Saturated soil modelling

- .

3. One-dimensional model
David Muir Wood

University of Dundee, United Kingdom

d. nui rwood@lundee. ac. uk

February 2010

ERS]
§§ T%% J

DUNDEE



Constitutive modelling 1

Stress and strain variables

Basic features of sol
Basic features of soi
Basic features of soi

res
res
res

nonse: stiffness
ponse: critical states

ponse: strength

DUNDEE



-

Stress and strain variables

o triaxial apparatus: two degrees of freedom
e SoIl = rigid particles + voids

e Importance of volume (density) changes (or their
prevention)

e Separate volumetric (size) and distortional (shape)
effects
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Stress and strain variables

soll behaviour controlled by effective stresses

/
]
axial and radial strain increments ds, and de,

O;; — 045 — u&i]‘

axial and radial effective stresses o/ and o
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Stress and strain variables

volumetric effects
volumetric strain increment de, = de, + 20¢,

work conjugate volumetric stress p’ = (o], 4+ 207.)/3
volumetric work increment 61, = p'de,,
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Stress and strain variables

o distortional effects
e distortional stress ¢ =0, — 0, = F/A

e Work conjugate distortional strain increment
oeq = 2(0eq — der)/3

o distortional work increment W, = gde,
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Stress and strain variables

o Work done in a small increment of strain

o OW =0W, + oWy

o W =p/bey + qog,

o OW =0lde, + 20).0e,

e Separation of volumetric and distortional effects
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Stress and strain variables

f e stress ration = ¢/p’ T

e equivalent to a mobilised friction ¢/,
e triaxial compression

04/0r = (1+sing,)/(1 —sing,,) = (3+2n)/(3 —n)
sin ¢y, = (0, — 07)/ (0 + 07) = (3n)/(6 + 1)
n = G6singy, /(3 —singy,)

e triaxial extension
0y /0, = (1 —sing,)/(1+sindy,) = (3+21)/(3 —n)
sin ¢, = (0. — o)/ (0 + 0,.) = =3n/(6 4+ n)
L n=—6sing, /(3 +sing,)
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Basic features of soil response: stiffness

N | -

G/Gmax Gy

4
7/
7
7
, 4 GS Gt
7
7/
7/
d
7/
7/

Y shear strain: logarithmic scale

e tangent and secant stiffness
e Secant: past: G =7/~
o tangent: future: G, = o7/~

e tangent (incremental) stiffness falls faster than secant
(average) stiffness
o |
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Basic features of soil response: stiffness

a.

-

o

distortional strain increment
(@)
|

_l_
initial stress state

distortional stress g

0 mean effective stress p’
volumetric strain increment

e Stress response envelope
e rosette of strain probes ...
e ... and resulting stress response envelope

L o discipline for evaluating models o J
o discipline for planning laboratory tests DUNDEE
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distortional stress ¢

o

Basic features of soil response: stiffness

-

e history dependence of
stress response

/@ A envelopes
e points + indicate initial
/@/ m stress states

mean effective stress p’

e A, B: flattened towards loading direction

e C: unloaded - response somewhat independent of
direction
o D: strain softening: fall in n for all strain increments .,
Q e % J
e
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Basic features of soil response: stiffness

oo L 20 [ . A3
q 4 AN /'
generalised ¢
q: kPa @ stiffness: MPa ;
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2/ o5 |2
|
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0
200
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-100 —

10

generalised strain: %

e response envelopes and generalised stiffness for Pisa
clay (Callisto)

o effect of strain level
e erasure of memory

B .

DUNDEE
—pn. 12/



Basic features of soil response: stiffness

Gz | Gy: kPa 6z | Gy: kPa
—100 — 100
- 0.05%
A - _/_ -
X - - 0.2% \
\ X -\ - -0.2%
\\ 0.5% - \
\ Cx: kPa | ) ' Cx: kPa |
0 0.05%" 0 100
2%
Oy 10% Oy
a. history OA b. history OAO

e true triaxial probing of kaolin
e Schematic deviatoric stress response envelopes
L o deviatoric history (a) OA and (b) OAO S

DUNDEE
—pn. 13/¢



Basic features of soil response: stiffness

Oz| Gy : kPa Gy | Gy : kPa

— 25 B
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0.2%

0.2% 1%

Ox Oy Ox °y
1%

a. history ABC b. history ABD

e true triaxial probing of Leighton Buzzard sand
e Schematic deviatoric stress response envelopes
o deviatoric history (a) ABC and (b) ABD (data from Sture,

