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Part 1: Clay behaviour

AFM and SEM



Clay — challenges posed
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Particle scale model of kaolinite

https://www.minersoc.org/images-of-clay.html
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Silicon tetrahedra and aluminium
octahedra structural units
(Mitchell and Soga, 2005,

https://www.miramodus.com . . : :
ps:// ) Simulate interactions using Gay — Berne

Potential — generalization of Lennard Jones
Potential for ellipsoids



DLVO model

Derjaguin-Landau-Vervey-Overbeek Mode

Developed to explain colloidal behaviour-
equilibrium of colloids in solution

Dates from 1950s
Generally accepted in soil mechanics

Gives force / energy per unit area
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Van der Waals Energy

* Attractive force (in case of colloids)

s 1 1 1 Assume two
vdv 12n h2 (h+81+82)2 (h+8)% (h+68y)? infinite parallel
plates

* h=separation distance

 Mineralogy of the clay considered and type of

solvent through Hamaker Constant Ay | Model
parameters /

* Thickness of interacting particles 0;



Electrostatic Energy

. e 291, exp(kh) — 7 — 13
Coulumb r<0 eXp(ZKh) . 1

* Dielectric permittivity ¢, Vv
* Kk - Debye length which depends on salt concentration p .V

* Surface potential Y, Challenging to determine accurately



Atomic Force Microscopy (AFM" @

kaolinite

System to determine

cantilever bending moment N o o
Silicon nitride tip on mica in air

A
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Forces on kaolinite:

AFM-> topography, stiffness and adhesion HS = high salinity, LS -Low salinitiy

Yesufu-Rufaia et al. (2020)
https://doi.org/10.1016/j.fuel.2020.117807



Particle-scale measurements

Atomic Force Microscopy measurements of surface
charge

Gupta (2011) and Liu (2015) working with Miller at the
University of Utah

2 um

AFM image of kaolinite

Kumar (2017) University of Twente particle edges (Liu, 2015)

Both highlight different pH sensitivity of alumina and
silica faces



Surface charge

* Influenced by salt concentration and

acidity of environment
60

OSilica Face of Kaolinite

40 - OAlumina Face of Kaolinite

20 +
0

-20 4
-40 -
-60 -

Surface Potential mV

-80 +

1mMol KCI
pH

-100

* Atomic Force Microscpy (AFM)
measurements from Gupta (2011)

e Additional measurements Liu (2015)

Al Face
Positive or negative charge
Moderately pH-dependent

Si Edge
Positive/negative charge
Highly pH-dependent

Al Edge
Positive / negative charge
Highly pH-dependent

Al Gibbsite Sheet

Si Silica Sheet

Si Face
Always positive
Slightly / not pH-dependent

Type 2 < Type 1>> Type 2




Required system size

1.5
—1000 p

—10000 p

—100000 p

Void ratio e [-]

log(P) [kPa]

1,000 particle system

100,000 particle system

SEM image of kaolinite
(Mineralogical Society of Great Britain and Ireland)



Part 2: Granular soils

Interferometry and surface roughness



Stiffness
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GO/F(e):MPa

Pressure-Stiftness Relationship

10*

* Elastic theory explains pressure
dependency: contact area increases
as pressure increases — larger area
gives a larger stiffness

e Elastic theory predicts that
Go o (p")/3

[ER,
S
W
71

* Experimental data for sand gives
Go < (p)/?2

10 10

' KP Otsubo and O’Sullivan S+F (2018)
p': kPa



Roughness-dependant contact behaviour

Contact Asperity dominated Transitional Hertzian
between t
smooth elastic NCzontact
spheres : between 5,=0.825;
Hertzian rough 5, =124 S
behaviour spheres
6r1=2.115;

Normal force
Normal force

v

o
(Contact normal deformation)




Controlling and Surface Roughness

Ballotini + Toyoura Sand

Used spherical glass beads to isolaty
roughness from shape (form) effect

Measured roughness using
Interferometry




Surface roughness measurement

Optical interferometry Quantify surface roughness

RMS S = \/lzn“zf

roughness

"Base line



yum

Relative Elevation

Roughened Ballotinl

1000 (s - ; 1000 um

7.51um

Relative Elevation
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Quantifying Stiffness Iin Laboratory

(Transmitter) generator

N l
/| Oscilloscope\
T
4/\/\/\/\,
Specimen 4/\/\/\/\,

¢ =50 mm

l T output ‘

[ Amplifier ] { Amplifier J
v .

