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Homogenecous seepage Channeling Uniform fluidization

Flow regimes in sand-water mixtures under seepage conditions

1. Homogeneously distributed micro-
channels (small dark spots) on the top
surface of a sand speciment subject to
seepage. Diameters of channels up to

Experimental setup 1
0.2 2. Channels with diameters up to se-
— [ I'IIIp.E igq_'_lg_l_zﬂ,_r',u1 | veral mm have formed. Very fine par-
E 2P e T 1 T| ticles flushed out through them are
5 visible in the water layer above the
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- 0 B 3. Instabilities (washed out air bubbles,
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= N _— erupting channels) shortly before the o
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Experimental data from a seepage experiment.



A main channel (indicated by the dark shadow in the right
figure) is fed by two smaller channels (indicated by the light
grey areas in the right figure). Both smaller channels changed
their direction due to the attraction of the main channel



Two-component weakly nonlinear model

of poroelastic saturated media
Fields: (x,1)={p% p" . v* V" e}

- partial mass density of the skeleton,

-volume changes

- partial density of the fluid, €= F .
Lo of the fluid,

- velocity of the skeleton, K. Wilmanski; Critical time for acoustic waves in weakly
nonlinear poroelastic materials, Continuum Mech. Thermodyn.,

,OS
pF
n - porosity (volume fraction of the fluid in REV),
VS
v velocity of the fluid, 17,2, 171-181, 2005.
e’

- Almansi-Hamel deformation tensor of the skeleton.
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Equilibrium porosity: n=n;,=n, (1 +otre’ )E n, (1 Vi 51).

Mass density of the skeleton: pS et ,o(f(l—l _1(12 +4H)j’ g 5y 21(12 —tre‘”).
Remaining Field Equations: 2 2

?)_8+div(g—])vF =0, Integrability condition:
t
de’ 1
S or 5 5 x5 ST}
ps(aavt+LSVSJ:divTS+7z(vF—vS), 5 srade 2(L +L7)
- — (L7 +€°L).
\
,OF[ ) +LFVFj:—8f’ad P —”(VF —VS)’ n — constant within

the second order model
I’ =cradv, L =cradv .

Constitutive relations (Signorini-like): T =T} +(/151 +%(/15 +y5)12]1+ 2(uf — (2 + 1)1 )e*

S A
T =T, + L 11+ 2u e’ +[5aa/1 nl’ +%(ﬂ§ + i )12j1+ Fluia:

n

0
Solid: I’ p =p, —,o(ficog—p(wa—’( n,le.
+25a n,d — (& + 1l )1 e’ n70
n
0




1D Model

vi=ve, v =vie, e =ce ®e, le|=1.
Hence
v’ v’
I=¢’, [I1=0, I’=—e _®e, L =—e Qe..
ox ox

psng(l—es—;eszj, pF=pil-¢), n=n0(1+5es).

Partial stresses:
F

ot oy + (1 +2u) et 2R+ ) e, pT = pl - pl ke,

S
£ .

A+t2u =74+ +5n081(/15 oy
n
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K‘=K‘0+5nog—K
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S
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Governing set of equations:

ou' - ou' , ¥4 O XT
B'A_I_AABB?:BA’ = 5 x=25 ,
! X Po PoCp
S_|_2 S S
C?)l:ﬂo Sﬂo ’ nglu—?q’ Cpy = Ky Cs:C—Sv szcﬂ’
Lo Po Cpy Chi
Auxiliary quantities:
0 K
| —0n, S'OO o
v S on Ay +24 |,
[M'A]T: [E,VF',VS',eS]T, VF'——, VS'—_, . a ﬂ/S +2ﬂs
Cpi Cp; I '=20n, - -
- - - on A, +2u
) ¢ y ! 21 ¢ 0 0 lo
[A' ]_ —c]%(1+8)—lF'eS ] 0 | s —(2—3CS2).
AB 0 0 o _1=75'¢% ’
_ 0 65 @b
- 9
[B'.]7=10, - 2(1+ &)(v" =v*"), 2(1+ €% )" =v*"), 0]".




Evolution of the amplitude of weak discontinuity

Wave font S [ I (u, (u, ). [[ % ]| =~ 2% ]|

I ’u', _d [aw{_c ’u', ote
ot'ox' dr'|| ox' ox* || N

(A'AB—cé‘AB)HaaL;f‘ﬂ:O = Hag;f‘ﬂzﬂr'w r.r,=1.

