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Pile boring machines of the 18th century
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,Bunces Pile Engine” ,Vaulone's Pile Engine “

Taken from the Encyclopedia Britanica, 1797-1803 by D. P. Zeccos



Landslide in El Salvador (Colonia Las Colinas)
by the earthquake 13.01.2001

Liquefaction (piping) for design and.f.orecasta porosity, saturation,

of saturated soils ... permeability, confining pressure
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Tilt due to liquefaction
(Adapazari)

Liquefaction (Kobe)

Tilt due to liquefaction
(Kobe)



| Contents:
1. Microstructure

- solid component (skeleton, granuli, platelets, etc.) and
fluid components (liquid or liquids and gases and/or vapours),
mass exchange between components (chemical reactions,
evaporation/condensation, freezing/melting, adsorption),

- different kinematics of components — diffusion,

- ,static” interactions: bindings, changes of porosity,
local fluctuations of kinetic energies — tortuosity.

2. Multicomponent continuous models

- immiscible mixture,
- Biot/Terzaghi/Darcy.

3. Thermodynamics
- entropy inequality and its evaluation, dissipation,
- differential equations for porosity, stresses (plastic deformations,
non-Newtonian fluid components, adsorption and chemical reactions),
- some open problems, e.g. multiple temperatures

4. Some boundary - initial value problems



Sandstone in diagenesis




(after: T. Bourbie, O. Coussy, B. Zinszner; Acoustics of Porous Media, 1987 .

VISUALIZATION OF CAPILLARY PROPERTIES

Photographs of thin sections of rocks selectively saturated
with dyed resins or Wood’s metal by drainage and imbibition

Photo 1 — Total imbibition. Vuggy dolomite (dolomitized oolitic limestone). )
Red resin, wetting fluid. Yellow resin, residual nos-wetting fluid (trapped). The characteristic
shape (“bubblu") of the clusters of residual non-wetting fluid can be observed.

Photo 2 — Drainage and imbibition. Crinoidal limestone.

sample.hruut\n'atedmthbhxemn was centrifuged to irreducible saturation, and then,
polymerization of the blue resin, impregasted with red resin. Blue resin represents:
meduciblewemngﬂmd Red resin represents the fraction displaceable by imbibition of the
non-wetting fluid accumulated during drainage. Yellow resin repregenis the residual fraction
of non-wetting flnid. Note particularly a petrographic detail which plays an important role in
the distribution of the displaceable and trapped phases of the fluid. The fine layer
of palisadic cement surrounding the crinoids has burst under the effeet of compaction, and the
fragments of cement part the intergranular spaces, favoring imbibition (red resin) without
substantially aiering the rock structure. The pore spaces devoid of these fragments usuadly
eorrespondto&ﬁ)dporoslty(yellowremn) This compartmentation process, which reduces

trappedpomﬁty,ummexcepnonﬂ occurrence.

Photo 3 — Dramage Ground Pyrex.
Molten Wood's metal behaves like mercury (non-wetting fluid) and porosimetry experiments
canbeperforuduwhn:hthxsmztalufrombyeoolmg Black, Wood's metal (drained
zones). Red resis. subsequently injected (\mdumed zones).

Photo 4 — Successive drainages. Crinoidal limestone.
Therock fmwwhhblureun,wassubncudto
polymerization, o saturation with red resin, followed
aoeelmnon It was then saturated with yellow resin. The color of
depends on the access radius.

mﬂwmdxuszona(bhwreﬁn)e«rspondtomopomutymthem
(mvm‘uahmnmttedhght)andnhotomtnamhtmopomnty A good intergranular
porouty(ndm)seonmmdby channels smaller than | um. This is frequestly
encountered in well-cemented bioclastic grainstones.




