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on Peace River, NE British Columbia
L 183m high, 2km long
reservoir 70x10°m3; 2.73GW
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WAC Bennett Dam: sinkhole incident 1996

spillway flow 3000m3/s (> Canadian Niagara Falls)
fall in reservoir level: 2m in 7 weeks
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WAC Bennett Dam: cross section
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Core material (Sinkhole 1)
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Canyon section: 2003 seepage model

pore pressures
consistent with
permeability changes
linked with fines
movement

NN silty transition material:
reduced permeability
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Bennett Dam: statement of problem

non-plastic material with changing granulometry and density
*what are consequences for mechanical response of dam?

potential for future deformations?

need model of soil behaviour which can incorporate
changes in density and grading of the soil
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Internal erosion

o ..‘ o ©
‘ ‘ ..‘. O‘ ®

e grain transport by internal seepage

o suffusion

e INcrease in permeability

e potential consequences?

e concentrate on mechanical effects... s
L e ...NOt concerned with process of particle transport J

DUNDEE
—n. 3/



Internal erosion

Teton Dam, Idaho
5 June 1976
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Grading state index

_ . particle size distribution
2 ‘L initially loose samples ¢ 100
v X i initially dense samples ‘,* 80 F
' 5 60
1.5 =
critical state line? ol
10 1 '1 1(') 1;0 07002 005 01 02 05 i Jz
’ pr - MPa grain diameter, mm |
occurrence of crushing 1: before testing
change in grading 2: after compression to 6.21MPa
irreversible 3: after triaxial compression
Chattahoochee River sand wé University of

Vesic & Clough, 1968 BRISTOL



Grading state index
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Grading state index

two examples of general question:

soil grading may change through erosion/transport or crushing
induced by compression/shearing

what effect does this have on mechanical behaviour?

*material changing (irreversibly) while being studied

% University of
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Chattahoochee River sand
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80 :

% finor compression
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»ol.compression grading

62.1MPa
0 | | 1

0.02 005 01 02 05 1 2
particle diameter: mm

e evolving particle size distribution: particle breakage
e triaxial compression with confining pressure 62.1MPa
e (Vesic & Clough, 1968)
L Elic University of J
BRISTOL
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limiting gradings...

A 1100
% finer
. o o ] 80
(fractal) limiting
grading 160
140
. d = dmax
420
] ] B O
0.0001 0.001 0.01 0.1 1
d/dax: particle size
logarithmic scale
e define limiting gradings
e Self-similar fractal grading: one extreme
e Single size material: other extreme
\— Elic University of J

BRISTOL
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define grading state index /.

A 4100 ¢n 100
% finer

30 fractal limiting
grading

(fractal) limiting

a. grading b. % finer
. 140 logarithmic
current grading . d = dmax scale

| | 0
0.0001 0.001 0.01 0.1 1 /
d/d % particle size d/d i ax: particle size
logarithmic scale logarithmic scale

e particle crushing — self-similar ‘fractal’ grading
(McDowell)

o fractal distribution linear in log:log plot
o define I as ratio of areas ABC and ABD

L Elic University of J
BRISTOL
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Grading state index

three aspects to the problem:

*characterisation of evolving grading curve — additional
grading state index

~evolution law for grading state index

influence of grading state index on constitutive properties

research in progress

% University of
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Grading state index: crushing

crushing?
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Grading state mdex

100
Influence of aX|aI strain:

O —e—Original PSD

= 80 1  -=-20MPabefore shear ' o Fg@
666 mm % —o—20 MPa axial strain = 0.3 i

> 60 | -+20MPa axial stan=05 | |  g# &4 |
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(@) ——20 MPa axial strain =0.7 |
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8 A \¢ crushlng

32 20+ g et T

Cheng 389 agglomerates 0100 —_— o

Size, log d (um)

numerical simulations — compression and shearing of
assembly of agglomerates

gradings tend to self similar 'fractal' grading

continuous 'fractal' grading: every void space filled with
progressively smaller particles -% U ty of
niversity o
Y BRISTOL



