1. INTRODUCTION
P Soils ?
(1) Products of natural weathering (physical /chemical /biological) of

rocks.

(2) Uncemented aggregate of minerals comprising 3 different phases (solid
phase /aqueous phase /gaseous phase). Cemented Aggregate??

Thus, soil behavior is highly nonlinear/irreversible, and most of all hard
to expect!!

Field/lab tests are must. Theoretical Evaluation??

Kansai Airport (Weak soil layer 200m< Settlement Problem, Power

Plant—Netherlands—Continuous Pumping,
Need major remediation or reconstruction, What about Inchon Airport?)
Japan Visit (Taisei Corp. (English/Contact Method). Kyoto Univ. DPRI)

(3) Not a rigid body
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(4) Some soils are electrically charged (clay surfaces are negatively

charged)
(5) Typically, Nonhomogenous / Anisotropic material
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homo/iso homo/aniso nonhomo/iso nonhomo/aniso

¥ Homogeneous soil is the one which the physical properties of all its

parts are same regardless of its position (global concept)

¥ Isotropic soil is the one which has the same physical properties in
every direction at a point (directional concept) ex. k, Ko (pp. 6769 + HW
#1 BOX CULVERT)




(6) Time/Environment Dependent

examples : Consolidation, Frost heave (temp./gw/silt), Expansive clays
(ex. bentonite—thick diffuse double layer—clay liners, slurry walls, Inchon
culvert?? Japan Hojun Bentonite swell in a sea water condition??)

(7) Since 1925, when Karl Terzaghi introduced the concept of soil
mechanics into the civil engineering field, the majority of the analysis of
soil behavior is based on the physical-mechanical behavior of soil like
loading condition. Since soil is very sensitive to local environmental
conditions, it cannot be evaluated by a mechanical approach alone. Very
little effort is made to study the environmental effects such as
physical-chemical-biological on the properties of soil. Soil behavioral
analysis i1s becoming more accurate when the environmental conditions
are considered. (ASTM/AASHTO method, distilled water, room

temperature, etc.)

Since soil is sensitive to local environments, some additional parameters

must be evaluated.

ex. Comparison of Controlling Parameters for Soil Classifications.

Present controlling parameters : Grain-Size Dist.,, Soil Consistency (LL,
PL, PI)

Proposed controlling parameters : pH (=1/logioH conc.) in pore fluid (SiOH
— SiO" + H' : the higher the pH, the higher the tendency for H® goes
into solution, surface gets more negatively charged, the effect of +charge
at the edge of the clay soil particle decreases, thicker DDL, dispersed

structure, lower k, lower S,), Ion-exchange Capacity.
*xPaper Presentation + Writing IN ENGLISH**
1. A paper will be given every week.

* Summary and WORD & PHRASE of the paper should be submitted
every week.

Copy and verbatim will not be allowed. (10%)

* One student will have a presentation for the paper of the week.



Evaluation will be made by the fellow student and the professor (10%)

2. Writing (Pick one of the geotechnical papers written in Korean.

Experimental papers preferred)

Style : ASCE ]. of Geotechnical and Geoenvironmental Engineering

Why Study Soil Mineralogy??

B4 48 > o4 420 4%

Soil mineralogy is essential to a fundamental understanding of soil
behaviors.

Nonclay Minerals : Sand / Silt (> 2um)

quartz (A%, most common)>feldspar>mica

Quartz((Si0O2)s is composed of silica tetrahedra grouped in such a way as
to form spirals with all tetrahedral oxygens bonded to silicon (framework,
round shaped).

4 Oxygens

——+letrahedron 10

Silica Sheet

Silicon Atom (Si) i

Silicate Crystal o ©
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Figure 3.13 Octahedral unit and sheet structure of octahedral units.
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Figure 3.16 Schematic diagrams of the structures of kaolinite and serpentine: (a) kaolinite
and (b) serpentine.
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Figure 3.17 - Diagrammatic sketch of the kaolinite structure.
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Figure 3.22  Schematic diagrams of the structures of the smectite minerals: (@) montmor
lonite and (b) saponite.
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Figure 3.23 Diagrammatic sketch of the montmorillonite
structure.
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Figure 3.26 Schematic diagram of the structures of muscovite, illite, and vermiculite: (a)
muscovite and illite and (b) vermiculite.
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O Oxygens, @ Hydroxyls, . Aluminum, O Potassium

O and @ Silicons (One-Fourth Replaced by Aluminums)

Figure 3.27 Diagrammatic sketch of the structure of muscovite.

The different silicates are classified according to how the Si—-O associate

with each other.

* FIG. 227 MITCHFELL : The {tetrahedral combinations increase in
complexity from the top to the bottom, so does the stability (independent
island < double < rings < chains < bands < sheet < round shaped
framework (quartz))

Framework Silicates (quartz) : All four of the oxygens are shared with
other tetrahedra, Already an oxide, No weakly bonded ions (high
hardness), Electrically neutral (no interactions with other ions) — Very
Stable Structure.

These factors account for the high persistance of quartz in soils.

¥ Bonding in Soil Minerals

The interatomic bonds in soil particles are of the strong, primary valence
type (ionic and covalent bondings). Quartz is half covalent and half ionic;
whereas, usual interparticle bonds among particles are of the secondary
valence, hydrogen, or van der waals type, which 1is relatively much
weaker than primary bonds. That means particles are strong compared to
groups of particles. Thus, in most cases, soil masses behave as



assemblages of particles in which deformation processes are dominated by
displacements between particles and not by deformations of particles
themselves.

*Hydrogen Bonds : H' attracts the negatively charged(dominant for
strongly electronegative atoms such as O and F) ion of the adjacent
molecule. Ex. O-H for Alumina Octahedral Sheet and Silica Tetrahedral
Sheet of Kaolinite. Water Molecule + B.P. Double Layer Water w/ surface
of clays.

*Van der Waals Bonds : Weak electrostatic force b/w atoms, ions, and
molecules that are caused by electron fluctuations that produce

instantaneous dipoles.

Nonpolar Electron quotua’gon,
Instantaneous dipole

O O O O o VDW bonds-Adsorption

The feldspars are silicate minerals with a 3-D framework structure in
which part of the silicon is replaced by aluminum. The excessive negative
charge resulting from this replacement is balanced by cations such as
potassium(K"), calcium(Ca™), sodium(Na"), strontium(Sr'"), and
barium(Ba'’). As these cations are relatively large, their coordination
number is also large. This results in an open structure with low bond
strengths between units. Consequently, there are cleavage planes, the
hardness is only moderate, and the feldspars are relatively easily broken
down.

Mica has a sheet structure composed of tetrahedral and octahedral units.
Sheets are stacked one on the other and held together primarily by
potassium ions that provide an electrostatic bond of moderate strength. In
comparison with the bonds within layers, however, this bond is weak,

which accounts for the perfect basal cleavage of mica.
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Clay Minerals : Microscopic particles (size < 2um), flake-shaped, having

negative electrical charge which is balanced by the adsorption of cations
from solution, showing plasticity when mixed with water.

Clay minerals are formed by various combinations of the
tetrahedral(silica) and octahedral(aluminium or magnesium) sheets. The
different clay mineral groups are characterized by the stacking
arrangement of sheets of these units and the manner in which two
successive two— or three-sheet layers are held together. (Fig. 4.1 Fang,
pp. 80)

¥ Plasticity of fine—grained soil is determined by Atterberg limits test,
which is used for describing the consistency (stiffness/firmness) of the
soils w/ varying degree of water content, then used for classifying the
soil (w/ GSD) of engineering purposes (as pavement materials or CBR,
frost vulnerability, shrink/swell, drainage, compaction characteristics, dry

unit weight, and subgrade reaction coefficient)

Also used for,

* Swell potential, S, = 227 + 0.131LL - 0.270

Soils w/ random fabrics (generally at the dry side of optimum having
greater deficiency of water) swell more than soil w/ oriented fabrics.
Disturbance or remolding of oriented fabrics clay may increase the
amount of swelling. S, > 25% very high, S; < 1.5% low.



solid | Semi-solid | plastic , liquid
| i |

SL PL LL

w

* Relationship to stress history,
LI = (0—PL)/PIL, LI>1 (quick), 0<LI<1 (NC), LI<K0 (OC)

] Activity, Mitchell,
Mineral
pp.186.
Smectite 1-7
Illite 05-1
. . * Activity, A
Kaolinite 0.5

= PI/%clay, The higher A of a soil, the more important the influence of
the clay fraction on properties and the more susceptible their values to
changes in such factors as type of exchangeable cations and pore fluid

composition. More sensitive to the environmental changes.

* C. (compression index) = 0.009 (LL-10)



Soil Type(Mit.pp.184)| LL e at LL |k (10 ‘cm/sec)
Bentonite 330 9.240 1.28
Bentonite+sand 215 5910 2.65
Natural marine soil 106 2.798 2.56
Air dried marine soil 84 2.234 2.42
Oven dried marine soil 60 1.644 2.63
Brown soil 62 1.671 2.83

*LI. Test is analogous to a dynamic shear test. LL for all fine—grained
soils corresponds to shearing resistance of about 1.7-2.0 kPa and a pore
water suction of about 6 kPa. Values of hydraulic conductivity at the LL
for several clays are given in Table (Mitchell pp.184).

Although the water contents and void ratios at the LL for the different
clays vary over a very wide range, the k is very nearly the same for all
of them. This means that the effective pore sizes controlling fluid flow
must be about the same for all the clays. The approximately equal
strength, pore water suctions, and k for all clays at the LL can be
explained by the concepts that (1) the aggregates or clusters are the
basic units that interact to develop the strength; i.e. the aggregates act
somewhat like single particles, and the average size of intercluster pores
is the same for all clays, Fig.10.17 Mitchell, (2) the average adsorbed
water layer thickness is about the same for all particle surfaces as all
clays have essentially the same surface structures. The greater the
specific surface, the greater the total amount of water required to satisfy
the conditions at the LL.

A7 SAHA dolg(cluster)® &8st 7HA stoll A (29 10.17 Mitchell),
LLA A= AEE A9 FAFE & (pore size, cluster arrangement )& 34
d3 A WAN FRAS SASA HEIL, FEE §ASA Yo &,
AE9 QAP +x27 H]£d 3o A (aluminum, magnesium octahedral +
silica tetrahedral), 22 99 THAF S5 E9 ¢ v A d9. o
g4 4A ¥]3EW A o] & montmorillonitex LLAA ¥ 28 5& F584 H

i ol & LLe® JeElYA "),



) ] Specific Surface
Soil Type (Mit.39) 5 LL(Das.pp.50)
(m”/g)
Montmorillonite 700-840 100-900
Illite 65-100 60-120
Kaolinite 10-20 30-110

* The plastic limit has been interpreted as the water content below which
the physical properties of the water no longer correspond to those of free
water(Terzaghi, 1925) and as the lowest water content at which the
cohesion between particles or groups of particles is sufficiently low to
allow movement, but sufficiently high to allow particles to maintain the
molded positions.