Paul Umbanhowar (Northwestern Univ.)
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ulticomponent continuous models:

1. Microscopic description

a. fields v e O
p°R - true (real) mass density of the skeleton,

PR - true (real) mass densities of fluid components, a=1,...,A,

vSR - true velocity of the skeleton,

va” - true velocities of fluid components,

BSR - temperature of the skeleton,

097 - temperatures of fluid components,

v7"R -m=1,...,M, - internal variables (extents of chemical
reactions, phase fractions, real plastic deformations, etc.).

b. balance laws c. constitutive laws
mass, momentum, energy. stress — strain relations, evolution equations, etc.

d. microscopic field equations (in the form of a set of first order equations)

0 0R, Ry, 0 kR, Ry_oR, R
aF (u )+6X—kF (u )—F (u )

Due to geometrical complexity solutions are impossible! |11




ulticomponent continuous models:

2. Micro-macrotransition

- kinetic theories, Boltzmann-like equations for distribution
function — applicable for granular gases (Saturn rings, etc.)

S 1 SR S
oo (x,t) = P> (z,t)H > (z,t)dV,,
t V(REV) REVI .

29 (x,t) :@RE Vj(p)aR (2,t)H (z,t)dV

and similarly for other fields.
Important particular case — homogeneous microstructure =,
— (Gassmann relations (see: later!)

y /ARl



Two-component macroscopic isothermal model
of saturated porous materials™: fields (linear)

Micro-macro:
pf =@-mp*R, pf =np,
oS :ﬁ of = Po
Yotte’ T 1+e]
SR = 2o pFR = Po
TR LN

e & eR, gR - volume changes

Geometrical compatibility (linear):

n-n
e=ef+-——0,
1_n0
n-n
g=gl-— 0
o

P>, — current partial mass density of the skeleton,
PF,— current partial mass density of the fluid,

v S — current partial velocity of the skeleton,

e> — Almansi Hamel deformation tensor

v F —current partial velocity of the fluid,

n — current porosity, n. — equilibrium porosity.
fluxes

T® - partial Cauchy stress tensor in the skeleton,

TF — partial Cauchy stress tensor in the fluid.

*Biot, M; since 1941, linear model. see: |. Tolstoy (ed.), 7Twenly-one Papers by M. A. Biot,

Am. Inst. Physics, (1990),

13

Wilmanski, K.; 7Thermomechanics of Continua, Springer, Berlin (1998).



Partial balance equati
Mass balance:

ons.

000 i (s.5\_As 0P
+ div =0, +di
ot Q%V ) P ot
Momentum balance:
S_S
apgtV +div(,0tSVS Ov> —TS):f),
F_F

Porosity balance:

onJ 51 ' S F S A 0J >
+divinv® + ®(n — =|A+0—

ot ® o)l -+ ot
Integrability (linear — existence of displacement):

0e>
ot

TF):—ﬁ,

JJS‘l, JS =1+tre® =1+e.

_ S s. s _0u g _ S
——=gradv®> = [u>:v —F,e =symgradu”.

14



hermodynamics:

1) Constitutive assumptions for

p°,1T°,TF p.d,A =
2) Field equations for fundamental fields

3) Thermodynamic admissibility:
for all solutions of field equations the entropy inequality

0 S S, F, Fy\yAisfnSnSeS . F F F 1S oF
a(ﬂtﬂ to n )tadv(orn v +pen v th” +h' ) =20,
must be satisfied identically.

In this inequaliy nS, n© are partial entropy functions,

and h S, h F - their fluxes, all given by constitutive relations.
15



hermodynamics:

Results from the evaluation of the entropy inequality:
- identities relating constitutive equations of various quantities;
Gibbs equations, thermodynamic potentials,

- dissipation inequality defining the state of thermodynamic
equilibrium and restricting mechanisms of dissipation.

Dissipation inequality for isothermal procresses in two-component
linear poroelastic material:

R " 0 "
D=’ -u")p° +pvh —v5>+a—n(p5w5 +p YA 20,

where u°, 1 are chemical potentials of both components, ¢°, ¢/ are

their Helmholtz free energies.

The state of thermodynamic equilibrium: .
l.e. - no mass exchange,

,LIS :,UF, VS :VF, n=0, - no diffusion,
- no porosity relaxation.