~ etal, 1988)
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Basic features of soil response: stiffness

T,x . kPa T,x - kPa

—25 —25
a. history AB b. history ABC

N (¢
NI /AN

e directional shear cell probing of Leighton Buzzard sand

e Schematic deviatoric stress response envelopes
o deviatoric history (a) AB and (b) ABC (data from Sture..,,

~ etal, 1988)

e rotation of principal axes DUNDEE
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Basic features of soil response: stiffness

- .

e history dependence of stress response envelopes
o stiffness high for strain reversal

o stiffness low for continuing loading

e erasure of memory of past events

e Messages for modelling
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Basic features of soil response: critical states

- .

e asymptotic state reached at large strain

e State = stresses, density, fabric (particle arrangement)

e evidence from experiments on solls

e evidence from discrete element modelling

o Central feature of constitutive models (explicit or implicit)

DUNDEE
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Basic features of soil response: critical states

volume
strength

density

Y
strength e Critical state soll

mechanics (weak form)

)

volume A

compression

e discipline for exploring and
Interpreting mechanical
density response of solls

Y
stress level e Importance of considering

stresses and density

strength

=P

strength

- B8

stress level DUNDEE
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Basic features of soil response: critical states

=

apparatus height

e Observation of critical states? simple shear apparatus?
e Internal kinematic freedom
e Occurrence of localisation

 « (Bassett) @ \
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Basic features of soil response: critical states

-

e Simple shear apparatus -
sample height ~ 20 mm

e Coarse sand dsp =~ 1 mm -
uniform?

e flne sand dsy =~ 0.3 mm

; "‘/ a e (Stroud, Budhu)
V- €.
—
- N
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Basic features of soil response: critical states

-

1.2
0.8
t/c’

0.4

0.0

0
0.0

dy/dx

0.4

-0.8

-

shear
band

e biaxial plane strain test

o free formation of shear

band
- critical state

constant mobilised friction e Critical state reached In
i shear band - not elsewhere

b, o free formation of shear

0 2 4 . 6 3 band

2 4 6 8

e (Vardoulakis)

critical state
constant density shearing

C.
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Basic features of soil response: critical states

o discrete element modelling

e force chains of heavily loaded particles

o buckling of force chains encouraged by principal stress

rotation

o



Basic features of soil response

shear band

o

assembly of elliptical photoelastic discs

force chains and voids in shear band

buckling and rotation of columns in shear band
(from Oda and Kazama, 1998)

. Critical states

-
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Basic features of soil response: critical states

- .

e asymptotic state reached at large strain

o fabric not isotropic at critical state

o difficult to detect experimentally

e Central feature of constitutive models (explicit or implicit)
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Basic features of soll response: strength

- .

critical state line

mp'

e Critical state line

e State parameter or state variable as generalisation of
‘dense’, ‘loose’

ey =v—v.=v— (I'=Anp)
L e Semilogarithmic shape - not essential T J
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Basic features of soll response: strength

- .

50 — 1 —
O'peak : degrees peak dilation
-dep/de,
40 0.5
30 |- 0
a. b.
I I I I I I I I I I
-0.3 -0.2 -0.1 0 0.1 -0.3 -0.2 -0.1 0 0.1
state parameter y state parameter y

e dependence of peak strength on state parameter
e dependence of peak dilatancy on state parameter
o (Been & Jefferies)

Na N
&
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Basic features of soll response: strength

critical state line
(ultimate failure)

a.

!

p

e equivalence of failure relationships

q)'peak

(I)'crit

o effective stress plane p’, ¢

o friction angle and state parameter

critical state
(ultimate failure)

Yy

-
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Basic features of soil response:

-

von Mises B
Jo = constant .-~

Mohr-Coulomb

" /‘\ ¢' = constant
/
\Matsuoka—Nakai

111/I5 = constant

Lade-Duncan

113/15 = constant / \
!

2 O3

o Multiaxial stress conditions
o Matsuoka-Nakai: I;1,/I3 = constant

L o Lade-Duncan: I} /I3 = constant

strength

-
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Basic features of soll response: strength

- .

e Importance of density and stress level
e peak strength is a dependent variable not a constant
e MOSt stress conditions are not axisymmetric

DUNDEE
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Simple model of shearing

82‘

build one-dimensional model
simple shear/direct shear box

separate vertical deformation (oedometer) and shearing

stiffness - strength - dilatancy

DUNDEE
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Simple model of shearing

A
specific stiffness
volume normally Eq
Ps/Pd compressed
density
— 3 Pd
v=1 2 !
stress
overconéolidated a. b.