Clay Minerals Structures (Notes)

* Jsomorphous Substitution (53 X 3})

Substitution of one element for another w/ no change in the crystalline
form. There is IS of Mg? and Fe®" for Al in the octahedral layer in
montmorillonite (1 in 6) (AP*" for Si*" in illite (1 in 7)) to balance
exchangeable cations. In kaolinite, there is very small amount of IS. One
possibility is AI*" repalcing Si*" in the silica sheet (1 in 400).

ok montmorilloniteo] K'Z A F89 illite® 7371 v8 = 4&71?2? & A
uke] JlF (swelling 5)°l 7Vs 7?2

water in soil—interact with each other because water molecules are strongly attracted
to and adsorbed on soil particle surfaces. These interactions influence the physical and

physicochemical behavior of soil matrix
% How is water adsorbed on the surface of the clay particle

T
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adsorbed water

@ @ water ; dipole molecule two separate centers of charge.

electrostatically attracted to the clay surface with cation in clay

©
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Attraction by Osmosis

> cations ; generally hydrated to some-extent important at low water contents

IS(Isomorphous substitution) — crystal wants to be electrically neutral

— cations in the water may be strongly attracted to
the clay (different clay have different charge
deficiencies and thus have different tendencies to

attract the exchangeable cations!))

1) one cation can be easily exchanged with other cations



Higher valence cations easily replace cations of lower valence. For ions of same

valence, the larger ions the greater the replacement power.

Lit < Nat < K+ <<Mg++ < Cat+ << Al+++

3¢ Practical application

Na-Mont(shows high swell potential) stabilized by lime(Ca(OH)2)

Ca2+ replaces Na+ swelling of Na-Mont significantly reduced by the addition of lime.

Ion exchange reacition and Ion exchange capacity
A clay will adsorb cations of specific type and amount
cation ex - dominant Ca2+, Mg2+, H+, K+, NH4+, Na+
anion ex - SO42-, Cl-, PO43-, NO3-
Why exchange?
DIS @Broken Bonds 3Replacement
Geotechnical point of view;
[on exchange

(D can cause changes in the soil-water structure from dispersive to flocculative

structure or V.V.

@ can change the water behavior, such as change hard water into soft water by the

removal of Cat+ and Mgt++ ions.

ex. Ion exchange

Na,Z2) + Ca3)S044 — CaZd + NayS049
@& IE Capacity (IEC)

Maximum quantity of cations that the soil is capable of adsorbing from a neutral

2) sodium zeolite

3) very active displacing agent
4) causing hard water

3) calcium zeolite

6) sodium sulfate



solution(meq/100g soil)

@ Why? happen?

1) IS

AP"=Si"" silica sheet

Mg” —Al’" octahedral sheet

Balancing cations are attracted to cleavage surface
Dominant process for illite + Mont

i1) Broken Bonds

Exchange siltes may be present along particle edges and on non-cleavage surfaces.
Major process for Kaolinite. For a given clay material the important of broken bond

sites increases with decreasing particle size.

i) Replacement

The hydrogen of an exposed hydroxyl is replaced by another type of cation.

(& Factors Affecting Ion-Exchange Capacity.

1) Paricle size

CEC of clay minerals increases as the particle size decreases (not for Montmorillinite)
i1) Specific Surface Area

The smaller the particle, the larger the specific surface, the larger the CEC?.
Grinding(decrease particle size) causes an increase surface and increase the number

of broken bonds — CEC increases

iii) Temperature

CEC is reduced on heating?®)

Why? Thermal Energy make cations diffuse away from the clay surface

iv) Ton size9)

7) Fig.4.8 p96 Fang

&) Fig.49, p97, Fang : The CEC is reduced or heating but the reduction is not uniform and
various with the cation present

9) Table 45 p97, Fang



If ions do not differ in size by more than 15% and in valency by no more than one
unit, they can substitute for one another in the silicate minerals, Na'" and Ca’’ or Mg2+

and Fe*" can replace on another completely.

v) PI

Linear relationship b/w PI & CEC is obtained fro most soils!0)
% CEC T retardation for contaminant migration |

Specific Surface (m’/g)

Kaclinite 10~20
Illite 65~100
Montmorillite 50~840 — swell/shrink more

Diffusive Double Layer

In a dry clay, adsorbed cations as salt precipitates the negatively charged clay surfaces

In water, the cation salts go into solution. Because the adsorbed cations are
responsible for a much higher concentration near the clay surface, there is a tendency

for them to diffuse away in order to equalize concentration throughout!!)

The escaping tendency due to diffusion, and the opposing electrostatic attraction lead

to a cation distribution adjacent to clay particle in suspension.

29 0
O © @
Clay surface )| © @ g Cone. .
oo 6@ | A bt
o o © Aaien
3 Distance i

The negative surface nad the distributed charge in the adjacent phase are together

termed as the "Diffuse Double Layer"

10) Fig.4.10 p98, Fang
11) thermal energy makes them diffusing away from the surface



Also water molecular are held by cations in the double layer and hydrogen bonding to

the clay surface — double layer water.
Ion Distribution by Gouy-Chapman Theory

Assumption

@ Tons in the double layer exist as having point charges, and no interactions among

them
(2 Charge on the clay particle surface is uniformly distributed

(& The particle surface is a plate that is large relative to the thickness of the double

layer(1D condition)

@) The static dielectric constant of the medium is independent of position—dielectric

constant of the water in clay is 80(at 20C) independent of position.

3 Dielectric constant : measure of the ease with which molecules can be polarized

and oriented in an electric field

titativel = QY
Quantitatively F D

or the ratio of the electrostatic capacity of plates separated by the given material to

that of the some plates with vacuum b/w the plates.

From Boltzman equation
lon concentration #; = #,( coth (0.16 v;V Cy x))?
n; ; lon concentration of ions of type ¢ (ions/L)

n,; ; bulk ion concentration of ion 7 conveniently taken at a large distance from the

surface

v; ; ionic valence of ion ¢
C, ; solution concentration (M)

x ; distance from the surface (A)



Thickness of DDL

where D) ; Dielectric constant
% ; Boltzman constant (1.38x10-16 erg/, K)
T ; Temperature(, K)
ng ; lon concentration at bulk state (ions/cm)
¢ ; unit electronic charge (16x10™° coulomb or 4.8x10"" esul2))

v ; lonic valence

ex. Compute the concentration of Na' at a given distance from the surface of the

domain.
n, = 6.02x10" ions/cr’
v=+1
C, = 0.0001M
T=20TC =293, K
DO wn: x

n = 6.02x10%( coth (0.16 V0.0001 x) )2 ( ions/cm?®)

x(A) n (ions/cr)
5 9.4x10%
10 2.4x10%
30 2.5x10"
60 1.6x10"
91 2.8x10"
200 6.3x10"
305 2.9x10"

500 1.4x10"

1000 7.1x10"

12) lesu = 2.9979V
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FIG.” SODIUM ION DISTRIBUTION IN THE DOUBLE LAYER

(2> DDL thickness

g2 o Bumgetet 8w x6.02x107%x (4.8x107%)°)?
DET 80x1.38x10 ~ 16x293
K = 3.20 x 10° ¢cm™

. 1/K = 3.05 x 10° cm = 305 A

If there is only one kind of ion in the pore fluid, it v is doubled (+1 — +2). "v"

becomes 2v, and if no is also doubled. ny becomes 2ny , then the original thickness
becomes



DT 172 1/2

o 6. 2590 1
Xnew _ 81'[2%0 8241)2 . (E)
Xow __DET _ RN
8 I8 no 821)2
1/2
(%) = 0.354 (DDL reduced) — k? 1: AWANZa} 57t

In general the thicker the DDL, particles in suspension to be dispersed
J’_
get swell more
J’_

k (hydraulic conductivity) decrease

¥ Quick clay

Formed in sediment in marine environment. (high c), (thin DDL), (less repulsion).

Flocculated structure(higher strength)

Nl

leached by freshwater(low c) (thicker DDL)

DDL &7} — dispersed 73 % #HlHAH= 43

leachingRt 0. 2 A A F-Z7 vl A= &A| 7t disturbanceo] ¢]35}e] B} = dispersed
TEZ v

A ne—>» C
n
Lower C
— >
AT X
_ DET 1/2
VK = (8nn08202)

The tendency towards flocculation (DDL 74 $¥t}) will depend on increasing one or
more of the following.

- concentration of the electrolyte ng

- valence of the ion v

- Temperature T 1/K 1 ? but D also |, DT | . /K |



decreasing are or more of the following 1/K o« D", D| 1/K]

- dielectric constant of the pore fluid
Dyater = 80, Organic comp. Dypenzen < 35 — reduced DDL
= increase hydraulic conductivity

- size of the hydrated ion

size

L' > K
73 - 10A 3.8 - 53A : hydrated radians
! l
DDL thicker =~ DDL thinner floc.

]

the larger the ion size the thicker the layer required to accommodate the necessary
number of cations have the greater the repulsion.
- pH
Hzo
SiOH — SiO + H'
The lower the pH the lower the tendency for H' go into soil.

1
log ;o H *conc.

pH =

pH < 7 : acid, high H conc. less OH dissociation — flocculated
pH > 7 : 0|23} ¥ — ©§ #EWH] negative charge — dispersion

- anion adsorption
esp. phosphote (PO,”) at the edge — disp. agent 2 o]oF flocc.

For Neutral Organics

That's why we install.

Leachate

HDPE
sheet

clay liners




Low D
say Benzen, Aniline (D<35)
— results in reduced DDL

— Increase k

A

k
Methanol(low D)

water water

=

% Cohesive soil structure
When two clay particles in suspension come close to each other.
QpAbo) o] g &

rep > att

- DDL interpenetration (bumping) — repulsion

At the same time

- Van der Waal's forces — attraction

very close — attraction > repulsion — flocculated structure

while in suspension 1
PAFAFA 7F 742 A 712 ol o s A HjE of
P 4
= m
+ +
e ]

In dilute suspension (clay is initially dispersed)
— sedimentation I} oA salt7}l Eo}7pH DDL7} g¥o}# — repulsion Z+4& —
flocc. = &3t
— repulsion rules, gravity negligible — settle very slow or remain in suspension
(Brownian motion) — From DISPERSED STRUCTURE

ex) v}t}ioll A sed. ¥ marine clay: 2 floce. %



Flocc. Disp.

- high ¢ - low e

- marine clay deposit - fresh water clay
- k7t F - k7b

- 7% better - % lower

Properties and structures of compacted cohesive soils

Compaction of clay soil = fn (w, type of compaction, type of soil, comp. effort)

) )
Dry & wet soil kneading/vibratory/  plasticity compaction E
of optimum static different soil

plasticity T, Vamax |

A
High Comp. E
oo
/\E dry <__>W€t D Axial shrinkage

,m

B
fv ) kenading
Low Comp. E X
/ A static

Ny A'Q
7

w
Td

more dispersed

«y (@)
\ 4

¢ Curve= N 2% ?

w : usually water content of compacted soils is referred to the optimum water content
for a given type of compaction.

Depending on their position, soils are called dry of optimum at optimum, or wet of
optimum. When the soils are compacted dry of optimum, the structure of the soils is

essentially independent of the type of compaction. Wet of optimum, however the type



of compaction has a significant effect on the soil structure and thus on the strength

compressibility etc.

@ structures

At low w of A , the DDL of ions surrounding the clay particles cannot be fully
developed, hence the inter particle repulsion is reduced — more random particle
(flocculated).

As A — C (w increases), the DDL more developed, repulsion increases = more
dispersed.

As C — D or A — E, mechanical E causes the soil structure more dispersed

orientation. However particles are closer together — higher Yq

@ Permeability

zero-airvoid curve
I'd
S=100%
£S=90%
S£80%
: >
W
kwin reached
near slightly wet side
k 2_3 Of Wopt
order
f Kein
kd > kw
>
w

Sat. incr. but k dec. why ? Because void ratio decrease + flocculated (higher k)

(increasing Yq) !
dispersed (lower k)
kmin : very important for k sensitive structure

like landfill liner, dam, embankment



® Compressibility
Compressibility of compacted clay is a function of the stress level imposed on the soil
mass. At relatively low stress clays compacted wet of optimum are more compressible.