Most models are based on the assumption of linear deviation from .
the thermodynamic equilibrium!



hermodynamics:

Some examples of generalizations:

1) Hypoplastic materials — modeling of soils, evolution equation
for effective stresses in the skeleton (Terzaghi — Kolymbas),
2) Langmuir model of adsorption — mass exchange by

settlement of pollutants,
3) Drying of wood — evaporation (phase transformation) processes,

4) Freezing — phase transformation with a free surface.

17



Constitutive relations for poroelastic materials
Assumption: linear elasticity, ideal fluid

POROSITY GRA@
Partial stress tensors:

Sources nonequilibrium
contribution

relaxation time

Porosity

18




Bulk stress and pore pressure of soil mechanics

T:=T°+T" =T, +(K —%y“")enzyseS -C{1, ¢ :=ny(e-¢),

Notation increment of fluid content

Pressures: pS =—tr T>, pF =—trT",
- partial - bulk and pore pressure

pS - ps =‘("S+§NS+Q)“95+N(n—nO), p=p~ +p° =py-Ke+C{,

no —
o = obrsces Qenn) DA

Ng 19




Micro-macrotransitions: Gedankenexperiments (elementary tests)

Mechanical equilibrium: P = pg +Ap.

a) unjacketed jacketed
b) undrained c) drained
F F :
— =0 1e
pF—pF:n Ap OIpFV:o ie. ¢=0 i poo
° dt | Pr —ps =0,

20



Microscopic constitutive relations

pR —pgt =-KeR, pT-pff=-Ket, v

Results of Gedankenexperiments - Gassmann relations N =0

2
K_(Ks_Kf) K C:KS(KS_Kb) _ K32
K 2 b K 2 ’ K 2 ’
S S S
- Ky - Ky - Ky
Ky Ky Ky

where

+
KW Ks Kf

and K.,K:, K, are given from laboratory experiments, the latter — drained modulus.

These relations give a dependence of macroscopic parameters on the porosity n, .
Inverse problem: porosity from measurements of bulk and surface waves! 21




Numerical example*
K, :=48.2x10°Pa, K; :=3.3x10°Pa

3.5E+10
3E+10 |
BE+10
2E+10

BE+10 |

compressibllity moduy]i
flux coefficient v

1E+10 F

5E+09 |

L l L L L L L L L L L L L I | L L L L J 0 :\ T BT TR R S Ll
0.1 0.2 03 04 05 01 0.2 03 04 0.5

porosity porosity

Macroscopic material parameters K, C, M Porosity parameter y

* The data are taken from: A.H.-D. Cheng; Material coefficients of anisotropic poroelasticity, o
Int. J. Rock Mech. Min. Sci.., 34, 2, 199-205 (1997).
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i And fetch shrill echoes from the hollow earth

-/

ome boundary - initial value problems:

Waves:

1. Propagation of linear bulk sound waves, their applications in
nondestructive testing of soils, tissues, etc., noise control,

2. Surface waves in soils: earthquakes, nondestructive testing,

3. Nonlinear waves (shocks, solitons) near centers of explo-
sions and earthquake's epicenters; medical applications of
shock waves.

Instabilities:

1. Liquefaction of sands due to interactions with waves,

2. Landslides and avalanches,

3. Piping due to fast flows of fluids through granular materials,
4. Flow instabilities due to mass exchange.

23



Some boundary - initial value problems:
waves

Dr. Dan Russel, Kettering University Applied Physics

http://www.kettering.edu/~drussell/Demos/reflect/reflect.html

Longitudinal wave

Transversal wave
Mexican wave

Water wave

Rayleigh wave

24



Some boundary - initial value problems:
waves

Dr. Dan Russel, Kettering University, Applied Physics

http://www .kettering.edu/~drussell/Demos/reflect/reflect.html

hard.qgif

at a fixed (hard) boundary, the displacement remains zero
(Dirichlet conditions) and the reflected wave changes its
polarity (undergoes a 180° phase change)

at a free (soft) boundary, the restoring force is zero soft. g if
(Neumann conditions) and the reflected wave has the

same polarity (no phase change) as the incident wave
Influence of boundary

condition on transmission

and reflexion - im pe dance Permeable pounda/jn" the incident wave /s fra_ velling
from a region of low impedance fowards a high

reflect1.gif

impedance region

reflect2.gif

Permeable boundary: the incident wave is travelling
from a high impedance region fowards a low
impedance region

25



Bulk monochromatic waves within the simple model: Q =0

Ansatz: _
,0 ‘Po - RrFe i(knX- cut)’ oS :ESel(knR—wt)
vF :VFel(knBt a)t), vS :VSei(knR—wt)

RF E>,vF,v®> - constant amplitudes,

n,K,w - direction of propagation, wave number, and frequency.