Grading state index

(o)
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fractal limiting gradings

residual
granitic soll

0
\ \ \ 15 \ \

0.001 0.01 0.1 1 10 100
particle size: logarithmic scale

natural soils:

discovering fractal limiting gradings? Ele University of
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Grading state index |5: definition

A definition of 157
| = area ABC/area ABD

0<lg<1

fraction finer -

single size AB: |5 =0
fractal limit AD: 15 = 1

(fractal) limiting
grading

B current
grading

0.0001 0.001 0.01 C 0.1

d/d, ... particle size
logarithmic scale
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Grading state index |
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Bennett Dam core Chattahoochee River sand

fines removal: I falling grain crushing: | increasing
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Grading state index |5: evolution

Bennett Dam:
fines migration modelling (transport/conservation)

-smaller particles preferentially removed: I |

crushable particles:
*smaller particles preferentially crush: I T

olink with mineralogy, angularity, packing, stress level,
mobilised friction (Hardin)

% University of
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Grading state index |5: influence

influence of grading state index on constitutive properties
elastic properties — unchanged (first order)?

“friction/strength — unchanged (first order)?

smaller particles tending to fill gaps

maximum and minimum void ratios | as I5 T

~critical state line — expected to change!
: % University of
evidence? AL BRISTOL



critical states (grading)

Elic University of J
BRISTOL



critical states: fabric, grading

-

can we be certain that asymptotic state has been
reached?

state = stresses + density + fabric (contacts, etc) +
grading (particle size distribution)

grading change from particle breakage or from erosion
material changing while it is being tested

expect all aspects of fabric including grading to reach
steady state on average

Elic University of J
BRISTOL
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Grading state index |5: critical states

specific
volume

original
material

critical state line?

deduced from tests with

onset OfT increasing stress levels

crushing

| increasing (irreversible)
changing material

crushing
complete

S

mean stress: log scale
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Grading state index |: critical states

2 . Z”Eclcal statehllnel— O reinterpretation:

CAYSOre erusiing-le = ¥ | critical state
specific | T | surface
el 1\ Ilmlt of Crltlcal state lines —

| Increasing:
evolving
critical state

line S .
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I(.:)J | .
- crushing
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mean stress: Iog scale .% University of
Y BRISTOL



o

Voids rati

Grading state index |: critical states

fresh

;Z - Samples ‘Fi‘nél‘statesofb' -coﬁstaﬁttést‘s‘ .
2310 N i
21 22 1M+ —B -Loose, over-compressed
1.9 1 ~ A
1.7 7
1.5 A
1.3
1.1 - <
094 pre- compressed 3
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1 1u 100

simulations for assemblies of agglomerates
critical state line changes with crushing

fresh samples — pre-compressed samples

Pressure, p' (MPa)

389 agglomerates

Cheng, 2005
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void ratio

Grading state index |: critical states

0.43

0.41
F=34%

F=19%

0.39

34% fines

0.37 -

0.35 -
F=26%

\ 19% fines
26% fines \

1000

0.33

0.31

0.29 -

0.27 -

csl interpolation.xls
0.25

100
mean effective stress: kPa

10 10000

Bennett Dam: interpretation of effect of fines content on

location of critical state line (triaxial tests, artificial mixtures)
% University of

non-monotonic BRISTOL
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Severn-Trent sand model

ﬁ N
. ~
specific RS

~ ..
volume ~ critical state

~

~

critical . RN
=" T state stress:dilatancy s

critical state line line relationship
state parameter |\ -

| expansion contraction

mean effective stress 0
plastic dilatancy
available
strength Lo
mobilised strength

available strength

critical state

monotonic hardening

strength dependent towards current strength

on state parameter

]
0 plastic distortional strain SWERSIT)
S 0)

‘ state parameter “ J
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Severn-Trent sand