At high stress levels, the opposite is true.

A water deficiency /

€ still flocculated

dry side compacted clay lfllard totdistturb
oce. structure..

et side compacted clay

water dissipates

particles get closer

wet side

compacted clay Finally get

identical

premeter merely reduces structure

the space b/w the clay particles
P (natural scale) g P (log scale) .
as P before Pc' as P before P¢'

Comments : Pressure tend to orient the particle normal to the direction of application
the space b/w the clay particles reduced at the same time structure collapsed to be

dispersed structure.

@ Swelling

Swelling of compacted clays is greater for those compacted dry of optimum. They
have greater deficiency of water, thus have a greater tendency to adsorb water (swell
more). This is just opposite for shrinkage effect (wet side shrinks more). Soil at dry of

optimum are in general more sensitive to environment to changes such as changes in w.

& Strength
Samples compacted dry of optimum have higher strength than compacted wet of

optimum.



Qu

Ta

pore water p. at failure : wet side higher
stress-strain modulus : dry side much greater
sensitivity : dry side more apt to be sensitive

flocc. —  disp. : qu |
remolding



* Water in Soil

water in soil — - fine grained soils much affected! (plasticity, k, etc)

ex. capillarity, shrink/swell, frost action, seepage(through dams),
consolidation/liquefaction, stability of slopes/foundation, stability of

excavation — show ex.
a8 A4 swelling® #3)7F Hurricane/Floods/Tornado and earthquake

combined 5t} o Z AAH £48& 7R

j&‘} +o/2 HAE

* Capillarity

- comes from a fluid property known as ”surface tension”(—occurs between surfaces of

water/soil particle/air)

Giacoma Meniscusiﬁﬂlﬂlil at g21E2}

dlevzr sl A7 —=

meniscus(BHAHIH-9 2 o =)

MErCUryY

Water

Adhesion > Cahesion Adhesion < Caohesion

bfw glass wall and water solid surface zalid surface non-wetting

wietting

T
fm |

\L/Z B B Tension
v
W
d

S,
e U= — hex
A k \_,“ cw pressure
= ’| = u L4
hydrostatic p.
'(-B U= TwZ

Compression



For force equilibrium
ZF goum = Vol * ¥ = b dDy,

>F ,=ndTcosa

_ 4T
h.= v, d cosa

For clean glass tube/ pure water

_ AT
¥

For, 20. C, T=73 dynes/cm = 73mN/m = 73x10 *N/m

a—{() Sk

73x10 "°N/cm = 73x10 ~°

29 4=y, = 4T - 2T

N 100cm
cm m

=73x10 " *N/m

» Shape of meniscus; Spherical (a minimum energy condition)

- Effective pore diameter = 20% of Dyy(eff. grain size)
1 atm. abs = 101.325 kPa = 0.76 mHg = 14.696 psi
_ —A4T _ —4x73x10"°N/m _ 3x10°m*

¢ pyeed 9800N/m? - d d(m)

h

ex) @ If Dy = lym clay h.?

1 dyne: 2212 S HE lem]
JHEEE ENA S Y =10

_ _3x107°m? _
h, 0,210~ °m 150m (about 500ft.)

® Capillary pressure
u,=h,v,=150mx1000kg/m>*x9.81m/s*= 1500kPa =

—15atm = 225psi (tension)



Intergranular (or effective stress o)

0'=0—u (<~ 0=0"4+u)

At the capillary zone
At the top of the soil column

the tension in the pore water pulls the grains of soil together. The greater the
capillary tension, the greater the intergranular contact stress. — higher friction resistance

"Apparent cohesion” not true cohesion

* Apparent cohesion
resulting structure — loose but very stable honeyvcomb structure as long as the
capillary meniscus are present
— bulking
If flooded or disturbed structure destroved — volume decreased!

If you buy moist sand, you may end up buying a lot of air

* Shrinkage Limits (SL, w,)

A soil sample drying will form capillary menisci between the individual soil grains. As a
result, the stresses between the grains(effective stresses) will increase and the soil will
decrease in volume.

A point is finally reached where no further volume decrease occurs — Shrinkage limit



/Vi mi /\/f me

oven
drying

before drying after drying

measuring V; by displacing of mercury — non-wetting material — shape maintained

no swell

entrrapped air bubble
cracking during drying

mercury poison

SL=w,—Aw ———(1)

wi= 100 ———(2)

szwxm ———(3
2

(2), (3)— (D

. _ My —my . V-V,

o SL=( m, )x100 — ( m, )p*x100
Shrinkage cracks can occur locally when the capillary pressures exceeded the cohesion or
the tensile strength of the soil

- quick clay® §4 % 3l

If the sail is in a natural undisturbed state, then the shrinkage limit is often greater than
the plastic limit(which is meaningless) due to the structure of the soil
SL test in undisturbed state — flocc. large e
PL test in disturbed state — disturbed small e
However for normal clays, soils at the SL will have a very low void ratio because the

capillary pressures are so large, much greater than can be achieved by compaction.



ex) SL = 8 (for clays, for Montmorillonite SL=6)
G = 2.7 (assume S=100%)

Sre=G-w
e= 2,7x0.08 = 0.22
G 2.7

— — 3_ 3
Ye=T4e ¥w=199 x1t/m*=2.21t/m

¥eone = 2-4t/m3
Capillary force must be very large to cause soil to become so dense — Very large dry

strength

dAe nEFE F fat clay(CHDE "2 B obdfdA  ANAE AxAF

— shrink — pain

- Shrinkage cracks are zones of weakness which can significantly reduce the overall
strength of a soil mass and affect the stability of clay slopes and the bearing capacity of
foundation.

The soil mass volume changes resulting from both shrinkage and swell of fine-grained

soils are often large enough to seriously damage buildings and highway pavements.

* Soft clays become OVERCONSOLIDATED and less compressible because of the
increase in effective stress caused by capillary action

Dessication due to surface drying.

¥ Mechanisms causing preconsolidation of soils
1) Changes in total stress due to:
removal of overburden (geologic erosion or excavation by man)
past structures
glaciation
2) Changes in pore water pressure due to: o &7}
changes in water table elevation (u7r4)

desiccation due to surface drying < capillary induced(-u #4)



desiccation due to plant life < capillary induced(-u #4)

3) Changes in soil structure due to:

secondary compression (aging)

4) Environmental changes:

pH, temperature, salt concentration — DDL change —flocculated — ZE=ZF7}

ion exchange

* Swelling
« depends on the clay minerals present in soil

—sofl structure, physico-chemical aspects(cationic valence, salt concentration, ete),
organics

Montmorillonite > Illite > Kaolinite

(OHAl AFE20] swell more(HEE T 2301
Flloc, > Disn
Mono Cat. (DD, thicker) > [ Cat

Y

(Sodium monis2, A DRL) > Calcium Mon,)

- Swelling®l =7
U presence of Montmorillonite

D

' natural water content must be around PL

there must be a source of water for potentially swelling clay

- A A
- soils compacte wet of optimum and at a lower density shows less tendency to
swell (more oriented)
- Moisture barriers and water proof membranes have been used to prevent water
form reaching the swelling soil

+ Chemical stabilization



4. The porous Medium: Hydraulic Conductivity

* In GE —Flow through Porous Medium Important
=>Drainage Problems, Consolidation, Flow into Excavation, Dams, Embankments,
GW Development and Management
=>Stability of soil elements depends upon the seepage

=>Need to solve flow problem

* Basic Assumptions (28-1)

* When the hydraulic boundary conditions remain constant with time, steady
flow(seepage) condition occurs( % =(). On the contrary transient flow(seepage) will
develop as a consequence of apllied loads or any change of the hydraulic boundary
conditions with time( at +0).

Flow through Porus Medium — Darcy’s Law(1856)

V gischarge — K1 (k? hydraulic conductivity)

Vo =NV geepage (11 DPOTOSItY)

For gravel and sand, k is so high that u, (excess pore pressure), due to any external

load, dissipates in a very short time. The consequence is that transient phase can be

disregarded most of the time and soil behavior can be analyzed in DRAINED conditions

by reffering to the steady state

G5 — u, by any external load no building up (" k high) — Drained condition

steady state

On the contrary,
Silt & Clay — u, by any load will change with time (.~.k low)
(think consolidation)
— (0" will also change ( 0=0"4+u) )

— Transient state (Undrained Cond.)



Water in Soils

= (General Assumptions for Flow through Porous Media (soil)
- 1-D flow
Flow in which all the fluid parameters such as pressure, velocity, temperature, etc., are

constant in any cross-—section perpendicular to the direction of flow

Il

- 2-D flow
The fluid parameters are the same in parallel plane. whereas in 3-D flow, the fluid
parameters vary in the three coordinate direction.

For GE, either 1D or 2D is adequate for most practical cases.

- Incompressible flow

As density changes can be neglected at ordinary stress levels/temperature levels for
most GE applications, flow of water in soils can be considered incompressible.

otherwise, soil matrix F3 W87} Fo] WA U7l FYA7E Auidsas A 2ax E9 F

HWBE 753l eE o]E2o] wx ¢4

- Laminar flow

laminar flow, where the fluid flows in parralel layers without mixing or turbulent
( R=Vf“p <10 )

For flow in most soils, v is so small that the flow can be considered laminar.



For water in motion in ol matrix
Er= Ekmm"" Epoxenmz: C

2
Total head H.= i +¥ 1z (Bernoulli's eq.)
Ty 28 5 2 T
pressure head —4 velocity head elevation heacd

In goil, » ig almost neghigible

— Hf=yi+z
________ A
Py 1P
Yw ______________________________ .—.;._ _____________________________________ Yw
_________________ A iB_
Zy4 i Zy
: 7 :

BEL TH/ & RozRE o Foz 520}

For non-dissipative incompressible fluid, Head loss AH

P
AH=(Z,+—2)—(Zz+=2)

Yuw ¥
Head loss/L = i (hydraulic gradient)

=ATH — vy 1 —> vy;=k (Darcy’s law)

q{flow rate) = vA = kiA

A = cross-sectional area of porous media
Darcy’s law applied to the laminar flow( R= Vpo <{1) condition in porous media

applicable to most of the flow through soil media.
exceptions) at very low k — v=/&" (n=15 for swedish clay)

or at very high k, if turbulent flow, v+ki

P k (hydraulic conductivity)
- indicator of how well a porous media can transmit water
- k = fn(water properties, soil properties)

= fn(n, v,, S,, D, GSD, ¢, C)

For parameters with units



k=1in(n, ¥,, D)
y=[F/L]=[Ma/L*]1=[ML"*T¥
n=[ML T '], D=I[L]
Since we have n=4 physical variables and 3 basic dimensions of M, L, T.
n-3 = 4-3 = 1 dimensionless group from Buckingham =-theorem
b= Oy 2p®
ML\T = ML= 2T 21 ML~ T~ 19 L]
[(M] : 0=X,+X, _—
[L] : 1=-2X,—X,+ X,
(7] : —-1=—2X-X, |

— Xl:]_,Xzz_]_,X3:2

LE=Cm DR - CDZ%

;¥
b= 2
()
k, : intrinsic permeability for the properties of porous media alone

ki=cD210 —  basically a function of the size of openings through which fhud

moves
valid for B>10 Zem/s

¢ : mainly for describing the shape of the pore spaces (or particles-—SZ+2 1)

ki= [L2]
Kozney—-Carmen eq. — +%33 (31-1,2,3)

3
k=D 15, C

u l+te
e Temperature 1 u o Sk T o(o] A3kl ¢ =)
Yt .k
kg c=(l;;rcc)k:r° C
e S, 1 kT  (bubbles in air packet surface tension — water can
flow well)
e D 7 k7 (for larger pore openings)
(pore opening o« D, d = 20% of D)
GS1) well graded kl
poorly graded k1
ecl k1t

e C(shape factor) T (getting rounder) k7

1 ~ 15 (rough to round)
has more surface area — more surface tension to overcome for flow



3% Theoretical Equations for Permeability (K-C eq. derivation effect of S & e)
Poiseiulle’s law for flow through a round capillary

LrRz M 4L> ,,,,,, 1)

Yare™ gy, 2y (o LT, cm-s

1 . viscosity, R : tube radius, ¥, : unit wt. of the per™

7, ° hydraulic gradient
Because the flow channels in a soil are of various shapes and sizes, a characteristic
dimension is needed to describe average size.

The hydraulic radius is useful.

_ _flow channel cross— sec tion area
R;=
wetted permeater

For circular tube flowing full

R? R

Ru=9:r =2

So Poiseiulle’s equation becomes

Low= Vet = "L Ryina @

a : cross—sectional area of the tube
For other shapes of cross-section, an equation of the same form will hold, differing
only in the value of a shape factor Cg, so that

7 3
For a bundle of parallel tubes of constant but irregular cross-section contributing to a
total cross-sectional area, A(solid plus voids), the area of flow passages, A/ filled with
water is

A=S2A === 4

. |4
S : degree of saturation, Vw
v

n : porosity, v

e=L L V,=eV, V,S=eVS= VIIC.”’

Vv,
N ®
Then equation(3) becomes
4= C P RyiySnA=Co P RyS(72)iA —---- @)

and substitution for Ry gives



For this condition, Ry is given by air

p._Ar AL Vohune available for flow _ Vi g
S = PL wetted area S, /
P wetted perimeter water —— ] %

L ! Length of the flow channel in the direction of flow

S, © gpecific surface per unit vol. of particles( L?)
goil particle
For void ratio, e and vol of solids V), the vol. of water is
0= € VL S(E i
S k= CSV?{J%(LB) —————— (8) = Kozeny-Carman Eq.
b S§2tl+te

Yy &°
[ <« k= CS‘D%OT ]."e|'e SS]

P K-C equation works well for k in uniformly graded sands and some silts, serious
discrepaucies are found in clays because fabrics of clay materials do not contain uniform
pore sizes,

Poiseiulle’s law for flow is assumed through a round capillary which is not right for
clay particles.

P K-C equation predicts that the hydraulic conductivity should vary directly with the

cube of the degree of saturation(S) and experimental data support this.

# Inherent Errors for estimating k in lab test(permeameter test)
@ Soil is disturbed to somewhat extent

@ Orientation of the in-situ stratum to the flow is not always duplicated

(% >3 for sand)

@ Boundary conditions are not the same. (fixed wall®] &%)
@ i4u=0.5~1.5
{»=5 (washing fine particles, k1 turbulent flow made)
® v is not always ki, sometimes v= k" (non-linear)
® The entrapped air bubbles on the lab sample will affect test results. Even for

small bubbles since the lab sample is small.

@ Temperature Variations, especially for long-term test

How to measure k?

constant/variable head permeameter test

consolidation test k= c,m Y,



- in-situ well tests
® ilab > ifield (Fig 15.7 Mlichell pp352)

7 vs T (time factor) during consolidation according the Terzaghi theory

1500
"‘ ,
Al 1250
\»
WS
"'%@. 1000

>
L,
cz DR

pore water pressure by Terzaghi’s 1D consolidation theory

S W, . My ey
u= m2=0 i (sin i7i e
where M = ﬂ%l
Thus, 7 is
6w Sy & MZ\ —wr
7 SZ(Yw) v H mZ:OCOS( 7 e

If a parameter p is defined by

_ - MZ~ —mT [ U,
p=2 n;ucos( I Je i Ypr

u
For low values of Yu}l such as would exist in the field, for example,

u,=0.5kg/cm®, h=bm then v 1

the filed gradients are low throughout most of the layer thickness during the entire
consolidation process.
For lab sample of lcm thickness and the same stress, a case would be the cause of

substantial discrepancie between lab and field values of coeff. of consolidation.



u .
(—%+ is 500, and ¢ are very large)

¥ 1
If k is very much i-dependent, soil including small particles, not participating in the

load-carrying function of a soil mass are likely to be moved under higher values of i,
then the #,; value is much higher than filed condition.

For soils composed of particles easily washed, constant rate of strain testing(i7} & %3}

A W¥3A %+ A3¥) would be preferable to the use of conventional load increment

consolidation tests.



* Effective stress

- Vertical Stress

VZAN VZAN

Oy, =Yz Y1 & delsw
z @ LEIE EZ7AY o
Z o1 =12 AmrH o Fi= 7+ BEZ9o HHo| U

MEZo] B &o] &A434H (no seepaged A-$)

T2 &4
piezomete
hW OV’ =1z Ysat + h“"Y‘V
VYo - 23 THFTH
2} AE hvdrostatice] AEFEE Woo g
Zw %C;AVV o] 5 9] piezometer®l A z+ h, W E5 dol&
Aok, — HEed
( ¥ =1000kg T /m’= 1t/ m’ )

u = thw + Z¥
= 9.81kN/m® = 62.41b/ ft*, pcf

lkg - m/sec’=1N meha] A "ejA Ee] B Az7b A
9800 N / m* = 1000 kg % / m*
9.81N = 1kg %

= 1kg x9.81 m /sec?

jq] Bk
=9.81kgm/sec’

—

iy

[e] o]
DR

.

—8- 828 (effective stress)

07"7=Ov_uzZYsa‘c-l_thw_h

w¥w — Z¥ = Z (¥ — Yy) = Z¥o

A EFol =5 EA

ol

Py 2eg we

o



: ®

A1

: @

w2

ot e water level down from T — 2
Y

A\

OP-’I = hwle + Ysaths - (hwl + hs)Yw

= (Ysat o Yw)hs = Ys.ubhs

Opg = hW2Y\V + hwysat o (hWZ + hS)YW
= Neat — Yw) Ys.ubhs

4 I'd

Ope = Opz

A change In the porewater pressure, u produces practically no volume change
— no settlement

And has no influence on the stress condition for failure.

Eff. st W3} — Rearrangement of soil particles (33 W3} <tg)

B0 — 947k 88 A9 332 ¥



However, when the gw table is lowered, the soil is subjected to an increase in
effective stress.

This mayv lead to substantial areal subsidence as is occurring.
For example, in Mexico City and Las Vegas, GW is being pumped for
municipal water supply, and the resulting settlements have caused substantial

damage to streets, buildings, and underground utilities.

’ |
0 it = Y2 — ¥ouZ . GW lowered!
= Ys.ubZ
Runsat1 t
unsda 'Y Z
,YSG‘[
A\ 2
0= hunsatlyt + (Z - huns)ysat
U.’: (Z T Nyps/ ¥
0 = huns Y + (Z - huns)ys.ub
= huns(xt B Ys.ub) + Z X5 ub
R Z7
—4588 7}
—settlement may occur !
G + Se G+e G—1
* ¥p = 1+e YW’ Yd 1_|_e YW! Ysalt= 1+e Yw’ Ys.ub_ 1_|_e YW
G e %3} FEed
(5=0)

(S=1)



><— T

v

p N
U T ‘ u
Ac

For granular particulate materials,

Effective stress = 2 contact for ces
total area

P=P +(A—-A)u
Dividing by the total area A to obtain stresses,

p _ P A— A,
+ A u or

almost 0

A A

o=o’—|—(1—lz°) — o0=0 +tu

For fine—grained cohesive soil,
it is doubtful that the mineral crystals are in actual physical contact

since they are surrounded by a tightly bound water film
— ] A1
y =0 34
However, for clays, the principle of effective stress is an excellent

approximation to reality, though.

\L or=20 +u
Tu TG’
fluid p, granular
(resist skeleton p
normal (resist
stress normal

only) + shear) — ZEEA, F9se} 27



o=o0 +u® F3 =
L 3% AN

= ek At

I b= T FAa
J

E U4A7F 2= portion =7F (o &7h)
J

715 soil structure matrix®] A¥E = (rearrangement)

l

w3 W (4%, 4)

P

stability &Aoo A4

EZo] AA=d A H5eh 7ol
Thus once soil mass is fully saturated with water
A change is the porewater pressure u produces practically no volume change

and has practically no influence on the stress conditions for failure.

Effective stress® W3 — Rearrangement of soil particvle (53 ¥#H3g} o+
!
GT
l B3 Aehol Wt swess AHAM FHo] AN $H &
w2 Eo] weth 2 v Eo] wAUIIH o o
T T o] F& WA Ho o F7

“The response of soil mass to change in applied stresses (compatibility and
shearing resistance) depend almost exclusively on the effective stresses in that

soil mass.”



i
71 soil structure matrix® ¥ % (Rearrangement)
33 Ws (3, )
—Stability &Alo] A2



Upward Seepage

I . M 7
1N I B
be g 7 Hy:h=z:[
Z
g i H,7bdA h 3 sod
A0 A
2 7baA e} 4!
z
h
H2 v 1=z
E H,
A 1 A
/
( 7
A
0 o u 40—
H W w ‘.: b
1 Hwy Hwy 0 .
Hi+z HWYW+ZYSOT (HW +Z+EZZ>YW - ZY *azzywzzy 7\ZYW
(Hi+Ha+h) Hay =y
Hi+H2 v HW,YW‘H_Q sat Y 1 2 w Y Y
depth depth deoth
No seepage W} v]a, zolA (B)
No:zy'
upseep @ z ¥' - iz Y, HAa iz vy, WHE
TheF seepage ¥¢] o™ h 7 — 1 F57}
SHA 27 =g
OBcrit’ = ZY, - iZY\V = 0 icrit = ¥
¥

A A} contact=0

o] A= FEEHo| 0 A Y2 — boiling, quick condition



Downward Seepage

_ _ ; Z
s inflow -7 Ho
NN\ - {
-t
Hi 7 Ih
i) ZI
0 k3
H2 = ;
A
ﬁ outflow
0 ? - a
H1 HW,YW HW,YW 0
Hi+z HWYW‘FZYSGt (HW%»Z*.‘Z)}/W [ Zy"HZYw
Hi+Hz HWYW+H2 sat ¥ WWHZ*MYW \ 2 H2Y?+hyw
depth depth =Hzyw depth

’ 4 ’
O pown > ONe ? 0up



* Seepage Force (35%) — P = 0A co=P/A

effect of seepage 1T | = F&-2Y cffective stress] =7} &2 7HA %29
00=0-u (—o=0+1 CHAHT IFH
o] g2 PLBolA S A%L
D No seepage®] H-¢
ZYA .
. v , , .
volume of soil=zA \ 0, =z¥% effective stress
ol 7] ZH8-35l= effective force(Zgtol| 2]3H)
P, ,
P, =zy A effective force on area A

v
& A 5 zAc A&

@ upward S%DW

Vol=zA A
= Z
Z '—l'Z w A z Y +
( ¥ in{ ) l
upward seep, o' A
P =(zy —izv,)A effective force on A at depth A

. seepage °l &3 F &Y (effective force) ZA4
Py — P/ =izy,A
kA ©e Bug JEEHe

PO' — P’ _ iZ YWA . T
volumeof soil ~ zA ' ¥w
3 downward seepage
L = Z ‘A i WA
(Z,Y +fYW>A '}i 4 izy

P = {(zyv +tizv, A
P, —P  —izy A

Vol = Y = —iy, & %Pl | 27 iy,




mEA B9 ARG JAFEHS iy,
o] seepage force W@ hydraulic structure(, sheet pile)¢
stream, DS)oll A 2 A E= heaving A4l Wk ebd& A4kl 290t

3H+2(down

Terzaghi¥ sheet pile ¥ 2] heaving @4 A+
— D by D/2 zoneoll A F2 A (H¥A oz dbA)
NS Ak A

—

Heave zonle D

Factor of safety against heaving
F.S. = W
u
w' ! submerged wt. of soil in the heave zone
u - uplifting force caused by seepage on the same volume of soil

u = soil volume * i, -y, SHAETGT AFE

:%Dz.iavg.yw T

i,.. » avg. hydraulic gradient at the

bottom of the block of soil

avg




ex)

H1|= 30 ft
- PrHe = 5 ft
Heave zpne
] Find F.S.
sot = 112.32 pcf
Y P
10ft
sol.
a o d
20
B s2= W T
b C A
6.5
9.58
ath: & (H—H) = 4 AH =125 avg = 9.58
at c : 17&3(H1—H2)=1766AH=6.7
I
N\, 97 57} soil columne ZAA gor
hyoll |2
. _ %' _ 112.32—62.4 _ 49.9 -
SE S = . T T 048x62.4 29 LT

Heaving A& : adol weighte Tste] W' FAE =<1t}



30.
* Determination of Pressure heads from flow nets
htx = hinitial - nex : Ah

Elev. (ft.)
150 v
say, k = 1E=03 cm/s
w = 62.4 pcf
110
100 T T 7

flow line

\ a
v X (’"
,Ysot Py 2 \ 5/
50 i ,/ / ‘ equipotentia
i 7 4\',/ A \ K/ quip

. , ‘ line
A B
. ‘ : ,

Ny= 4
Nd:8
H =150 — 110 = 40

O
a= Nd

ARSI h, 5]

_ AH _ 150 — 110 _ -
Ah = n, 3 =5

hyp = 150 — 2x5 = 140
S hpy = 140 — h, = 140 — 30 = 110°

Required - Calculate effective stresses ar points A and B shown above.

Solution -

Point AdlA u, o',0 T3}7]

or = (50")(62.4pcf) + (70°) (130 pcf) = 12,220 psf

u =h,-v,=(h,—h)y,=((150"—(2)(5")) —30")(62.4pcf) = 6, 850 psf
= (140 — 30)=62.4

o = 12,220 psf — 6,850 psf = 5, 370 psf

Point Boll A u, 0',0 F3}7]

or= (10")(62.4pcf) + (70") (130 pcf) = 9, 720 pst
u = (150" —(6)(5")) —30")(62.4pcf) = 5, 620 psf
og = 9,720 psf — 5,620 psf = 4, 100 psf



¥ Dupuit’'s Assumptions
(U Hydraulic gradient is equal to the slope of the water table,

@ The flow lines are horizontal and the equipotential line is vertical.
22. Direction / Gradient of GW Flow

P OHPs are shown here

P Examples

23. Steady—State Saturated Flow

steady-state occurs when at any point in a flow field the mag. and direction of

the flow velocity are constant w/ time. % = (0 Does this condition always
satisfy % =0 7 uniform flow? No not always. In S-S condition, velocity

may vary from pt. to pt., but it won't vary w/ time at anv given pt.

N oV _
S 4 _ _ _mass/area
P Vx R N £ dx Covs) PV = time

yCénservative of mass ; M,;, — M,,=change in storage/time
= 0 for S-S condition
Darcy’s law valid , k, =k, = k,

y

d 0*h
v, (pva) =0 ox?  dy

Governing eq. for ss sat. flow for cnf/uncnf cond ./

*h | 6*h
2 T 522 =

a a
— 5x (V) — 5o (evy) — 5 0

The solution os h=h(x,y,z) , the hydraulic head at any point in the flow domain.
In two D, the solution is equivalent to the graphical Flow Net.
(FL LEL, square,Boundary FL,EL)

« Seepage Calculation from Flow Net

‘ hy—h h, —h
ﬁgﬁle Ag=k( 11 2 )11><1 Zk(%)lle
channel L H 2
b1 h h1_h2=h2_h3='“=T
Al 2 ) H d
< A © cbdg=k=y- < diff. of head b/wu.s&D. S
UU T s d'\N i
Aq 0. of potential drops

AQ = A02 = AQ3

N
..q = Aq - Ny« No. of flow channels .. q =kH Wf (flow rate per unit width )
d

S Q = q - w (w: width of the flow zone)



if " n=l'l, g= kH(T) - n # Refraction of Flow Line
d
N
. . N; o ky  tan®,
ifokrk o= VGIGHIED) s & o,

Bz

P OHPs are shown here

for Determination of pressure head / effective stress / flow rate unit width




-DETERMINING HYDRAULIC GRADIENT BY TRIANGULATION

CONCEPTUAL MODEL

ASSUMPTIONS
- CONFINED OR UNCONFINED AQUIFER UNIT,
DUPUIT CONDITIONS VALID.

- ALL WELLS SAMPLE SAME AQUIFER UNIT AND ARE
SCREENED SO THAT VERTICALLY AVERAGED HEAD IS
MEASURED

- PIEZOMETRIC SURFACE IN REGION OF WELLS CAN BE

APPROXIMATED BY A PLANE

OBJECTIVE
DETERMINE DIRECTION & MAGNITUDE OF
HYDRAULIC GRADIENT (OF -GRAD/H)



ARBITARY QRIGIN

THEORY
--LET HEAD IN EACH WELL BE h;,,h, AND h,

RESPECTIVELY
-—ASSUME THAT PIEZOMETRIC SURFACE IS A PLANE
--IF WE KNOW THE EQUATION OF THE PLANE
hix,y) = f(x;y) , THEN TAKE GRADIENT TO FIND
DIRECTION AND MAGXNITUDE OF HYDRAULIC GRADIENT
(-GRAD(h))




T}m >N(y)

MW T\} h2

h3

E(x)
h(x,y) = ax - by + ¢ (PARAMETER EQUATION OF
PLANE IN 3-D)

DATA FROM WELLS

h,=ax,+by,+¢c  —3 EQUATION,3 UNKNOWNS
h,= ax,+ by, + ¢ FULLY DETERMINED SYSTEM

hy=ax;+ bys;+c WANT TO SOLVE FOR a, b, ¢

IN VECTOR MATRIX FORM

X1yt a i
EE -

ys ] c ns
— s 7 Ax=b
A X b
SOLUTION

x= A"b



NOW ONCE x IS DETERMINED, CAN FIND
GRADIENT

h(x,y)=ax + by + ¢

g.rad(h) = % (ax + by + ¢)i + % (ax + by + ¢)i®

=ai™+ bj"

HUDRAULIC GRADIENT = - grad(h)

—g.rad(h) = — ai” — bj?

SUMMARY
--DATA FROM THREE WELLS IN TERMS OF HEAD FROM A
KNOWXN VERTICAL DATUM, AND CARTESIAN LOCATION IN
THE HORIZONTAL IFROM AN ARBRITARY ORIGIN

-—ASSUMING PIEZOMETRIC SURFACE IS REPRESENTED BY A
PLANE FIND PARTICULAR EQUATION OF THE PLANE :
hix,y) = ax + by - ¢

BY SOLVING
X1yt a i
)
X3 y3 ] © h3 /

-——HYDRAULIC GRADIENT IS THEN
—g.rad(h) = — ai” = bj"



TO FIND MAGNITUDE JUST FIND THE 1,-NORM OF THE VECTOR
| —g.rad(h) | = (a?+ b?)'"2

TO FIND DIRECTION, CONVERT x-y COORDINATES INTO POLAR
COORDINATES, WITH 0°= NORTH

,,,,,,,,,, 0= arctan(%)

270° AL > . 90°

180°

FIND ©, CONVERT INTO AZMIUTH-REMEMBER TO FIND
CORRECT QUADRAUT.

SEE  READINGS FOR A GRAPHICAL APPROACH-OBSERVE
GRAPHICAL APPROACH USES IDENTICAL THEORY .. HAS SAME
ASSUMPTIONS & LIMITATIONS.

ALSO, HEATH pg 11 - VALID FOR HOMOGENEOUS-ISOTROPIC
SYSTEM (GRADIENT PROCEDURE IS CORRECT REGARDLESS)

--FOR CONVIENCE A COMPUTER PROGRAM NAMED
"GRADIENT"IS AVAILABLE ON THE FILE SERVER.

-——THE PROGRAM PROMPTS THE USER FOR x,y COORDINATES
AND HEADS FOR THREE WELLS.

-—~THE PROGRAM SOLVES Ax=b AND COMPUTES THE
HYDRAULIC GRADIENT
EXAMPLE



ARBRITARY

ORIGIN
WELL | HEAD X N
mw-1 100 100m 20m
mw-2 95 280m 20m
mw-3 90 100m 180m

=100

—TYPICAL DATA SET

-—COMPUTER PROGRAM OUTPUT SHOWS

-grad(h) =

COMPUTER OUTPUT

0.027i" + 0.0625;"

GWGRAD estimates regional gradient from heads in 3 wells using planar

distribution

head(x,y) = ax + by + ¢

grad(head) = ai + bj

GWGRAD procedure —— Data for three wells
X position for data point #
— 100
Y position for data point #
— 20

Head value for data point #
— 100

X position for data point

— 280

Y position for data point

— 20
Head value for data point #

ke

ot

1 ?
1 ? —mw-1
1 ?
2 ?
2 ? —mw-2
2 ?



— 95

He
w
N

X position for data point #

— 100
Y position for data point # 3 ? —mw-3
— 180
Head value for data point # 3 ?
— 90
Approximate regional head distribution
H(X,Y)= -0.278E-01 x + -0.625E-01 y - 104.

a b c
Hydraulic Gradient = 0.277778E-01 1 + 0.625000E-01 ;j

a b

STOP

ENTER THESE DATA, PROGRAM COMPUTES GRADIENT.
SOURCE CODE, APPLICATION, AND MAKEFILE ON SEVER

DIRECTION & MAGNITUDE CALCULATIONS.
N

—grad(h)
b
0
\O )
b
tan O = % — 3.3148

© = tan '(2.3148) = 66.6°
- DIRECTION = 90°-66.6°= 23.36°(NORTH=0°)

MAGNITUDE = V (0.0625)% + (0.027)% = 0.068




ASSUMING THE AQUIFER IS HOMOGENEOUS, AND

ONE CAXN ESTIMATE SPECIFIC DISCHARGE GIVEN K.
LE SUPPOSE K = 10 m/d

23°

qa = —Kr(h)=(10m/d)(0.068)==0.68m/d

Coulomb’ s Earth Pressure Theory

(Frl28-g 318 RankineRth ¢ AA < AA7 7FEslF)
A.Active case

All soil resistance is mobilized along soil-soil and soil-wall contacts

Plane strain condition assumed.

+ Soil move down P
relative to walt

straight line

0
p
CA Resultant force
acting on soil-soil

180-6—(90- @) surface
=90-0- ¢

#Coulomb’ s active earth pressure
C, = fn(geometry of H, o, 6, B )

(strength para® )
(interface wall friction &)

#To find C4

ISOTROPIC



l.assume O, and calculate C4 from vector addition
knowns W: magnitude +orientation

R: orientation

C,: orientation

90+ 0+5-0+¢

sin ¥& 2 Z(closed form 3% )
c, W R
%< sind sinB  sinC

> F.=0,> F, =0

- Cot 78 A,
2.Repeat 1. for various © (© & X222 T} A 7143}

3.Select C A, max

*Closed form solution(no © assumption)
C, w
sin(@—¢) sin(90+@+6—-0+4)
3 sin(0 — @) _
47 sin(90+w+6 -6 + ¢)
1 vl cos(@ — @) cos(w — f)sin(0 — @)
2 cos’ @ --in(6 — B)sin(90+ @ + 5 — 0 + ¢)

*To determine the critical value of © for maximum

ac, _,
do
1 2
C,=—y-HK,
2
K - cos’ (¢ — )

A4

sin(d + g)sin(g— ) |

cos(d + w)cos(w — f)

cos’> w-cos(d + a)){l +\/

if @=0,0=0,=0 (like Rankine case)
K - cos’¢  l-sin’¢ 1-sing
A~ - . - .
(1+w/sin2¢§)2 (1+sing)” 1+sing _ ponkine Active state coeff.9b 59

R



if 20,020,620
c,=K,y-H

e
€= 27 H'K, K, = $53 o]% (Das F.E.4th ed. P354)

Coulomb’ s Active Case by Trial Wedge Method.
Do,c=0
1) Cy :%YHZKA

- K, by chart (closed solution)
2)

W/ 6 assumption Max C.

2
2) =0 ¢ (¢°3°79



Ca : adhesive b/w soil and wall

W : magnitude + orientation

CwLsw : magnitude + orientation

CLss : magnitude + orientation

N ! orientation

Ca ! orientation

3) Wk ¢, dry o™
N — Re 4= : 90+d -0
CA — CAY ZI= : 90+0-0
CAE ¢ = 3Uth

4) ¢, c = 0, water (no flow)




=Y vH L W2 1
2 e = E YWH wLwl

Flow7} 4719 #1¢] Bdo] o|Fo]

2] ggom g o)A whx] K3k
Therefore, total pressure on wall Ciw

C Aot .
w+9d

CA,tot = CA + pw

w

Trial wedge for Rankine case
w=0, 3=0, B=0 ( @,c clay)

cLl

=t

{ R
180 — H — (90 — @)

=90-0+D=90+6-0
=90+D-45-D/2=45+D/2

Comparison b/w R and C for , ¢=0 dry condition



Ra>a C
. The effect of wall friction is to reduce total force against wall. Therefore,
Rankine gives conservative design forces relative to Coulomb.

[y
CA:E}/H Ka O-AzK]/H

a

—Coulomb’s active earth pressure

Coulomb’s Pctive Earth Pressure

1 2
PPZEprH o =K ]/H

y p P
—use minimum of €, for ¢ when using trial wedge method.

K, use Table 55 / Table 57 / Figure 5.15

* Special Case

-Rankine Active and Passive Earth Pressure for inclined Granular
Backfill



cos 3 —+/cos’ f—cos> @
cos B ++/cos’ f—cos’ @
cos B ++/cos® f—cos’ @

K, =cosp

K, =cosp

cos f —y/cos” B —cos® @
P =LK
H_E a}/ , O'azKa}/H

82 page HH




83 page

Rankine with W (inclined wall)

Weight of soil wedge, W is vectorally added to Pa
A HAE 73] E¢E BE

*Surcharge Load (Based on the theory of elasticity)
1)Point load surcharge



oz : #AWF Bt F7HF Bl

ox m>04

1.770  m*n’
o, = —
b HZ (mZ +n2)3
m=04
2
5 0280 n

TOHY (0.16+n7)

H
P= J‘dez
0

2)Line load surcharge

q
X=mH
Ox
0.203¢ n
o, =
H (0.16+n%)’

H
P= jaxdz

0
86 page

3)Strip load surcharge



2q .
=—=(p- 2
o, I (f —sin fcos2a)
p=-1(H(®,-6)
90
m
0,(deg) = tan 1(;‘)
Lom+m
0,(deg) = tan 1(%)

Ex) g=1000 psf, m1=10ft, m2=5ft, H=10ft

1000
Sol)

0, =tan™ (%) =56.31(deg)

0, =tan™ (%) = 45(deg)

P=[od= 4 0, 0, =19 100, -
Joude 16, -0 =P 10x(6,-0)

1000
p=5y (106631-45) =1256 1 .o
84 page
Table 5.5 Values of Kp for ©=0 and B=0
&(deg)
¢ (deg)
0 5 10 15 20
15 1.698 1.900 2.130 2.405 2735
20 2.040 2.313 2.636 3.030 3.525
25 2.464 2.830 3.286 3.855 4597
30 3.000 3.506 4.143 4977 6.105
35 3.690 4,390 5.310 6.804 8.324
40 4.600 5.590 6.946 8.870 11.772




84 page

Table 5.6 General Range of Wall Friction Angles for masonry or Mass Concrete Walls

Backfill Material Range of (deg)
Gravel 27730
Ciarse Sand 20728
Fine Sand 15725
Stiff Clay 15720
Silty Clay 12716

Table 5.7 Values of Kp for a Vertical Wall with Horizontal Cohesionless Soil as Backfill

o _ 6 _
20 % 30 %5 40 5
0 2.04 2.46 3.00 3.69 4.60 5.83
5 2.27 2.78 3.44 431 546 4.09
10 247 3.08 3.68 492 6.36 8.43
15 2.64 3.34 428 2.53 7.30 9.89
20 2.87 3.61 4.58 6.17 8.30 11.49
25 4.00 5.12 6.80 9.39 13.20
30 9.81 761 10.60 15.31
% 855 12.00 1765
40 14.40 20.48
45 25.47

Figure 5.15 Variation of Kp obtained from Terzaghi and Peck’ s methid [vertical
backface of wall(?=0 ) and horizontal granular backfill(?=0 )

85 page



Table 5.8 Active Earth Pressure

Coefficient, Ka

d(deg)
B(Deg)
28 30 32 34 36 38 40
0 0.361 0.333 0.307 0.283 0.260 0.238 0.217
5 0.366 0.337 0.311 0.286 0.262 0.240 0.219
10 0.380 0.350 0.321 0.294 0.270 0.246 0.225
15 0.409 0.373 0.341 0.311 0.283 0.258 0.235
20 0.461 0.414 0.374 0.338 0.306 0.277 0.250
25 0.573 0.494 0.434 0.385 0.343 0.307 0.275
d(deg)
B(Deg)
28 30 32 34 36 38 40
0 0.361 0.333 0.307 0.283 0.260 0.238 0.217
3 0.366 0.337 0.311 0.286 0.262 0.240 0.219
10 0.380 0.350 0.321 0.294 0.270 0.246 0.225
Table 5.9 Passive Earth Pressure Coefficient, Ka
d(deg)
B(Deg) e
28 30 32 34 36 38 40
0 2.770 3.000 3.235 3.537 3.852 4,204 4.599
5 2.715 2.943 3.196 3.476 3.788 4136 4.527
10 2,901 2775 3.022 3.295 3.598 3.937 4.316
15 2.284 2.502 2.740 3.003 3.293 3.615 3977
20 1.918 2.132 2.362 2612 2.886 3.189 3.226
25 1.434 1.664 1.894 2135 2.394 2.676 2.987




* Coupling b/w electrical and hydraulic flows

4 electrokinetic phenomena in fine—grained soils

T Electro-Osmosis

There are more cations than anions in soils

o

+ Sat. Clay -

anode cathode



. O |
Mg (Hydrated cation)

attracted to cathode(-)

.. There is a net water flow induced toward (-) : electro-osmosis
— E-O can be applicable for the acceleration of drainage
(Electro-Osmotic Consolidation)

{2 Streaming Potential

AH

H,0

’ Sat. clay ‘

| |+

AE

H20 movement induced by AH cations hydrated.

The result is an electrical potential difference proportional to the hydraulic flow rate,
called ’streaming potential b/w the opposite ends of the soil mass. s.p. of several tens
of mVs have been measured.

@ Electro phoresis

o

- Clay Suspension |+

cathode  Particle anode

Move

Negatively charged clay particles move toward the anode. Discrete particle transport
through water. = E. gradient induces particle movement. (X]497) =)

@ Migration or Sedimentation Potential



grav.
Particle| | Clay AE
move. sus.
v

The movement of charged clay particles during gravitational settling generates an E.
potential difference. Negatively charged clay particles settle down at the bottom

— More negatively charged at the bottom

¥ Theories for Electro—osmosis
k

. - coefficient of electro-osmosis hydraulic conductivity.

Hydraulic flow velocity under a unit electrical gradient. 1x10 ?~1x10 "8 m/s/volt



. Water ke in 107 Approximate kp
No. Material " 5. B o,
Contents(%)"| (cm”/sec-V)? (ecm/sec)
1 |London clay 52.3 58 10°®
2 [Boston blue clay 50.8 5.1 10°®
3 |Kaolin 67.7 5.7 107
4 [Clayey silt 31.7 50 10°
5 |Rock flour 272 45 107
6 |Na-Montmorillonite 170 2.0 107
7 [Na-Montmorillonite 2000 12.0 10°®
8 |Mica powder 49.7 6.9 107
9 |Fine sand 26.0 41 107
10 |Quartz powder 235 43 10
11 |As quick clay 31.0 20.0-2.5 2.0x10°°
12 |Bootlegger Cove clay 30.0 24-50 2.0%107°
13 |Silty clay, West Branch Dam 32.0 3.0-6.0 1.2x10°%-6.5%10°
14 |Clayey silt, Little Pic River, Ontario 26.0 1.5 2x10°

k,, same order of magnitude for most soil types.

Measurement is made by determination of the flow rate of water through a soil sample

of known length and cross-section under a known electrical gradient.

Electro-osmosis theories providing a basis for quantitative prediction of flow rate.

Helmholtz and Smouchowski Theory

FF++F++ D o
s e e o U

l

_|_

-3

AL

v . flow velocity

6 @ distance from the wall between the wall and the center of the plane of mohile

charge

Model : A liquid-filled capillary is treated as an electrical condenser with charges of
one sign on and countercharges concentrated in a layer in the liquid a small
distance from the wall

The mobile cations are assumed to drag water through the capillary by flow.

The rate of water flow is controlled by the balance between the electrical force causing



water movement and friction between the liquid and the wall.

At equilibrium,

n : viscosity

0 : surface charge density

or
— AL
08 =pv AE @
From electrostatics, the potential across a condenser ¢ is
_ 06 .
L= D @ = zeta potential

(D : dielectric constant of pore fluid)

06=7D substitute to @

— AL = — (DAL

For single capillary of area a, the flow rate is

qa=va=§Du%d ******* ®

and for a bundle of N capillaries within total cross section area A normal to the flow

direction

_ _ SO AL »,
a,=Ng,= 1 A Na ®

If the porosity is # , then the cross—sectional area of voids is #nA, which must equal
Na, thus,
D AL

94= "7 AR nA @
By analogy with Darcy’s law,
da= keieA
i, © electrical potential grad %
k, . coefficient of electro-osmotic hydraulic conductivity
k,= ETD 7

= independent of pore size. this explain Table 12. 7



This is contrast to the hydraulic conductivity, %, which varies as the square of some
effective pore size. Because of this independence of pore size, electro-osmosis can be

effective for water movement in fine-grained soils compared to flow under or 7,

ex. k,, = 1x10 5 m/s (sand)
ki = 131071 m/s (clay)
ke e, clay and sand ax10 -8 m'/s volt

For equal flow rates %,i,= k., so

.k,
i,= ?Z i,
If AE _ 20 v/m (elect. pot. grad) — 7,
AL
thel'], ih, sand — 0.01
ih,clay = 1000

U sang Of 001 can move water as effectively as an electrical grad. of 20v/m in fine
sand. However, for clay, 7, .4, = 1000 would be needed to offset the electro-osmotic

flow. & 20v/mE ZojF Aol ¢ = 1000 & A% T2 &7

* Consolidation by Electro—Osmosis
Electro—osmosis draws water to cathode where it is drained away, then consolidation of
the soil between the electrodes occurs in an amount equal to the volume of water

removed.



AE

I, v _— \
’l A \‘ ,’ C \\
1 \| : ||
1 —_— > 1
: +) : '. () !
\\ " \\ ,l
\ U _ > \ 1
\ / \ 7
\ K water \ /
\ /
\\ ,/ movement AN e
N rd . \\ //\
A — Ah induced T %
>
Consolidation occurs No consolidation
1
u.y,0't U, , 6, ¢ unchanged

Consolidation continues until hydraulic force that drives water back toward the anode
exactly balances the electro—osmosis force driving water toward the cathode. Then,

1) How much consolidation will there be?

it} How long will it take?

Answers obtained by using the coupled flow equations in place of Darcy’s law in

consolidation theory.

— Mitchell pp. 277-281

B Assumptions

1. Homogeneous and saturated soil

2. The physical and physicochemical properties of the soil are uniform and constant with
time

3. No soil particles are moved by electrophoresis,

4. The velocity of water flow by electroosmosis is directly proportional to the voltage
gradient,

5. All the applied voltage is effective in moving water,



6. The electrical field is constant with time
7. The coupling of hydraulic and electrical flows can be formulated by equationsl3

8. There are no electrochemical reactions

B Governing Equations
For one dimensional flow between plate electrodes equations becomes,

ky ou k. oV

Yy 9% e o 12.135

ay = —

for the flow rate per unit area. For radial flow for the conditions show in Fig 12.37b

and a layer of unit thickness

_ K du _ 1. OV
a, = Y. or 2nr — k, ¢ ar - 2nr 12.136

CDONSTILIDATION BY ElLECTROOSNMOES]S

Comtlwxtio Ancda

X
AR T 5-312“

A R

Fig. 12.37 Electrode geometrics for
analysis of consolidation by
electroosmosis (a) One-dimensional
flow (b) Radial flow

Introduction of equation(12.135) in place of Darcy’s law in the derivation of the diffusion

equation governing consolidation in one dimension leads to

ky 9% oY _ ou
Yo 92 k. ax? - Mg 12137
and
0“ 82V _ 1 ou
k wax? e, ot 12.138

where m, is the compressibility and c, is the coefficient of consolidation. For radial

13) q‘.ﬁr’:khih"'keie, 1= Ohih"' Oeie



flow, the use of equation(12.136) gives

™ |k, 2 V., 1,0u , ke
az+ aaz+ (8r+k A

Fig. 1238 Assumed variation of voltage
with distance during electroosmosis (a)

One-dimensional flow (b) Radial flow.

Both V and u are functions of position, as shown in Fig.12.38 V is assumed constant

with time; whereas, u varies.

B Amount of Consolidation

When the hydraulic gradient that develops in response to the differing amounts of
consolidation between the anode and cathode produces a counterflow (k;/¥,,) * (du/dx)
that exactly balances the electroosmotic counter flow ke(aV/ dx), consolidation is
complete. As there is no flow, q; in equation (12.135) and (12.136) is zero. Thus
equation (12.135) is

knou _ _, 3V

Yo OX ¢ ox

k
or du= —?eYWdV -+ 12,141
h

- 12.140

The solution of this equation is

— —k.
u= kh

V+C - 12142




At the cathode, V=0 u=0; therefore, C=0, and the pore pressure at equilibrium at any

point is given by

u= — 112 ¥V o (12.143)
h

where the values of u and V correspond to any point of interest. A similar result is
obtained from equation (12.136) for radial flow.

Equation (12.143) indicates that electroosmotic consolidation continues at a point until a
negative pore pressure, relative to the initial value, has been developed that depends on
the ratio k./k, and on the voltage at the point. For consolidation of constant total
stress, there must be an equal and opposite increase in the effective stress. It is this
increase in effective stress that is responsible for consolidation. For the one-dimensional
case, consolidation by electroosmosis is analogous to the loading shown in Fig.12.39.

For a given voltage, the magnitude of effective stress increase that develops depends on
k./ky,. As k., only varies within narrow limits for different soils, the amount of
consolidation that can be achieved depends largely on k;,. However, the amount of

consolidation in any case depends on the soil compressibility as well as on the change

in effective stress. For a linear soil, the coefficient of compressibility a, is

_ _de _ de .
W= g Qo 12.144

or
de =a,du= —a,do” - 12.145

in which do’ is the increase in effective stress.

It follows, therefore, that electroosmosis will be of little value in an oversonsolidated
clay unless the effective stress increase are large enough to bring the material back into
the virgin compression range.
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Fig. 1239 Consolidation by electroosmosis and by direct
loading. one-dimensional case. (a) Electroosmosis. (b) Direct

loading.

B Rate of Consolidation
Solutions for equations (12.138) and (12.139) have been obtained for several cases (Esrig,
1968,1971). For the one-dimensional case, and assuming a freely draining (open) cathode

and a closed anode(no flow), the pore pressure is

k, 2k ¥V
U=, YWV 5 - 12146
& (e (n+ 1/2)x
20 (a1 1/2)? sin| ]

»exp[—(n+1/2)%x2T ]
where V(x) is the voltage at X, Vn is the maximum voltage, and Tv is the times

factor, defined in terms of the distance between electrodes L and real time t as

t
T,= ivz - (12.147)
C,= R 21a9)
myYy

The average degree of consolidation U as a function of time is

= 1— Z@ (n+1/2 Yexp[—(n+1/2)%x*T,] - 12.149

Solutions for equations (12.146) and (12.149) are shown in Fig.12.40 and 12.41. They are
applied in the same way as the theoretical solution for classical consolidation theory.

A numerical solution to equation (12.149) has been obtained, with the results shown in
Fig. 12.42 (Esrig, 1968, 1971). For the case of two pipe electrodes, a more realistic field
condition than the radial geometry of Fig. 12.37b, Fig. 12.42 cannot be expected to apply

exactly. Along a straight line between two pipe electrodes, however, the flow pattern is



approximately the same as for the radial case for a considerable distance from each

electrode.

[TL i}
T,=0050 T

1ok __\ \\\\A

(-] 0 o ne T

- \a

L

Ratia: Fore Sremere U ot T, 30 iseman

.

Fig. 12.40  Dimensional  pore
pressure as a function of
dimensionless time and distance
for one-dimensional consolidation

by electroosmosis

A solution for the rate of pore pressure buildup at the cathode for the case of no
drainage(closed cathode) is shown Fig. 12.43. This condition is relevant to pile driving,
pile pulling, reduction of negative skin friction, and recovery of buried objects. Special
solutions for in situ determination of soil consolidation properties by electroosmosis
measurements have also been developed(Banerjee and Mitchell, 1980)

One of the most important points to be noted from these solutions is that the rate of

consolidation depends completely on the coefficient of consolidation, which varies directly

as kp, but is completely independent of k.. Low values of k,, as is the case in highly



Average Degree of Consohdation (%)

-

oo bl o Lias
0.002 DDOS 001 0.05 0.1 05 1.0
Time Faclor, TR =cp t/ I:I)E2

Fig. 1242 Average degree of
consolidation as a function of
dimensionless time for radial
consolidation by electroosmosis. (From
Esrig, 1968). Reprinted from the
Journal of the Soil Mechanics and
Foundation Division, ASCE, Vol. 94,
No.4, pp899-921. Copyright 198. With
Permission of ASCE.

plastic clays, mean long consolidation times. Thus, whereas a low value of ky, means
a high value of k./k, and the potential for a high effective consolidation pressure, it
also means longer required consolidation times for a given electrode spacing. The
optimum situation is one in which k./k, is high enough to generate a large pore water
tension of reasonable electrode spacing (2m~3m) and maximum voltage(50V ~150V DC),
but k, is high enough to enable consolidation in a reasonable time. The soil types that

best satisfv these conditions are silts, clayvey silts, and silty clays. Most successful field
applications for consolidation have been in these types of materials. As noted earlier, the
electrical conductivity of the soil is also important; if it is too high, as in the case of
high salinity pore water, the economics for application of electroosmosis may be
unfavorable.

Electroosmosis was used for the consolidation of a quick clay at As in Norway(Bjerum
et al, 1967). Water contents, strengths, and plasticity values as a function of position
between electrodes are shown in Fig.12.44. Values of these properties before treatment
are also shown for comparison. The variations in strength and water content after
treatment are consistent with the patterns to be expected based on the predicted
variation of pore pressure decrease and vertical strain stress increase with voltage and

position shown in Fig. 12.39
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Fig. 1243 Dimensionless pore pressure at the face of a
cylindrical electrode as a function of dimensionless time for the
case of a closed cathode (A swelling condition) (from Esrig
and Henkel, 1968)
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Thermal Properties of Soils
=Importance

AN

ex. U Loss and recovery of bearing capacity under the effect of freezing-thawing
ex) frost heaving

Moisture movements in any type of pavement components, embankments and

&

earth dams and clay liners T — po 9% — k #H3}

€

> Volatilization of VOCs in subsurface

T — wvolatil. enhanced —

Sources

variation of T. comes from
T atmospheric, solar, climate, geothermal - nature

2 heat dissipation from buried structure — man made

* Characteristics of Heat

Heat is a form of energy

Heat Transfer Process

T Conduction

Conduction is the process in which heat energy is transferred between molecules within
a substance, between two substances in physical contact, or by direct molecular
interaction

—-Rate of heat flow or the thermal conductivity ( kp) of a substance is dependent on the

capacity of its molecules to give and adsorb heat.
ex) air — poor conductor, but excellent insulator

dry soil with high porosity — increasing thermal resistivity

= Thermal conductivity

kT =q/iAt
= Thermal resistivity
R T= ]. / kT

& Convection

Convection is defined as the heat transfer between a surface and moving liquid or gas
or the transfer of heat by the movement of molecules from one point to another.

In convection processes, heat alwavs moves from warm to cool.

In most soils, the heat transfer process within the soil mass is conduction or convection



or both.

Solid
air

liquid

Solid

Conduction Convection
Heat transfer by direct Heat transfer by moving liquid or air

contact between two soil particles

For soil, in addition to its density and composition the moisture content and texture of

the soil will also greatly affect the thermal behavior.

Mass Heat Capacity( C,,) 25 d&%F

Defined as the quantity of heat (Q) required to raise a unit weight of material 1T
@9 FA9 2de 1% gt ey 9%

Cn=Q/Temp. (J/g - C)

Volumetric Heat Capacity( C,) A& €&
Defined as the quantity of heat (Q) required to raise a unit volume of material 1C

C,=Cpn¥(J/mm?®- )

Specific Heat

_ C m, substance . :
C,= , dimensionless

C m, water

ex. Kaolinite 0.227, Na—Montmorillonite 0.191

*Soil-Heat Interaction

water movement in the vapor phase —————|_K T yetically wpward > K T, vertically downward

lightness of water molecule



The ability of soil to retain or dissipate heat is dependent on its heat capacity and

thermal conduction. Cn., C,

kr

Soil Thermal Storage Capacity (TSC)

V/\N
Ay A A

T ea i
o eriod
&
()
|_

a

AT,  heating period, heat energy being absorbed at the depth being monitored
AT, : b-d no more external heat provided, but energy still being received
TSC : Area under b, ¢, d, and e

ATy : dissipation stage, d-e

Ideal soil for thermal storage application?

small A7, and large AT, (b, c, d, high)



*Thermal Conductivity, kr (Q/iAt)
kr of a particular material is defined as the quantity of heat, ¢, which flows normally

across a surface of unit area, A, of the material per unit time, {, per unit temperature

gradient, {, normal to the surface.

R p(thermal resistivity) = 1/ k
kr=fn( kt of solid, liquid and gaseous compo., their volume proportions, arrangement
of particles, size, shape, gradation)
Kt clia > KT gigud > KT, gas
To describe the thermal conductivity of an aggregate of soil particles, it 1is

necessary to describe the manner in which the solid particles either make contact with

each other or are separated by intervening liquid and gas.

Fig 85 (Fang. p.233)
«Dry density increases the thermal conductivity

/

rd

*Decreasing the w and increasing the porosity will decrease k

=

lo

v

*Degradation, well-graded — fills void better — better contact between particles —
increasing density — k1
*Time Sand containing high % of silica, carbonates — cementation with time —

increase of k r with time



* Thermal Resistivity
R, = kL = fun (density, w, D, claycontent, etc.)
T

@ particle Aspects -—> show Table 8 3 & 8 4
Quartz(solid) < Rocks < soil

(granite<sandstone ;more nonageuous) (dense < loose , wet soil < dry soil)

Table 83 & 84

Material R, ( . ¢ - cm/watt )

Air 4000

Granite 25~5H8
Limestone 45
Mica 170
Organic Matter(wet) 400
Organic Matter(dry) 700
Sandstone 58
water 165

® Moisture content and density --> show fig. 88

A
Ry

i) Air(high R) increase the overall R4 of soil

il) Compaction reduce R, both by reducing V, and improving contact between

the solid particles

iii) very small amount of water added — thin film (solid solution)

— increase the particle contact area — reduce R

* Effects of Heat on Soil Behavior



T 1 increase in kinetic energy of exchange ions — movement of hydrated ions

— Joosen ( restrained water bound) — increase free water (while decreasing 1)

— increase hydraulic conductivity, k

i) LL and PL of fine-grained soils decreased with increase in T
T 1, lubricating effect & FFHlANAZ AAAF

A

LL
PLj

>
T

ii) Unit weight increased and OMC decreased when the temperature of the soil
increased(high in clay content) -—-> T 1, lubricationT U© €7 wetting(OMC . )
Fyd A E
A

Va
LT

A
Ul

\W%

i) Increase in compressibility with increase in temperature, the greatest effects
being observed in the range of secondary consolidation.

London clay 5. C — 15, C , C (&2 A ) increased(Lewes, 1950)
Lambe(1958) T 1 , decrease in soil volume
Habibagahi(1976) 25, C — 50, C , void ratio decreased under constant

consolidation pressure.

iv) T1, porewater pressure ] (thermal expansion of water)
For less compressible materials, the porewater prerssure change was
considerably greater



v ) Elastic modulus of soil decreased with

increase in temperature (Mitchell 1969)

Field plate load rests vield higher values

for moduli and bearing values during the

colder months

A

summary
Temperature
soil properties ]
Low High
LL High Low
PL High Low
¥ dmax Decrease Increase
OMC Increase Decrease
e High Low
volume change Swelling shrinkage
C, , secondary compression Decrease Increase
u Decrease Increase
shear strength High Low
E High Low
Kk Decrease Increase

* Frozen and Thawing Soils

O Depth - Analytical approach

@ Stefan eq. (Jumikis,

1933)



@ Berggren eq. (Aldrich, 1956) — Terzaghi

a g fAb

- in-situ measurement of electrical resistivity

Diff. clear for solid & liquid phase of wet
O Frost heaving is affected by soil types (% finer than 0.074mm)
Increase in % fines will increase heaving
Rate of heave increases as % fines increased (Fig. 8. 15)

why? 2434 only? No. SF4E 1529 %ol gfd 0, CEY A

22 exolA Atk Wekd FHE EASE AYEY
3% 29 450 94 %1 A% F5ael Heaving2
At

O Thawing — decreasing strength of soil (Table 8 9) —Frost susceptibility

Y A A NT R -t PR A - b
- i\;;(» ! é.’r‘/‘i
" T T T
E’;IOL— —
T ks = 20.3
1 ] ka = 3.83 —
Y B 2 WATER
S -
Z s SATURATED
Ve ) o
T .
R - & i
As \ E | (Penner, 1962) |
T":',r.' (.s g
a 4 -
z
o
: 3 (Woodside and Debruyn, 1959) .
S <, _
= 2 ks = 20.3
o 2k — £ ka=018, 113 -
= IAIR DRY{SL_T-.“. "\——'/""_ka _ 0.18
1
e f 040 60 80 100 120
' DRY DENSITY LB/FT3
R SE WA

Figure 8.5 Thermal conductivity vs. dry density for Canadian Leda clay (After Penner, [1963], Proc. Int.
Conf. of Permafrost, NAS-NRC Publ. 1287.)
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Figure 8.6 Thermal conductivity vs. porosity of natural kaolinite clay (After Reno, W.H. and Winterkorn,

H.F. [1967], Thermal Conductivity of Kaolinite Clay as a Function of Type of Exchange lon,
Density and Moisture Content, HRR no. 209, pp. 79-85.)



AVERAGE RATE OF HEAVE,m m./doy
o

0.4 ——p—

0.2

NEW HAMPSHIRE SILT (-0.074mm)
[£2]

o 2 - 6 8 [+] 12 4
FINES IN PERCENT

(BASED ON DRY WEIGHT OF SAND)

Figure 8.15 Effect of rate of heave on sand added with various amounts of clay minerals and clays. (After
Linell, K.A. and Kaplar, C.W. [1959], The Factor of Soil and Material Type in Frost Action,
HRB Bulletin 225, pp. 23—-44.) )
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Figure 8.7 Thermal conductivity vs. relative density and void ratio of dry sand. (After Chaney, R.C.,
Ramavjaneya, G., Kanchanastit, P, and Fang, H.Y. [1983], ASTM Geotech, Testing J., v. 6,
no. 4, pp. 220-225.)



Table 8.9 Guidelines for Selection of Heave Rate or Frost Susceptibility Class

Unified classification Percent Heave rate Frost suscept.
(soil type) Symbol (<0.02 mm) (mm/day) classification
Gravels and sandy GP 0.4 3.0 Medium
Gravels GW 0.7-1.0 0.3-1.0 Neg. to low
1.0-1.5 1.0-3.5 Low to medium
1.5—4.0 3.5-2.0 Medium
Silty and sandy GP-GM 2.0-3.0 1.0-3.0 Low to medium
Gravels GW-GM 3.0-7.0 3.0-4.5 Medium to high
GM
Clay and silty GW-GC 4.2 2.5 Medium
Gravels GM-GC 15.0 5.0 High
GF 15.0-30.0 2.5-5.0 Medium to high
Sands and gravelly SP 1.0-2.0 0.8 Very low
Sands SwW 2.0 3.0 Medium
Silty and gravelly SP-SM, 1.5-2.0 0.2-1.5 Neg. to low
Sands SW-SM, 2.0-5.0 1.5-6.0 Low to high
SM 5.0-9.0 6.0-9.0 High to very high
9.0-22.0 9.0-5.5
Clay and silty SM-SC 9.5-35.0 5.0-7.0 High
Sands SC
Silts and organic ML-OL, 23.0-33.0 1.1-14.0 Low to very high
Silts ML 33.0-45.0 14.0-25.0 Very high
45.0-65.0 25.0 Very high
Clay silts ML-CL 60.0-75.0 13.0 Very high
Gravelly and sandy CL 38.0-65.0 7.0-10.0 High to very high
Clays
Lean clays CL 65.0 5.0 High
CL-OL 30.0-70.0 4.0 High
Fat clays CH 60.0 0.8 Very low

After Moulton (1991).

content of the soil play an important role. The amount of unfrozen water increases in the

direction of sand > silt > clay.




ELECTRICAL CONDUCTIVITY

*Introduction
Ohm's law
. vV v ,
I=ozeA=—oﬁA=f (qgu=FkigA)
- _ . __ 0V ( . =_ﬂ)
i~ gradient = - —o5- (V/m) 'y 0X
I = current (amp) ( g, = flow rate, m3/s)
o= electrical conductivity (siemens/m) { k = hydraulic conductivity, m/s)
Vi1 V2
< > i ~H v
«— L —»
@ I = @ qh —>
Ohm's law Darcy’s law
AV ANH
I=o0 2 A qd,= kT A

0= 7}3 . % (siemens/m) (E. conductivity equals the inverse of the E. resistivity)

R : resistance (ohm)

L : length of sample (m)

A : cross—sectional area ( m?)

0 0.01~1.0 siemens/m for a saturated soil

0= fu(n, S, conductivity of pore water, particle size, shape, surface conductance, soil

structure fabric, cementation, temperature)

E. measurement — applicable for petroleun Eng. geophysical mapping, contaminant
subsurface plume delineation.
No theoretical equations expressing E. conductivity as a function of all the variables are

not available
\/v " inherent complexity of soil-water system

However, emperical and/or theoretical eq’'s based on simplified models are available

depending on particular soil and conditions.

* Nonconductive Particle Models
. distinguish b/w approaches of nonconductive solids and those that attempt to include

the contribution of clay’s surface conductance



- Formation factor

Archie (1942) : o is directly proportional to that of the pore water based on the

experiments on clean saturated sands and sandstones.

. . P r Or
For S=1 ; F(formation factor)= =
D w 0w

p p ' resistivity of soil(saturated)

p y ° resistivity of pore water

F = #un~" (for clean sands and sandstones)

m = 1.3 for loose sand

2.0 for highly cemented sandstones
n = porosity

(0)
For S<1; F = §—%

O
» Capillary Model
o} O Q o ——————————————
(o] (o] o
0 o
00057 BaeTh g

o

o O
[0S %R | e

F = % (for saturated soil, S=1)

T°

F = 2SS (for S<1)

- Two—Parallel resistor model

(considering the contribution of the ions concentrated at the surface of negatively
charged particles)

System is equivalent to two electrical resistors in parallel

0,=X(0,+ 0g)

0, ' surface conductivity term
X : constant analogous to the reciprocal of the formation factor that represents
the internal geometry

Good for clay-bearing soils.



It fails to include the contribution of the surface conductance and pore water
conductance in a series path assumed constant but dependent on the concentrations of

electrolyte in the pore water.

(0]
2 :'a!.',/ 2\ )

- