2.8 GPa versus 2.0 GPa) than the spherical material,
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with increased strength and stiffness attributed to increased bond coordination number and reduced

porosity.

Table 6 Microproperties of SS_ContactBonded Clumped Material

Property Value
Common group:
N, SS ContactBonded [clumped]
T,aC,p, [kg/nﬂ 1, 07, 1, 1960

dyad, 4.0,6.0,0.75
Sg, N, ED, {]Va, l){l,u} [I'Il’l’l], ¢}’ l)mull‘ 120, {peanut,4,0,6.0,0.25}’

Packing group:

Sew» B, [MPa], &, &, my, 10000, 30, 1x102, 8x107, 2x10°
C,n, 1, 0.30

Contact-bonded material group:

Linear group:
E [GPa], k', u 30, 15 04
Contact-bond group:
g [rom] 0

(T,) g [MPa. (S,),,., [MPa]. 7 (10,0}, NA, 20

o

Linear material group:
E [GPa], k,, 4, 3.0, 1.5, 0.4

* Contact-bonded material parameters are defined in Table 3 of the base
memo.
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E; =3.0 GPa /wm

P, =30 MPa
il
SS_ContactBonded [clumped]

178! clinmped|prain stiiliSill S
D=4.9 mm, D,, =52 mm

contact bonds as lines

Figure 19 SS ContactBonded clumped material at the end of material genesis
with grains and contact bonds in the microstructural box.
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S55_ContactBonded material, Compression test (unconfined, eRate = 0.05 s*1), end of load stage 1.
PFC3D 7. 00 Compression Test Cell
©2021 Itasca Consulting Group, Inc. I i
Mechanical step : 88887 Vot =0, &, =0.05s
Wall name
Facets (12)
mvBack
mvBottom
mvFront
mvLeft
mvRight
mvTop
Ball
No objects fit the plot criteria.
Balls (0)
Fracture group 1
Fractures (2390)
CB-tenFail
Clump group Any
Clumps (2885)
Default=dyad-SD1
Default=peanut-SD2
z
I
X
Figure 20 SS ContactBonded clumped material at the end of the fully
unconfined test with grains and cracks.
SS_ContactBonded material, Compression test (unconfined, eRate = 0.05 s™1), end of load stage 1.
PFC3D 7, 00 -Deviator Stress vs. -Axial Strain
©2021 Itasca Consulting Group, Inc
Mechanical step : 88887 55 P =0 & 0.05 i
History 1 5 e S 0,=59MPa
-101 mv_wsd() (FISH) 5.0
vs. Reversed 2 mv_wea() (FISH)| ]
o 4.5
Sl R
> ]
X 4.0
& 3.5
ey ]
£
o 2.5 3 1
5 2.0 3.4x10° Pa
=i E=="——"=28GPa
RE 1.2x10
Ll .
1.0
0.5 -
0.0 Frr—r—r—rrr—rrr e
RSt BTG e TR YC EEMC W RS o M- SHEEHED WO MERRHE W0 SR (. S (B G S 0 T M 4 s R R A1
-Axial Strain x107-3

Figure 21 Deviator stress versus axial strain for SS_ContactBonded clumped

material tested fully unconfined, and measurement of peak strength
and Young’s modulus.
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1.4 Contact-Bonded Material Example (2D model)

The contact-bonded material example for the 2D model is in the MatGen-ContactBonded
example-project directory. The files for the 2D model contain the p2* extension (e.g.,
MatGen.p2prjandmpParams.p2dat). 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 22). The material is then subjected
to compression, diametral-compression and direct-tension tests. The test results are shown in Figures
23-29.

Table 7 Microproperties of SS _ContactBonded2D Material*

Property Value

Common group:

Nm SS ContactBonded2D
T, C, p|kefn | 1, 0.7, 1, 1960
S Ty Dy, [mm0], ¢}, D, 0,0, {62410}, 10

Packing group:

S B, [MPa], &, &s 1 | 10000, 30, 1x102, 8x10°, 2x10°
C.n 1, 0.08

Contact-bonded material group:

Linear group:

E'[GPa], ', u 30, 1.5, 04
Contact-bond group:
g [mm| 0
(7)o [MP2]. (S,),,,.,, [MPa] (10,0}, {200,0}

Linear material group:
E, [GPa], &, 4, 3.0, 1.5, 0.4

* Contact-bonded material parameters are defined in Table 3 of the
base memao.