-

extended Mohr-Coulomb model

model built round critical state line as divider of
response

adequate complexity - effects of density, strain softening
simple assumed relationships
(use as basis for extended model)

many such models exist - aesthetic judgement -
mathematical expediency

Elic University of J
BRISTOL
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physical

‘ realism

Modelling tensions T

constitutive
model

numerical
implementation

L Elic University of J
BRISTOL
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Severn-Trent sand: 4 key elements

distance from critical state line:

state parameter y

1

specific
volume

mobilised strength

critical available strength

state
line

mean effective stress

available

strength | CTeNt strength

depends on current
state parameter

critical state

0
state parameter

monotonic
hardening towards
current strength

: 0
stress:dilatancy rule |
makes density tend to
critical state

plastic distortional strain

~ critical state
~

~
~

contraction

expansion

0
plastic dilatancy

Elic University of J
BRISTOL
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mobilised

strength |
qp" 2r.

0.2

volumetric

strain 0.1F

0.2
L 0

1
0 0.1 0.2 0.3

Severn-Trent sand: simulations

variation of current

— peak strength
increasing

) initial
~~J density

.~
-~
~~~~~~~~
S~
~ -

]

------
-——
-
-
-
-

shear strain

increasing
initial
density | |

0.1 02 03

shear strain

drained triaxial
compression tests

different initial densities
variation in current strength

monotonic hardening but
non-monotonic response!

Elic University of J
BRISTOL
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q (kPa) |

100

—6——— e=0.83 - batr06 (model)

—&— e=0.87 - batr05 (model)
——>— e=0.92 - alert51 (model)
—a—— e=0.94 - batr02 (model)

200

T
10
axial strain (%)

Grading state index

Bennett Dam
Severn-Trent sand
transport of fines from core
void ratio T

grading state index {
critical state line 1?7

state parameter T

soil feels looser @
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q (kPa) |

100

—6——— e=0.83 - batr06 (model)
—&— e=0.87 - batr05 (model)
——>— e=0.92 - alert51 (model)
—a—— e=0.94 - batr02 (model)

200

T
10
axial strain (%)

Grading state index

Bennett Dam
Severn-Trent sand
transport of fines from core
void ratio T

grading state index {
critical state line T??

state parameter |

soil feels denser @

.% University of
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Grading state index

Bennett Dam??

benefit of simple model that systematically incorporates
changes in stress level and density and grading (making up
state of soil)

model has to be honed — subtle data requirements for
calibration

most testing has used artificially prepared mixtures

Question 4: How does the changing grading of a
soil affect its mechanical behaviour? -gé University of
Y BRISTOL



hypothesis

e €rosion removes finer particles T
e grading becomes narrower

e removal of particles reduces density

o Narrowing of grading changes asymptotic critical states
e proximity to critical state described by state parameter
o State parameter controls response

e Severn-Trent sand - model built around critical states

DUNDEE



experimental evidence?

0.063-0.125mm
salt particles

1-2mm salt

particles | gighton Buzzard sand
0.5-1.0mm particles

o Mixtures of sand (silica) and salt (NaCl)

e Oedometer tests

o dissolve salt while mixture under stress
\— e (tests by John McDougall)

DUNDEE
—Dn. B/~
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sand and salt: oedometer (McDougall)

change

in void
ratio

Change in void ratio

0.200

0.180 A

0.160 =

dissolution of salt

100 1000

vertical effective stress

e dissolve salt under stress

o removal of salt increases specific volume (reduces

density)

—— .063-2-62
—8— .063-5-62
—A— .063-10-62
—%— .25-2-62