Evolution of the amplitude
%+0€'1;4+0:'2;42 -
dr'
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Critical time
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Matrix A’,g on the positive side of the P1-front
— solution of the eigenvalue problem

Eigen- | Right eigenvector r', Left eigenvector |y
value
0,0,-1/~v2,1/N2 0,0,-1/v2,1/N2
-1 [0,0,1/V2,12] [0,0,1/V2,12]
o [1A(1+¢c?),-c/N(1+¢2),0,0] | [c/N(1+c?),-1A(1+¢2),0,0]

[1IAN(1+¢2),c/N(1+¢2),0,0]

[c/AN(1+¢:2),1N(1+¢?),0,0]
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Coefficients in the equation for the amplitude — P1-characteristic:

(1)

avl(l): _lvA aB A er 1 :1,
du, r, I
(1)
0A 1 1
v (D) ' 48 ' S
a, =-I r o r =———\12-31/"")
2 A au,c B ( ,D l,D \/E( . )
Solution: *
| 1
A—c — = VR o
et
Critical time: Threshold amplitude
. V2 2
tC:_ln 1_ S . AO > .
g 2 1p
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Existence of critical time: 4 (2-11°")>0.



Physical amplitudes:

8eS ae a aeS . T
=— = Ar' =4 - A.
Hax' H dx il e e d x 2N2p0¢,
dv' V| @ de’| T
= | = ' :——;4 B ;4
H dx' ﬂ dx' o . 23208

7=10"% " (app.0.1 Darcy), p, =2500%%, ¢, =25002,

m-s

Numerical example:

"
4-04 = 9°

dx

P2-characteristic is much slower than P1 and enters a disturbed region.
It is not essential for the critical behavior.

~0.251,
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Micro-macro; numerical results

Gassmann-type relations - macroparameters in function of porosity:

K, K !
0= n(KV X) K=X +§ﬂg +p, k,, K,=(-n)K +nk,,
s !
3(1-v)| (K, -K,) 1 1-n n
ﬂS_l_zﬂS: ( )<( 52 d) +Kd>, _ + ,
iy | K kK k K Jl
o Kd w ) f
| Ky ) Given:
K.,K.V
2 ° ’
= 3(1 - 2‘/)< (Ks = Kd) + K Geertsma emplrlc > Y
ol +v) | K . . relation
§ KW d
2 K. Wilmanski; On microstructural tests for poroelastic
pF A — n2 - , Kk materials and corresponding Gassmann-type relations,
- K’ X - g 50n Géotechnique, 54,9, 593-603 (2004).
By
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Material parameters [GPa]

6)1 OI.Z : | ‘ \0|4 N |0|5
o oF S'=a8n 0 A +2u"|  1+2v <0 ol / Coefficient 6 for
& 2f a 0 S s| . T .
3 on A +2u3| 20-v) 2 Lt changes of porosity
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Porosity

400

Numerical data:
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200
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Critical time t'_ as the function || Critical time t" as the function of porosity
of initial amplitude for n=0.25 for the initial amplitude
Limit value of amplitude: 0.3133 NG

Ay =—7 .
2—218'(71:0.55)

0o

0sfF

0.7F

Critical time [dimensionless]

4 8
Amplitude

2 S
Critical distance: x :Mt'

c C

T

For p°,=2500 kg/m?, ¢,.=2500 m/s,
7=10°kg/m’s = x=12.5¢ m

Critical time [dimensionless]
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0.1 02 0.3 04 05

Quantitative agreement with results of Osinov Porosity
within hypoplasticity for Karlsruhe sand

V. A. Osinov: On the formation of discontinuities of wave fronts in a saturated granular body, 16
Cont. Mech. Termodyn., 10, 253-268, 1998




Derivation of micro-macro relations
for compressibilities
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Geometrical compatibility

for partial mass densities in homogeneous microstructure

eg:  pFf oL [5G H @AY, =nx.0p™ (x.0),

V' rev (x)

n(X,t) = 1 IH(ZJ) dv,, V :=volume REV homogeneity

REV (x)

where H (z,t) is the characteristic function for the fluid component. Then

|
P =np™, pF=pl+e)y!, p™=pFl+ef) =
n  1+e" ol
= - > 0= R
no 1+ ¢ IOO

_ —1
pS =(1-n)pK, pS=pS+e), pF=pfFli+ef)] =

l-n _1+eR

= = :
l-ny 1l+e
Linearity (small deformations) yields R h—ny R n—nyg
geometrical compatibility conditons:  |¢~¢ T_, - £7¢ T — (%9
0 0