Compatibility with field equations (ansatz:  8=0):

F
RF =XP0 yFm ES=- X (VS On+nOVs)

0, 200
S S S

[a)zl—/] +S” knOn-£ok21+i" IJVS i TOvF —0,
1% ,00 ,00 ,00

—I—VS L W1 - Kkann+|1J vF =0
,00 ,00

26



Longitudinal waves: solution of the dispersion relation

S S
1] 1 Tw|, 1 W | = A” +2
k2:— 2 C()2+|—S +T C()2+|—F +D y CE)]_:: S/J
2| chy Po ) Cp2 Po Po
2 ._
1( > mw) 1( , .7nw 4 e Cpp =K.
R B A b o K | e e
Cpy Po ) Cp2 Po Cp1Cp2 Lo Lo

C P1 1000

900

2490
2480
2470
2460
2450
2440
2430
2420
2410
2400
2390
2380
2370
2360
Py TR RETIN RN R R b o v v vy

0 100000 200000 300000 400000 500000 0 100000 200000 300000 400000 500000

Frequency [1/5] Frequency [1/s]

800
700 H
600
500
400

300 F

Phase speeds of P1 - waves [m/s]
Phase speeds of P2 - waves [m/s]

200

100 F

Phase speed w/Rek of P1 and P2 — waves as functions of the frequency w
for ¢,,=2500 m/s, c,,=1000 m/s, p,°=2500 kg/m> p, =250 kg/m?,
permeability coefficient: m =106, 5x106, 107, 5x107, 108 kg/mPs.

27



180
160
140
120
100
80

60 |

Attenuation of P1 - waves [1/m]
Attenuation of P2 - waves [1/m]

1 40
“ ﬁ
0 1 I I I I I I I I I I I = I I I I I I I I I = 0 - L L L ! - L L - ! L - - L ! " L L L ! L L L 1 !
100000 200000 300000 400000 500000 0 100000 200000 300000 400000 500000
Frequency [1/s] Frequency [1/5]

Altenuation Imk of P71 and P2 — waves as functions of the frequency w
for ¢, =2500 m/s, c,, =1000 m/s, p,° =2500 kg/m¥, p,[ =250 kg/m?,
permeability coefficient: m =106, 5x106, 107, 5x107, 10 ¢ kg/mPs.

L|m|tS ) AS +2/JS +K,0F )
Pl: COPl —II R k_ S = 0 y IImR k—Cp]_,
L [NE Po t Py W
9, 9,
P2: c = —— =0, K =Cp»s.
oP2 |I Mpek I|m ek P2

28



Transversal waves:

W +i

phase speed of S [m/s]

Phase speed w/Rek and affenuation Imk of S-waves. The same data as

before.

Limits:

15001
04

1 1

+ w

0 Po

dispersion relation

2

frequency [1/s]

Cos =i
w -0

DDDDDD

W _
Rek

Cs

—cék’w—icsk?

attenuation of S [1/m]

J

18

P + P

F ]
0

oo
1%

O
¥
[

L

frequensy [1/s]

w P

M- —. <
w00 REK ,0(?

DDDDDD

:CS'
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lim - =1
w00 REK

M e =

e

!