—%— .25-5-62
—6— 25-10-62
—+—0.5-2-62
——0.5-5-62
——0.5-10-62
——1.0-2-62
—=—1.0-5-62
—&—1.0-10-62

-

« resulting structure unstable - volumetric compressiori .

<

DUNDEE
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effect of removal of particles

removal of
particle

creates increased subsequent/consequent
specific volume grain rearrangement and
skeleton strains =,

| S\

DUNDEE
—n. 8/



sand and salt: oedometer (McDougall)

subsequent

f particle - Compression T

A ¢ r
removal dvI . ovP —
0.160 _ |, A —8— .063-5-62
0.140 ] —A— .063-10-62
change ¢, T
in void < o100 DU
] g _ —=—0.5-5-62
ratio z°™ 051042
0.060 —e— 1.0-2-62
0.040 —=— 1.0-5-62
—&— 1.0-10-62
0.020
0.000 } . )
10 100 1000
vertical effective stress

e dissolve salt under stress

o removal of salt increases specific volume (reduces
density) S,

akiy
e resulting structure unstable - volumetric Compressioga

UNDEE
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removal of partlcles gradings

100

% finer [

50F

RD—I 0 after T

10 20 50 100
particle diameter (mm)

e gradings used for discrete element modelling (solid

curves)

e grading reached by removal of particles from |n|t|al
grading with Rp = 10 (dotted curve) J

DUNDEE
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sin Pmob

0.3| T~

DEM: removal of particles: deformations

0.4

0.2

0.1}

0.1

shear strain

02

-0.02
volumetric | b.
strain ] )
_0.01 | Monotonic shearing
2 : = \-\——!
0 N — = S
0.01¢
particle
| | ! emoval‘
00~ "002 004 006 008 01

shear strain

e fine particles plucked out by ‘deus ex machina’
e Initial grading Rp = 10; mean stress 100kPa; constant

stresses

o deformations more contractant than previous shearing

NERSIP
S Fq

@
|
» 4
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sin Pmob

DEM: progressive removal of particles

0.4

0.3,1 T~

0.1}

B

0 | 0.1

02

shear strain

-0.02
volumetric | b.
strain ] )
_0.01 | Monotonic shearing
2 : = \\——!
0 N — —~ S
0.01¢
particle
| | ! emoval‘
00~ "002 004 006 008 01

shear strain

o deformations more contractant than previous shearing

e require deformation mechanism that triggers both
volumetric and distortional strains

DUNDEE
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modelling proposals

characterisation of grading
link between grading and particle removal
link between grading and critical states

underpinning constitutive model for distortional
response

assumption concerning change of specific volume
resulting from erosion (destabilisation)

DUNDEE
_p 13/



i grading state index

100 A

% finer

particle diameter: d (log scale)
e I = area ABC/area ABD (current and limiting
gradings)
o limiting grading might be fractal (Appolonian)...
e ...Scaling factor for calculation of I; (area ABD = B)
e (other definitions possible) R
L ol - |
o for linear grading /g = [In (dmaz/dmin)) /2B

DUNDEE
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particle removal and specific volume

- .

o removal of material creates void space and reduces
volume of solid

o v=(Vo+Vs)/V;
o 0V v =0Vs/V
e particle removal also changes grading state index I

DUNDEE
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particle removal and grading
A

-

particle diameter: d (log scale)

e assume analytical (linear) grading

o F'= ln(d/dmin())/ln(dmax/dmin()) — (%)d<d/(%)d<dmax —
(Vs)a<d/Vso

e removing smallest fraction truncates grading

Na N
&
DUNDEE
— 1 16/



particle removal and grading
A

-

particle diameter: d (log scale)

e remove oV of original total solid volume V,, between
F=0and F =0F =06Vs/Vs = (60" /v)(Vs/Vso)

o modifies smallest size §d, i, = dmind F' In(dmas /dmino)

® ‘/3/‘/:90 — ln(dmax/dmzn)/ ln(dmax/dmin())
L e geometry of link between change in d,,,;, and dV;

RS
é\\]E ITy % J
DUNDEE
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particle removal and grading
A

-