Changes of porosity
Constitutive relations:

- Mmacro
p° = py =~ +3u7)e—Qe+N(n-ny),
pF . pé: = —Qe —pgKE—N(n'”O)’ (2)

equilibrium: Ap=(p° — pg)+(p' = pd) =
=—( +2p4° +Q)e—(py kK +Q)e.

- micro

FR FR R SR SR R
p - —py =-Kpe', p7—py =-Ke,

(3)

equilibrium: Ap= no(pFR —p(I)TR)+(1—n0)(pSR —pgR).
It follows
F
— — K+Q—-ngK
n nO:5e+7/(e—€) 5o Ky - K | 7/::,00 Q —ny f,
nn nO(KS—Kf) nO(KS—Kf)

Ky =(-n)K,+ngK;, K= +2u°+pgk+20. .



Gedankenexperiments
for homogeneous microstructures

R

,SR,p—pO,pf—p?[ =1,
Equations: 2 geom., 2 equilib., 4 constit. = 8.

Unknown: \e¢,{,n,e

eneral equilibrium conditions:
Ap=(p> - p))+(p" —py)=
= (1=ng)(p™* = py ) +ng(p™ = pg™).

Unjacketed test:

0
pr—pPyr =A4p,

Jacketed drained

pf_pfza

A

and undrained tests:

=0, ie. e=¢&.




Solutions of field equations and geometrical compatibility

jacketed undrained
_ _Ap é'_o n-ng _ C-Ky A
€ = K — U, ng - K(Kf—N) P C>Kf = N<Kf

0 _(cC C—Kf
Py pf_(erNK(Kf—N))Ap’

C- K

jacketed drained Ky =(0-ny)K+ noKf.
__Ap _ NC Ap .
C= K TK MK, unjacketed
_C _ K
;=-— KM(1+KN)AP, o= __ Kw Ap l=— Kw_Ap
b 1 C K b 1_g K 9
n-ng K A K K
g et e
3 n-ng _| K ___ Kw |Ap
— C l-ng | K c | K
Kb = VAL @ 0 s 1 %
(1=ng) > S—ng c-m+"5b -L
K, =K KpM @ K = Kw _NI1Mo| Kk __ Kw
n > ==
1—(1—n0)E —% ng | K —%

K, cy_ K, ( N<K+C>) @ L leng  n
= (ng— ) —=\ng————-,—/=0, =10 4 0
Kb( 0 M’ k,\0 KpM Ky — K +Kf'



Full set of equations for K, C, M, N:

C—Kf
K:KV_HO(KS_Kf)Kf—N’ KV :(1—n0)KS+n0Kf,
Ky (g = Cy— Ko [ - NE+O))_ e
K, (Vlo M) K, no KyM —O, Kb =K M

MK p C
K _ C-M + KW _Nl-l’lo K . _W L: 1—n0+ no
_C K _Cc P Kw ° K K¢’
© no s © w s f
1 (1—1’10) NC —I’l()
K, :Kb{1+ NC 1} , K, = b

1=(1=ng)
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3

compregssibility mOdH:!I

S5E+10 3.5E+10

3E+10 3E+10 |-

BE+10 ; BE+10 P

2
b=
o
i £ [
2E+10 £ 2E+10
o
C @ C
SBE+10 &1.5E+10
i o
i £ _
= o o
1E+10 © 1E+10

5E+09 - 5E+09 |-

E. o —l PR R | IE P | PP | PR | P TR ||
m m2 (13 (1) 0.5 0.1 0.2 03 . 0}
porosity porosity
Material parameters K, C, M in the zeroth Material parameters K, C, Min the first
approximation (Gassmann) approximation (Gassmann)

Comparison with the full solution (green)
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Concluding remarks

Dependence of material
parameters on porosity
yields the existence of
the threshold if the initial
ampitude produces
tension.

The size of the critical
time and the intensity

of tensile amplitude
depends on the slope

of the diagram of ma-
terial parameters in func-
tion of porosity.