: 4
input
Shear plates <—p Function J

110 mm

/
/'/‘ T .
Shear plates
(Receiver) -

(Otsubo, 2017)



Simulating Tests using DEM

Wall boundary

« DEM code: LAMMPS
155,165 particles

« Diameter : D = 2.54 mm (mono-size)

D :mm

1.4

 Particle shear modulus : Gp = 25 GPa

1.2 :
E  Periodic * Particle Poisson’s ratio : v, = 0.2

1.1 :
~ boundary

 Inter-particle friction :

« 11=0.0 (dense) 0.15 (loose)
« p’=100kPa to 10MPa

- Planar shear waves

1.0

Y | X Wall boundary
-~ (Otsubo, 2017)



Roughness-dependant contact behaviour

DEM Contact Model

Normal force

A

Asperity dominated Transitional Hertzian

NTZ
] Contact
170825 between
02~ 1245 roughened
§r1=2.115; spheres




GO/F(e) : MPa

[
-

10

Surface Roughness and Stiffness

(OV)
T

p':kPa

nﬁ}l”ﬁ-’:f’(/,‘j:‘ 7

.7 /" 7 Pad

- - ¥ ’

‘/ ,‘//‘, //

e 7

/~ <

' 72\ e S, = 58 nm (n = 0.385)]

L0 » S, = 127 nm (n = 0.439)
4 S, =267 nm (n = 0.499)
¢ S, = 586 nm (n = 0.534)

10 10°

G,/ F(e) : MPa

10

(U
)
W




DEM data on Contact Evolution

Proportion of contact type
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Part 3: Void space topology + fluid flow
in void space



Application: Embankment dams

Impervious
core

Transition zone
Riprap and bedding ~

Chimney drain

Chimney filter
Downstream shell

_ { Seepage stability berm

blanket shell

Impervious -\ Upstream

-

Cutoff ) ~J T &
trench £/ L I
\ /X, _Blanket o ';&—i_Drginage ditch

Cutoff wall \ TOGF i!_ Relief well
Trench drain ~ Drain e elerwe

il

N !

filter trench

W\

Vi
9 (FEMA, 2011)

Downstream
protection

Paraperios dam - May 26 2010



Filtration

* Filter should retain finer base material

* [D,s often used as a means to infer
constriction sizes

* Originates from Terzaghi’ s filter rule
(Sherard & Dunnigan, 1989; ICOLD,
2015)

* Supported by macro-scale filtration
experiments (Kenney et al., 1985)

(FEMA, 2011)



Research questions: Retention

What is the relationship between the size of constrictions and
D157

Does particle scale analysis support use of the ratio D;5-/ Dgsg
In design?

Is geometric partitioning of the void space relevant for fluid
mechanics?

What are the fluid — particle interaction forces?



Filtration — Samples Considered

Laboratory Experiments DEM Simulations

Leighton Buzzard Leighton Buzzard Glass Beads Spheres Spheres Spheres
Sand Sand C,=3 C,=1.2 C,=3.0 C,=6.0
C,=3 C,=15

(Taylor, 2017) (Shire, 2018)



Determining constriction size distribution

Generate particle scale Apply void partitioning Calculate. anstriction Size
data algorithm Distribution
_ 100
Particle s
/ By number
75- /
5 /csD
£ 50 /
@ PSD
=S f
25. /  Byvolume
0~ - S r
0.155 0.25 0.5 0.751 2

Diameter (mm)



|dentifying constrictions in DEM

Triangulation of particle
Particle centres

Triangulation weighted by

Void : .
o particle radii

Constriction

Particle

Face of triangles are
constrictions

Spheres tangent to

particles forming
/ Delaunay cell

Overlap distance used to
assess whether Delaunay
cells should be merged

Reboul et al. (2010)



Micro Computed Tomography (microCT)

X-ray
source Sample Detector

Micro Computed Tomography (Micro CT)

PhD Thesis Howard Taylor (2016)



ldentifying constrictions in uCT

Constrictions local
maxima of
distances to

MCT image _Watershed | ygigg Void Boundaries particles

Segmentatio

N Taylor et al. (2017)



Comparing algorithms

— —m Particle 100

)
o

pa "sing (by number)