particle diameter: d (log scale)

e linear distribution I = |[Indias /dmin| /2B

[ 5[@ = _[5dmin/23dmin] = —[5F/QB] ln[dmax/dmz’nO] =
—[0v" 2Bv| In|dmaz /dmin] = —Ig[6v" /v]

e propose general link 615 = —kglg|6v" /v]

L o ko of order 1

DUNDEE
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Severn-Trent sand model

ﬁ N
. ~
specific RS

~ ..
volume ~ critical state

~

~

critical . RN
=" T state stress:dilatancy s

critical state line line relationship
state parameter |\ -

| expansion contraction

mean effective stress 0
plastic dilatancy
available
strength Lo
mobilised strength

available strength

critical state

monotonic hardening

strength dependent towards current strength

on state parameter

]
0 plastic distortional strain SWERSIT)
S 0)

‘ state parameter “ J

DUNDEE
_p 19/-




critical state and isotropic compression lines

specific

volume
.

1sotropic compression line
through current state

critical
state line

p' (logarithmic scale)

Ve =0+ (0 — V) exp {— (p’/pcs)ﬁ}
Lensure realistic values at low and high stress

-

DUNDEE
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DEM: grading and critcal states

1.25+

Rp=dmax/dmin

I
: R
specific " b
volume §\2
X
5
1.2 K :
M 10 X
—
20 X
| I

1.15¢

mean stress (MPa)

o broadening grading lowers critical state line
L o broader gradings pack more efficiently S mm J

DUNDEE
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critical state surface

volume v
2.0

specific 2.4:/ //:s

EN
grading state 105 10

index: IGg 103

10 [}
mean Sstress p

log scale

e Specific volume as combined function of grading /; and
mean stress p’ sy

y . . ‘ J
e critical state line changes as particles removed >

DUNDEE
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modelling particle removal

available |
mobilised strength
available strength

strength
monotonic hardening
towards current strength

-0.02
volumetric
strain

-0.01

critical sta

strength dependent
on state parameter

0.01

0.010

002 0.04 0.6 008 0.1 (')
shear strain
state parameter y

plastic distortional strain

e particle removal changes volume
o Cchange of grading changes critical state line
e Change of state parameter?

e Cchange of state parameter changes available strength
e Stresses constant but mobilised strength changes

e distortional and volumetric strains from distortional
mechanism
NS O
N
L J

DUNDEE
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effect of particle removal

particle A
specific | | removal

. T
volume ., oV Sypr
%

\“‘ X
. ov
e W Oy = OV — dvgg

:}_‘h

J\\ shift of critical state

line dv.=-vgoIlG

1_

p' (logarithmic scale)

e Volume increase from particle removal §v"
e rise of critical state line v,
e VOlume decrease from destabilisation §vP"

o

DUNDEE
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changes of volume and state parameter

specific | |

volume
v

particle

removal
ovr

A

ftn) =1 T

OVPT = QI - Vg

‘\
‘\
‘\
‘\
‘\
LY
‘\‘ .Y
KN * ov
S
N, ® YOy =0V — 0veg =0
\~~

line dv.=-vgoIG

p' (logarithmic scale)

o ‘participation function’ 5vP" = f(n)(sv" — dves)

e f(n) =1, 0y = 0; no change in mobilised strength

o

DUNDEE
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changes of volume and state parameter

particle A
specific | removal fn) <1

AN T
\%

v
YOy =0V —0veg >0

line ov.=-vgdlG

1_

p' (logarithmic scale)

e ‘participation function’ 6vP" = f(n)(dv" — dves)
e f(n) <1, dy > 0and mobilised strength increases

N Os
| J
G

DUNDEE
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volume change

| particle A Sy pr
specific removal SYPT=g8y Pr+gy,Pr

volume | . ™. oVt ST
V

~€

line ovg=-vGoIG

p' (logarithmic scale)

e Volume decrease following particle removal
0P = f(n)(0v" — dves)

two components: jvP" = §v" + dub" s o
e o |
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volumetric strains

f particle A Sy pr T