5 Typical properties of Castlegate sandstone are listed in footnote 4.
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square, s =10 mm

A
(]

50 mm

SS_ContactBonded2D contact bonds as lines
719 grains, ¢, =4.0
D=1.9 mm, D,,=2.0 mm

Figure 22 SS_ContactBonded2D material at the end of material genesis with
grains and contact bonds in the microstructural box.
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PFC2D 7.00

©2021 ltasca Consulting Group, Inc
Mechanical step : 63050

Wall name
Facets (4)
mvBottom
mvLeft
mvRight
mvTop
Ball
Balls (719)
[] ba
Fracture group 1
Fractures (137)
B cB-enFail

Compression Test Cell

55_ContactBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1

P =0, §=005s"

\%\l’l\\\

I M a

{ H\H !

/\L \‘9

<

\
l’l /,S‘ N

|
|

_-"_-’
p oo

Figure 23 SS ContactBonded2D material at the end of the fully unconfined test
with grains and cracks.

PFC2D 7.00

©2021 Itasca Consulting Group, Inc
Mechanical step : 63050

History

-101 mv_wsd() (FISH)
vs. Reversed 2 mv_wea() (FISH)|

S55_ContactBonded2D material, Compression test (unconfined, eRate = 0.05 s*1), end of load stage 1.

-Deviator Stress vs. -Axial Strain

L8 1 gz

83 P=0, §=005s

:=0,6,=005s =19 MPa

1.6

o

<

S14

X

§1.2

v (i

£ AE

7

. 0.8 1

z 1.04x10° Pa

g 06 E'=———_—"=26GPa

a 0.4x10

104

o E=E'(1-v*)=254 GPa

YK W . T T A ) A0 AT 0 T A0 AT A
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

-Axial Strain x107-3

Figure 24  Deviator stress versus axial strain for SS_ContactBonded2D material
tested fully unconfined, and measurement of peak strength and
Young’s modulus.
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SS5_ContactBonded2D material, Compression test (unconfined, eRate = 0.08 s*1), end of load stage 1.
PFCZD 7, 00 Radial Strain (measurement based) vs. -Axial Strain
©®2021 ltasca Consulting Group, Inc 2101l = Il i1
Mechanical step : 63050 ] B :0’ & =0.05s
History 1.8 7
402 mv_mer() (FISH) ]
vs. Reversed 2 mv_wea() (FISH)| 1.6 '
il 027
<
=
vl Yl v
=
®1.0 4
& ] 1
o] ] i
=08 0.68x10™
o} i .
= V= W =0.17
U
1 v
04 y=—=z0.15
1+v
0.2
1 - U e

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
-Axial Strain x107-3

Figure 25 Radial strain versus axial strain for SS_ContactBonded2D material
tested fully unconfined, and measurement of Poisson’s ratio.

SS_ContactBonded2D material, Diametral-compression test (eRate = 0.05 s*1), end of load stage 1.
PFCZD 7, 00 Diametral Compression Test

©2021 Itasca Consulting Group, Inc. )
Mechanical step : 49478 &, = 0.05s”

‘Wall name Vi
Facets (2) ! V)
dcBottom ¥
dcTop /
Ball v/
Balls (576) ‘ i !
[ bal \
Fracture group 1 |
Fractures (35) [
B cB-tenFail

Figure 26 SS_ContactBonded2D material at the end of diametral-compression
test with grains and cracks.
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PFC2D 7.00

©2021 Itasca Consulting Group, Inc.
Mechanical step : 49478

History

-101 dc_wfa() (FISH)
vs. Reversed 3 dc_wda() (FISH)

55_ContactBonded2D material, Diametral-compression test (eRate = 0.05 s*-1), end of load stage 1
-Axial Force vs. -Axial Displacement

Page 28

3.80
3.60
3.40
3.20
3.00
280
S 2.60

=38 kN

max

a

£,=005s"

£72.20
%2.00
E 1.80
= 1.60
= 1.40
¥ 1.20
1.00
0.80
0.60
0.40
0.20

38x10° N
T (25%107° m)(1 m)

dlmax ~

TRt

=0.48 MPa

Oy

0.50 1.00 1.50 2.00 2.50 3.00 3.50 4.00
-Axial Displacement [m] X10/-5

Figure 27 Axial force versus axial displacement for SS_ ContactBonded2D
material during the diametral-compression test, and measurement of
Brazilian tensile strength.

