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Problem

* R. Sain(2010) and others
showed that elastic
heterogeneity is the key to
understand the mismatch of
shear moduli between mean-
field theories and lab data in
loose sands

* Model -> spherical grains
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Questions

* Will this heterogeneity change? How?

* How will the elastic moduli affected by
cement?

e How will different cementation schemes

change the influence? .
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Basic model

* A Discrete Element Method simulation
applied by R. Sain(2010)
* Dynamics of grains
* Contact law: Hertz-Mindlin

* Newton’s laws to update grains positions
and velocities
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Original workflow

Compaction step

Compacted reference O
state

Cementation =
effect

Apply infinitesimal

strain and calculate
dynamic moduli
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Theoretical model

 J. Dvorkin proposed solutions for contact
normal and shear stiffnesses of mildly
cemented sandstone
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Can we use it?

* Assumptions of this model
* Point contact for grains
* |dentical elastic spherical grains
* Mean field theory

* Only the contact law of this cement
model is implemented
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New workflow

Compaction

Compacted reference state

Apply cement contact law

e Infinitesimal strain - make the grains “feel”

Cemented reference state

¢ When a stable mean stress is reached

Apply infinitesimal strain and
calculate dynamic moduli
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Cement schemes

Scheme 1 Scheme 2 Scheme 3
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Cement schemes

Scheme 3

Scheme 1 Scheme 2
ldentical Cemented
cemented stiffness is
stiffness at related to
every contact original

contact radius

Allow creating
new contacts
with cement
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Moduli trends-scheme 1
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Moduli trends-scheme 2
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Moduli trends-scheme 2
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Moduli trends-scheme 2
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Moduli trends-scheme 2
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Moduli trends-scheme 3
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Poisson’s ratio at 1MPa
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Poisson’s ratio at 1MPa- scheme 1
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Poisson’s ratio at 1MPa- scheme 2
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Poisson’s ratio at 1MPa- scheme 3
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Heterogeneity trends

* The Poisson’s ratio difference between
mean field theory models and simulation

results reflect the level of effective elastic
heterogeneity

 Define this difference as “relaxation
effect”
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Poisson’s ratio at 1MPa- scheme 3

Poisson’s Ratio

0.2

0.18

0.16

0.14

0.12

0.1

0.08

0.06

0.04

0.02

T T =10

I A RS R R $ d=10°
 d=0.04 d=0.01 d=10"

777777777 A xXUncemented data
A Av  elastic
§ Av, V% . heterogeneity
¥ 4 Cement model
| | ‘ X Hértz-MinIin model
| | | | | J

0.26 0.28 0.3 0.32 0.34 0.36

Porosity

Xia and Mavko C1 - 23



Geometric and mechanical heterogeneities

 To illustrate the existence of
heterogeneities for

* Coordination number
* Contact/cement radius
* Normal/shear contact force magnitude

* Only showing results of scheme 3 on
1MPa compacted reference state
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Coordination number distribution
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Contact/cement radius distribution

Normalized distribution

Mean field prediction
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Normal contact force magnitude distribution

Mean field prediction

1 T T T, Y O L — — i
‘F T uncemented ||

T | v 1| A o105 |
| W\ | | | d=10"*

ot O AT VAT I D

‘\]\ ARAL S
oy pe

0.6 ¢ |- Ay
\ M' s s s

R (L R TI

T AT

| My j

s a1V, VISV

Normalized distribution

LA
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Normalized normal contact force magnitude

Xia and Mavko C1 -



Shear contact force magnitude distribution

Normalized distribution

Mean field prediction
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Some observations

e Scheme 1

* cement reduces the “relaxation effect”.

e Reason: change of contact radius distribution.
* Scheme 2

* cement brings mild increases of heterogeneity
to shear contact force magnitude and no
changes to other heterogeneity factors.

e Scheme 3

* cement increases the “relaxation effect” at very

low cement level, but decreases when cement
level raises.

e Reason: creation of new contacts when cement
level is high enough.
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Conclusion

e All examined geometric and mechanical
parameters are heterogeneous, unlike the
prediction of mean-field theories

* Cementation generally increase elastic moduli of
granular media, but the moduli-porosity trends
vary for different schemes

* The geometric factors are dominant in
determining the effective elastic heterogeneity

* Cementation which deposits evenly on grain
surface tend to reduce the effective elastic
heterogeneity and make Poisson’s ratio to drop
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* Thank you!
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*BACKUP SLIDES



Normal stiffness at certain contact radius

Hertz-Mindlin vs Cemented-sand model
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Model setting/inputs

* Cementation happens after initial compaction, so the cement
won’t affect compaction

* Experiment on grain packs consisting of 621 identical grains
* Input properties:
* Quartz as both grain and cement mineral
* G=45GPa, v=0.08, p=2650kg/m?
Isotropic pressures for the compacted reference states are
* 1Mpa, 5MPa, 10MPa, 15MPa, 20MPa

* Scheme 1

* 2 cement levels: a=0.1; a=0.2
* Scheme 2

* 3 cementlevels: r=1.01;r=1.2; r=1.5
* Scheme 3

* 5 cementlevels: d=10>;d=10%*:d=103:d=102%;d=0.04
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Poisson’s ratio at 1MPa
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Relaxation effect at 1MPa
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