specific removal SYPT=§ | Pr-+8y,Pr

volume | _ ™ ot SvyDr
v

~€

line ov.=-vGolG

1_

p' (logarithmic scale)

e Volume decrease from increased mobilised strength
ov = wvdey, = vA[(1 — kpy)M — n)dey, =
vA[(1 = kpy) M — n]akrndy/(n, — n)?
e Stress-dilatancy and hardening relationships
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volumetric strains

f particle A Sy pr T
specific removal SYPT=§ | Pr-+8y,Pr

volume | _ ™ ot SvyDr
v

~€

line ov.=-vGolG

p' (logarithmic scale)

e VOlume decrease from destabilisation
ovy = dvP" — ol = f(n)(dv" — dves) — oy

L e justification for participation function f(n)? Qe ., J
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deformation mechanisms

f reduction of current plastic strain T
g | strength: soil moves closer lpcrement from
to failure distortional
mechanism
volumetric

distortional
yield locus

!

P

yield locus

o State parameter T; strength |; constant stresses;
mobilised strength 7; distortional (and volumetric)
strains

NERSIP
é\ PO

L e purely volumetric compression strains triggered by ° 2 J
particle removal (destabilisation) >4
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peak strengths and state parameter

O°5 | | | | | | | | | | | | | | | | | | |
- dense medium loose —
peak stress |- Rp=2 ® o -
ratio: /o |- 5A A A
_ 10 = | | _
0.4 206 & & -
T
L . =
_ ~ @ _
— B -
|

- o & :15 :
0.3 “da _ ¢ _
i A~ ® _
_ _ . B 5% particle removal ~ _

Rp=10 4 4 504 particle removal ~
0.2 _| T K T N N R R R R T R B B |_

—0.04 —0.02 0.02

|
0
state parameter: y

e peak strength and state parameter
L o tests with and without particle removal
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simulations: initial grading Kp = 10

| .

0.8
0.02¢
0.6 onic loadi
monotonic loadin
n | & °
04}
0
0.2 S particle removal

a.
particle removal

[
Wi
L
JL monotonic loading
0 0

0.05 0.1 .
€q 0.020 0.0

0.1

e participation function f(n) =1 — 0.8n/[A(1 — kpy) M|
o linked with stress-dilatancy relationship

| 8
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simulations: initial grading Kp = 10

- .

-0.02

) -0.02¢
volumetric | b.
strain ‘ )
L0.01[ Mmonotonic shearing c monotonic loading
0 e ; 0
0.01f particle removal
particle
‘ | \removal
0.0 002 004 006 008 01
shear strain 0.02

0.1
e participation function f(n) =1 — 0.8n/[A(1 — kpy)M]
o linked with stress-dilatancy relationship

- B8
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simulations: initial grading Kp = 10

- .

0.02 | | | | -0.02¢
volumetric |  b. ]
strain ) )
L0.01[ Mmonotonic shearing ] c monotonic loading
A SSSNS—
——— = 0
particle removal
0.011
particle
| | \removal
009002 004 006 008 0.1 ,
shear strain 0.0 0 0.05 - 0.1
q
e participation function f(n) = 0.5
e Unchanging with stress ratio
QSX\IERSITPO&
- &
|
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simulations: initial grading Kp = 10

- .

-0.02 ‘ ‘ ‘ ‘ 0.02
volumetric | b. ] .
strain ) )
L0.01[ Mmonotonic shearing c monotonic loading
—— / p '
- 1
0 k< ———— 0
0.011
particle
| | ! removal‘
0.0 002 004 006 008 01
shear strain 0.02 0 0.05 O. 1

e participation function f(n) =1 —n/|A(1 — kpy)M]

e linked with mobilisation of current critical state stress
ratio
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simulations: initial grading Kp = 10

- .

-0.02 ‘ ‘ ‘ ‘ .02+
volumetric | b. ] .
strain ) )
L0.01[ Mmonotonic shearing c monotonic loading
BNSSSNSa
— 0 particle removal
0.01
particle
| | ‘removal‘
0.0~ " 002 004 006 008 o0l
shear strain 0.02 . '
0 0.05 0.1
€q

e participation function f(n) =1—n/n,
e linked with mobilisation of current peak strength

- 8
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sand and salt (McDougall)

-

o Ooedometer: de, = 0; dep = deq; deg = (2/3)deq

e Calculate §v"; measure jv — JvP" = jv" — v

o Vvertical (and radial?) stress constant: no elastic strains
o distortional mechanism: de;, — 01 — dves