PFC2D 7.00

S5_ContactBonded2D material, Direct-tension test (eRate = 0.05 s*1), end of load stage 1.
Tension Test

©2021 Itasca Consulting Group, Inc.
Mechanical step : 14158

‘Wall name

Facets (0)

No objects fit the plot criteria.
Ball

Balls (719)

[] bal

Fracture group 1

Fractures (17)

CB-tenFail

& =005s"

!|f

Figure 28 SS_ContactBonded2D material at the end of the direct-tension test
with grains and cracks.
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S5_ContactBonded2D material, Direct-tension test (eRate = 0.05 s*1), end of load stage 1
PFCZD 7. 00 Axial Stress (measurement based) vs. Axial Strain (boundary based)
©2021 Itasca Consulting Group, Inc.
Mechanical step : 14158

5504
101 mv_msa() (FISH) 5.00 0, =0.59 MPa
vs. 3 tt_bea() (FISH) 4503

°400—
X
‘?3.50:
= 3
@ 3. 00-
:250—
m 200—
4151;0-

1.00—_

o.so—f

||||||||||||||||||||||||||||||||||||||||||||||||

020 040 060 080 100 170 140 160 180 200 270
Acxial Strain x107-4

Figure 29 Axial stress versus axial strain for SS ContactBonded2D material
during the direct-tension test, and measurement of tensile strength.

The 2D contact-bonded material example is modified to replace the disk-shaped grains with clumped
grains by replacing the call to mpParams . p2dat inMatGen . p2dvr with a call to mpParams-
Clumped.p2dat. The new material is denoted as a 2D contact-bonded clumped material with
microproperties listed in Table 8. 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 (see Figure 8). The clumped grains are drawn from a uniform size distribution
with diameters ranging from 1.6 to 2.4 mm, and with 75% of the grains being dyads and 25% of the
grains being peanuts. The diameter of each clumped grain is the diameter of a unit-thickness disk
with the same volume as the grain. The material-creation and testing procedures for the clumped
material are the same as those for the AG_ContactBonded2D material.

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 contact bonds are added between all grains that are in
contact with one another (see Figure 30). The bond coordination number of the clumped material
(6.4) is larger than that of the disk-only material (4.0), and the porosity of the clumped material
(0.106) is less than that of the disk-only material (0.139) — 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 31-33. The
clumped material is stronger (5.1 MPa versus 1.9 MPa) and stiffer (3.5 GPa versus 2.5 GPa) than the
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disk-only material, with increased strength and stiffness attributed to increased bond coordination

number and reduced porosity.

Table 8 Microproperties of SS_ContactBonded2D Clumped Material

Property Value
Common group:
Nm SS ContactBonded2D
T.a C, p|kgn | 1, 07, 1, 1960

dyad, 1.6,24,0.75
S i T {Nos Dy [, ¢, Dy | 120, {peanut, 1.6,24,025)°

Packing group:
Sev» B, [MPa), &, &, 1, 10000, 30, 1x1072, 8x107, 2x10°
G, n 1, 0.08

(4

Contact-bonded material group:
Linear group:
E'[GPa], k', 3.0, 15, 04
Contact-bond group:
g [m] 0
(7)) [MP2], (S,),,, , [MPa] {10,0}, {20.0,0}

(e}

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

* Contact-bonded material parameters are defined in Table 3 of the base
memo.
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square, s =10 mm

gy vy
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& //\\ I// \\/
N Ui o S
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0510, 0),0]0

SS_ContactBonded2D [clumped] contact bonds as lines
727 grains, ¢, =6.4
D=2.0mm, D, =2.0 mm

Figure 30 SS _ContactBonded2D clumped material at the end of material
genesis with grains and contact bonds in the microstructural box.

5S5_ContactBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
PFCZD 7. 00 Compression Test Cell

©2021 Itasca Consulting Group, Inc. i
Mechanical step : 111373 P=0,¢ =005s

‘Wall name
Facets (4)
mvBottom
mvLeft
mvRight
mvTop
Clump group Any
Clumps (1639)
Default=dyad-SD1
H Default=peanut-SD2
Fracture group 1
Fractures (463)
B cB-tenFail

L.

Figure 31 SS ContactBonded2D clumped material at the end of the fully
unconfined test with grains and cracks.
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PFC2D 7.00

©2021 Itasca Consulting Group, Inc.
Mechanical step : 111373

History

-101 mv_wsd() (FISH)
vs. Reversed 2 mv_wea() (FISH)

SS_ContactBonded2D material, Compression test (unconfined, eRate = 0.05 s*-1), end of load stage 1.
-Deviator Stress vs. -Axial Strain
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Figure 32 Deviator stress versus axial strain for SS_ContactBonded2D clumped
material tested fully unconfined, and measurement of peak strength
and Young’s modulus.

PFC2D 7.00

©2021 Itasca Consulting Group, Inc
Mechanical step : 111373

History

402 mv_mer() (FISH)
vs. Reversed 2 mv_wea() (FISH)

SS_ContactBonded2D material, Compression test (unconfined, eRate = 0.05 1), end of load stage 1
Radial Strain (measurement based) vs. -Axial Strain
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Figure 33 Radial strain versus axial strain for SS_ContactBonded2D clumped
material tested fully unconfined, and measurement of Poisson’s ratio.