N |-

Speeds of propagation in Biot's model

2
2 .2 2 _ .2
(CPl +CP2)+\/(CP1 ‘sz) +

4Q°

0506 |

2
2 .2 2 _ 2
(CP1 +CP2)_\/(CP1 _sz) +

A +21° +R+Q

Po+Py

L [}

4Q°

0505 |
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Destructive testing, the original soil structure must be damaged, e.g.
 |[aboratory testing
« acoustic testing from boreholes, for example - explosive

Cross-hole and down-hole acoustic tests

Oscilloscope

- i

Generation of
bulk waves

3D velocity
transducer

Oscilloscope

3D velocity
transducer

31



Soil in situ Experiments: Cross-Hole Seismic Test (example)

( sl
4 N 1 |
| \ 4
1l il qlE |
Impulse Receiver Receiver Purpose:
source | | rurpose
;% _;_._)_)_9_..}&’, 33> Measure cg, Cp; profiles
Il M amg Cross-Hole Standard:
(from Ishihara, 1996) (ASTM D-4428M)

32



Experimental Measurements of Bulk Waves

6
Fused glass beads
5t
E 4l Fast compressional wave P1
=
-
£ 3L
3 Cs
3
2; Shear wave S
| ./C:E)_Z__.___.__’_—*-.—.
- Slow wave P2
0O 1” 1 1 i — i
o 10 20 30 40 50

Porosity (%}

Velocities of bulk waves in an artificial porous material (sinfered glass)

T. J. Plona, D. L. Johnson, Experimental Study of the Two Bulk Compres-
sional Modes in Water-saturated Porous Structures, Ultrasonic Symp.
|IEEE, 868-872, 1980.

33



Experimental Measurements: cp, ,C5 and Porosity Profiles

so?l velocity of propagation (m/s) porosity
profile 0 500 1000 1500 2000 2500 3000 0 0.2 0.4 0.6 0.8 1
~ Cover 0 i i i i i | | : :
Fo | | ¢ | | | I |
“~Sandy silt "~ 10r-F------4---- ‘} 7777777 IR @)p------- - #.1’""1;;""% ********
”””””””””” 1 1 1 1 : LA
—UpperClay-  __ | 8 L N o ] 20F---—-—- . e ]
= (Pancone) = 20 [ o : ® o | | | IV |
| : : : g : : : ‘ XX : :
ANERE 2 o 30} ------- o SR
‘Interm. Sand —~ | | v | | | ® | X | |
——— £ A IR :
e | | | | I T | R : 7777777 ‘! 777777 4‘ 7777777 JL 77777777
=Lower Clay = %_ 40 1 ”i 777777 7: 777777 Tl“i 7777777 i 7777777 <10 | L3 | | |
3 | | | s | | " W | | |
50 [~ - 7 Jad I B B 50F--—--—-+ AL R I
: | | | [ ) | ‘ .U ‘ ‘ ‘
- | | | > | 'y | |
Cem eoi ffffff e { fffffff — B0 QA R R
. — S— L A— — S— 2ob A A ¥l
| . ® Cpp | | ; ; % 'LAB (Osterberg)
l . ® Cg ! l l | | | |
80 | | | | | 80 L L L
Soil profile and charts of speeds  Porosity predicted at Pisa site for measured
Cp; and cg at Pisa site speeds of bulk waves. Comparison with data
Pisa site. by Laval and Osterberg laboratory tests

After: Foti,S., Lai, C., Lancellotta, R.; Porosity of fluid-saturated porous media from
measured selsmic wave velocities, Géotechnique, 52, 5, 359-373, 2002.

Lai, C.; Recent Advances in the Solution of Some Parameter-Identification Problems Relevant
to Soil Dynamics, Lecture, Oct. 21, 2002, ROSE School, Pavia, Italy
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Surface waves on flat boundaries

- in a half-space of a linear elastic homogeneous material:

dispersion relation:
- ; ,
Sl ck B ¢k
2= ~421- =270
A ! C C C
] Il T EEE e T T L

Rayleigh wave

- in a layer over a half-space of a linear elastic homogeneous material:

2 2 2 H — thickn f the layer
@ pCEs 2. b o_cf t c esgoteaye
w=—=larctan| ———||+nm, s°=1-—%, " =—"%-1 ¢y > c‘; - existence
Hs p'C'Ts Ct CT

Example:

2025

1950 -

1900 -

elocity [m/s]

|
|
| i
1

phase v

: 5 R T i | P S G | | [ i R R

1775 F

1725 F

E. [T R M|
17000 20000 40000 60000 80000 35
frequency [1/s]

Love wave



Surface waves within the simple model on the boundary
between a porous medium and vacuum’

Potentials for displacements:

S
u® =gradg® +roty>, v° :%

F
u” =gradg” +roty", v" :%. K‘/

Ansatz for solution:

$° =A°(2)E, 9" =AT(Z)E. P’ -p; =A(2)E
W, =B°(2)E, ¢, =BT (2)E, p" -pf =AF(2)E,
Wy =gy =gy, =4y =0, n-n, = A%(2)E

E = ei(kx—cut).

Edelman, I., Wilmanski, K.; Asymptotic analysis of surface waves at vacuumy/ porous medium and

liquid/porous medium interface, Cont. Mech. Thermodyn., 25-44, 14, 1 (2002); and Wilmanski, K.,

Albers, B.; Acoustic waves in porous solid — fluid mixtures, in. Deformation and Failure of Granular 36
and Porous Confinua, Hutter, K., Kirchner, N. (eds.), Springer, Berlin (2003).

e =symgradu®,




Boundary conditions on the interface vacuum/porous medium:

ou’ ouj 0, F s

Tl =TS =p8|EL+28 ] = —(u3 -u3) =0, &

13,20 = T13 = H [62 ox ) _ o U3 U3 i

S S S :

_ ks _..F _ 2 sloduf  0uz s sOU > [ E F L

T332:o_(T33_p )ZZO_CPLOO[ 6)? 5, J O_ZCSPOGQ O_CPZ(P ~ Po )z:o_O§
7= 7=

Substitution of solutions yields a homogeneous set of
equations for constants. This yields a dispersion relation

35&  Remark: boundary condition on permeable boundaries:

0 | F- F+
p§ —u§):a(p_ -P j

N n

a‘ — surface permeability; it replaces a surface layer. 37



High frequency approximation:

g ) gl -
(o2 i) -3

Notation
c c 1oy
S
Cp1 Cp1 Po

For r=0 the above relation becomes the Rayleigh dispersion relation.

Otherwise two modes:
- leaky Rayleigh wave with the speed smaller than C, but larger than C;
- Stoneley wave with the speed smaller than C;

38



Low frequency approximation:

Dispersion relation (dimensionless!)

22 2 2
r+1(w r+1(w r+1 (w
2——| — -4 1-——| — 1- — +OlVw]=0.
L c’ (kj J \/ c’ (kj \/ rcé +1(kj o)

Hence we obtain two solutions (physical units!):

- Stoneley wave whose speed of propagation is of the order O(\/Z)

- Rayleigh wave whose speed of propagation follows from the equation:

2
2 2 2 2 2 2
2 2 2 '
CoS K CoS K CoPl K

39



Nondestructive testing: surface waves, the original structure of the soil
is not influenced, e.g. SASW (Spectral Analysis
of Surface Waves); different configurations possible (e.g. multistations)

Impulsive, Sinusoidal or Far Receiver
Random Noice Source

Near Receiver \

40



Nondestructive testing of soils

Experimental Measurements: Instrumentation

Dropped weight as a seismic
source geophones

41



Final remarks

1) Results of wave analysis should be extended on heterogeneous
and stratified media. In particular — existence of additional modes.

2) A model of unsaturated poroelastic materials should be developed
in which a coupling of phase transformation (evaporation/conden-
satign) with acoustic waves should be incorporated.

3) A selfconsistent method of micro-macro-transition must be deve-
loped in order to avoid large discrepancies between geometrically
and dynamically consistent models.

4) Nonlinear effects such as a dependence on equilibrium porosity
or on confining pressure in granular materials must be included
in the wave analysis. This leads inevitably to nonlinear waves
(e.g. soliton-like or nonlinear surface waves).

g@ig 5) As estimations of porosity are an inverse problem they require a ma-

thematical analysis of solutions which is entirely missing.
42