o distortional mechanism: §v%" /v = Dde,; D = dilatancy
o second mechanism: §vy = JvP" — §uf’

e participation function: f(n) = 6vP" /(dv" — dvcs)
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sand and salt (McDougall)

subsequent
particle | compression
removal Sy | ¥, OVPT
e O 1?O\_/a \% — R
change :,., -
|n V0|d § 0.100 i~ \—e—.25-1o-22
ratio : oo’ =" change in 2
- critical state
0.020 | BVCS g
vertical effective stress

e dissolve salt under stress
e estimate participation function f(n) ~ 0.82
e Single stress state
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comments/conclusions

-

e grading change (crushing/erosion)
o adapt simple model: critical state line: state parameter
e Separate loss of material and subsequent response

e Missing link: participation function: how much collapse
occurs?

e problem of validation data
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agglomerated particles: DEM: (Cheng, 2005)
- o

100 -

] -e-original distribution
80 1 -=20 MPa compression
4 —axial strain = 0.3

60 |1 -+ axial strain=0.5 crushing
4 —=axial strain = 0.6

6.66 mm| S

|1 ——axial strain =0.7
40 ]

% passing by volume

20 -

100 _ 1000
Size, log d (1Lm)

389 agglomerates

e evolving particle size distribution through breakage of
contact bonds within agglomerates

e ISOtropic compression to 20MPa (negligible change)
e Shearing (axial strains indicated)

‘ e d,,,, SOMewhat constant VAT fJ
niversity o
BRISTOL
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pestle and mortar

- i _]\vgﬂ_'

e Ccompression produces particle breakage ...

... but shearing better
\_ ’ J Elic University of J
BRISTOL

—p. 32/



ring shear apparatus: Dog’s Bay sand

- .

100
estimated shear strain
% finer 11100%
101 g >
compressio ﬂ \ /
R | | Initia |
15,001 0.01 0.1 T S~

particle size: mm

e evolution of particle size distribution: constant after
about 730%? (definition of strain in ring shear?)

e double logarithmic axes

L e (after Coop et al., 2004) 72 Umversityofj
BRISTOL
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0.8
relative

breakage

B
04

I — 1 inevitably?

compression 6%0—930kPa
| 800kPa ',J % ausasekna
'. ’ ¢‘ [ ) o
| o’
e QL--8
R 4 8 60-97kPa
- . 0’
I I | | | |
10 1000 100000

shear strain:

%

o relative breakage B, « Al

e different normal stresses

—1?

grading
state index

e Crushing does not continue indefinitely

o final grading depends on stress level

e Do0Qg’s Bay sand: ring shear tests (Coop, 2004@@ J
University of

BRISTOL
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|

effect of addition of fine particles?

1.2
void ratio

1.0

0.8

0 20 40 60 80 100

fines content: %
e e S

fine particles filling = fine particles pushing
gaps - natural result  larger particles apart -
of crushing unnatural?

o effect on e,,,, and e,

o all aspects of behaviour linked with void ratio range

affected

o for example: location of critical state line

Elic University of J
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DEM analyses: different gradings of discs

- .

100 - - d

- Rp=10 after .

% finer [ removal -
sof :

- B -

0 i

5 10 20 50 100
particle diameter (mm)

® RD — dmax/dmin

e tests with constant grading

L ® . % University of J
(Muir Wood & Maeda, 2007) e
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critical state surface

specifig. |\ o
RDdeax/dmin p 2N X
volume| ~ \ ">

specific
volume

1.2¢

broadergra 1ng
evolving critical
state line

1.15¢

|
mean stress (MPa)

mean stress
logarithmic scale

o broader gradings have lower critical state lines
e Use grading index as extra dimension

L e Critical state surface: p' : v : I = |74 UniversityofJ
BRISTOL
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particle breakage and critical state surface

-

2.7 7
257
237
2.1 7

£ 19
<

Ao

critical state line
before crushing "

S =0
speciﬁc\ NN
freShamples Final states of p'-constant tests: volume |\ : > . ‘
N & Demse e \ loose: normal
Loose ToLeose e WS, compression and

BE
g s
S
1.3
11

0.9 7

precompressed samples

0.7

10 100

Pressure, p' (MPa)

NN

unloading

' Ig increasing: |
evolving critical
state line

IGj

mean stress
logarithmic scale

e loci of end points on critical state surface

e precompression leads to lower critical state specific
volume (higher 1)

L e (Cheng)

Elic University of J
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o

specific
volume

effect of increasing /¢ on response

state parameter

critical
state line
falls

o
. ~
mean effective stress .

lowering of critica
strength unchangec
stiffness unchangeco

available

strength
m
strength
unchanged

0
state parameter

1

mobilised strength

available strength

(first order)
(first order)
dilatancy unchanged (first order)

stiffness
unchanged

plastic distortional strain

state line (first order)

critical state 98 <
stress:dilatancy

unchanged
expansion

~
~

contraction

0
plastic dilatancy

slope of critical state line unchanged (first order)

few data - often from artificial mixtures not naturally
crushed or eroded materials
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Severn-Trent sand: simulations (Kikumoto)

2.0
stress ratio

- -

AF
glp’ 15 Z\
1.0 18 initial critical state line:
0s specific
' a. volume [ |AF
00 01 02 03 04 05 1.6
. : A
axial strain
0.1~ AF
° 14 1 1 1 J
Volumetr.lc 10° 10° 10" 10° 10°
strain mean effective stress: kPa
0 , , , , , (log scale)
0 01 02 03 0.4 05
] axial strain b,

0.05

e precompression histories: A

o

Elic University of J
BRISTOL

—n. 40/



Severn-Trent sand: simulations (Kikumoto)

20
stress ratio

. AF ABAF
q/p' 15
1.0 8- critical state line:
. F o
0 specific ’ Gf] GB
' a. volume [
00 01 02 03 04 05 1.6F L--ooo-
. . A
axial strain
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. ABAF 1.4 1 1 1 J
Volumetrllc 0 0 o 0 Lo
strain mean effective stress: kPa
0 , , , , , (log scale)
0 0.1 0.2 0.3 0.4 0.5
axial strain b,
0.05-

e precompression histories: A, ABA
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Severn-Trent sand: simulations (Kikumoto)

e B

stress ratio
AF ABAF

q/p' 1.5 ACAF
1.0 1.8
F

critical state line:

0s specific I=Igc
' a. volume [ -"
00 01 02 03 04 05 1.6
axial strain
-0.1
' 1.4 -
Volumetr.lc 0 e o 0 1o
strain mean effective stress: kPa
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e precompression histories: A, ABA, ACA
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Severn-Trent sand: simulations (Kikumoto)

2.0
stress ratio

AF ABAF

q/p’ 1.5 ACAF
ADAF
1.0
05
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) 01 02 03 04 05
axial strain
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volumetric
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-

critical state line:
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1.8
specific
volume [
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mean effective stress: kPa
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e precompression histories: A, ABA, ACA, ADA
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Severn-Trent sand: simulations (Kikumoto)

‘ 2.0
stress ratio

qglp' 15

=

1.0 C.

1.8
increasing amounts specific initial critical state line: 7G=0
0.5 -
of precompression a. volume [
F
0001 02 03 04 05 1.6 !; . S
axial strain b
- evolution of critical
0.1 p  state line
. N . 1'4 1 1 1 ]
Volumetr.w increasing amounts 2 10 10 10° 10
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O T T \\ T 1 (log Scale)
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e precompression histories: A, ABA, ACA, ADA

e precompression increases I, reduces peak strength,
makes soll feel looser

‘ e INCreases pore pressure generation ... =74 UniversityofJ
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