-

overconsolidated

mlly

compressed

'
stress  O'zmax

stiffness - normal consolidation - overconsolidation

o

Lo

Oref

(=
Oref

) 87
NERSIT)
S )
&
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Simple model of shearing

N .

stiffness - normal consolidation (e, Yne) -
overconsolidation (aoe, Xoc)

E, ( o, )a
=X
Oref Oref
de', = ool | E,

o Ifo, =0, anddo. >0,thenn =1, a = a,. and
X = Xne (NOrmally compressed)

o If 60, < 0,thendn >0,n >1,and a = a,. and x = xoc
(overconsolidated)

e Ifol, <ol anddo, >0,thenn > 1, on <0, and a = a,.

Zmaa)'
é\\]\ERSIT),

and y = v, (overconsolidated . -
L X = Xoc (OV | ) J

DUNDEE
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Simple model of shearing

q. current b.

strength:

-

specific
volume
v

failure line: v=vf
loose: v > vf
V- Vf

VE - ,
dense: v < v

dense: v < vf loose: v > v

vertical stress ¢', V-V

o critical state line vy = vy + Avexp [—(0%,/o,ef)”]
o state parameter i) = v — vy
o current strength R, =y + Cr(vy — v)

L e Strength iIs a variable S

DUNDEE
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Simple model of shearing

- I

mobilisation of
available strength:| 1
RIRy| |

initial shear
stiffness: 1/Cg

0

shear strain: g

hyperbolic mobilisation of strength

R_ -
Rp_<5+5s
1 90
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Simple model of shearing

stress-dilatancy
relationgship

o/P dense
0.6F~——#~~—~—--

ultimate failure:
Q/P =1/c'y =

a. :
expansion

0.8
o/P

0.6

02 01

L e Shear box data for dense and loose sand

V0.0

e Stress-dilatancy relationship (Taylor)

0.1

dilatancy: 6z/0x
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Simple model of shearing

f stress-dilatancy relationship T
mobilised oe’]
friction: oe = Colp = B)
R =1/0', S

o feedback mechanism: if
soll not at critical state,
volume change occurs

. . to bring it to asymptotic

expansion contraction critical state

0

dilatancy: o€",/0¢€g

o total vertical strain
oe, = 0, + &)

o elasticity + dilatancy

DUNDEE
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Simple model of shearing

-

complete stress-strain stiffness relationship
do!, = E,lde, — W3dey]

0T = EO[—\Ifl(Séz + (\Ifz + \111\113)(563]

o' B oo
Uy = —— 6(vf_vmin) ((7 Zf) - —|—R
re

@ [(Rp — R)? ngRfo?,] o’
2 _
CSRP Rp

DUNDEE
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o

specific
volume

Simple model of shearing

a.

failure line: v=vr
v
loose: v > v¢

dense:
V<Vf

vertical effective stress c';

® 50; = E0[5€Z — \If35€5]
o 0T = EO[—\Ifl(Séz + (\Ifz + \111\113)583]
e drained (constant 0’): 67 = Vs E,des, dc, = V3dey

specific
volume

v

50';/(57' = —\Ifg/(\lfg + \Ifl\Ifg)

b.

loose: v>vf
E—

failure line:

dense: | V=vf

—
v<Vf |

vertical effective stress c';

o undrained (constant height) o7 = (Vg + U U3) E,des,

DUNDEE
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Simple model of shearing

e N
i ense
mobilised |

friction: |
R=1/c", |

initial specific
volume: v

0 .
0 0.2 shear strain: &g 0.5
vertical | dense
strain: €,
0.1F
0 0.2 sheellr strairllz g OI.S
0.1F . .. .
Molmew loose
e drained shearing with different initial densities ST,
N |

DUNDEE
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Simple model of shearing

1.5
obilised dense 100~
friction: change in c.
R=1/6'7 | vertical
1 effective dense
stress: AG', shear strain: €g
o e, . ° | |
initial specific 0.05 01
0.5 volume: v
' a.
0 | | -100
0 0.05 0.1 . .
shear strain: gg initial specific
150 volume: v
shear
stress:
T
100— b.
dense
50 initial specific
volume: v
loose
0 | |
0 50 100 150

vertical effective stress: 6',

e Undrained shearing with different initial densities

DUNDEE
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Simple model of shearing

e One-dimensional model
e Stiffness - strength - state parameter - dilatancy
e rich range of predicted responses

DUNDEE
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