Percent
N
o

- O
o> BT
N

3% B

‘Contact Delaunay triangulation
triangulation of particles

o0
o

,.-":‘—MicroCT watershed

—Delaunay, lower limit
~-Delaunay, upper limit |
—Contact triangulation

103

Constriction diameter, microns

Shire et al. (2016)



Constriction size distributions (DEM)

Particle size Constriction size distribution
100 et + -F " £ ,. i 100 t
/ . .
/; J Constrictions
/ , become
75" ,/ '/ 1 75+ larger to Cu = Very similar
g N 3 constriction
% /,’ ko sizes for Cu
I 4 ] [s >
= >0 —Cu=1.2 — g 50’ > *
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% passing (by num)

Filtration - Constriction Sizes

MicroCT Experimental data
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Filtration — Constriction Density / Spacing
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Sheffield Permeameter Experiments

Sanvitale et al. (2021) https://doi.org/10.1680/]jgeot.20.P.432



https://doi.org/10.1680/jgeot.20.P.432

Sheffield Permeameter Experiments — CFD

Mesh

Orniginal image

(a) Data preparation

Data

augmentation

X v
|1 oo
AL
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Elc v -
§ s% ¥ \ " Threshold
o s
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Sanvitale et al. (2021) https://doi.org/10.1680/|geot.20.P.432

(b) U-Net training

(a)
234 pixels @ 0.1 mm

X
234 pixels

>
>

250 pixels
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https://doi.org/10.1680/jgeot.20.P.432

Sheffield Permeameter Experiments — PIV —

CFD comparison
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https://doi.org/10.1680/jgeot.20.P.432

: . : CFD output
Fluid flow simulations 18-24hrs
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Comparison of geometric and hydraulic

= ' High velocity 100
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https://doi.org/10.1061/(ASCE)GT.1943-5606.0001547

Headloss and streamlines .. .. .=
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CFD+DEM Generated Packings
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Part 4: Semi-solid metals



Seml solld metals — examples ot casting
defects

High pressure die cast Al-9Si-4Cu Defect bands in commercial steering wheel
PhD thesis Kristina Kareh Imperial College London  PhD thesis Te-Cheng Su Imperial College

|l ARAAN



Semi solid metals —
defects

High pressure die cast Al-9Si-4Cu
PhD thesis Kristina Kareh Imperial College London

examples ot casting

3

Key hypothesis: Semi- solra'metals behave as a granular

material .
- tnat

To p1-ove thrs #3im to demonsirxe shear mduced volume *
change or drlatancy

Defect bands in commercial steering wheel
PhD thesis Te-Cheng Su Imperial College

|l ARAAN



., oemi solid metals - Radiographs

X+Z wapes for chambor

\ s chandhe /

Beamlines BL20XU

and
BL20B2 at the
SPring-8 synchrotron,

~ Japan

Yasuda et al.
ISIJ International, Vol. 51 (2011), No. 3, pp. 402—408



Semi solid metals - Radiographs

ib)

Yasuda et al.
ISIJ International, Vol. 51 (2011), No. 3, pp. 402—408



Semi solid metals - Radiographs |

J. Ligad phase Solid phase ALO, [
<) 4 L / v Z// ‘
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Specimen odl|
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Yasuda et al.
ISIJ International, Vol. 51 (2011), No. 3, pp. 402—408



Al-Cu aIons:CFD—DEI\/IE

l L L1 : ~ n
Normalised Y-Axis (yd) []
1310pme" | L 0P on Kepmamant 1310pme* | o 00P on Sapmamant

b o o g . (T on Gemuston)

[= - ~a 0e, (TR o Gemvdationy

r
‘l’ L 3 i - "’ . ‘l’ L 3
5 9 ’ AL
Normaised X Avs (v [-]

Su et al. (2020) e
https://doi.org/10.1016/).actamat.2020.03.011

T L 4 T L 4
' 0
Normalsed X-Axs (wd) []




Experiment Simulation
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Su et al. (2019)
https://doi.org/10.1016/j.actamat.2018.10.006




low solid fraction

liquid expelled at free surface

(b) increased liquid pressure
/ under free surface

A e
Al L
T m—

Al-Cu alloys:CFD-DENe
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pushplate
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Al-Cu alloys:CFD-DEM
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Conclusions

(a) | (b)

signal Detection

Cantilever deflection

: Attraction or repulsion
/’-\_I’\_f"’\\ — -~

Sample

Part 1: Clay Part 2: Surface roughness Part 3: Void space topology Part 4: Semi-solid
metals
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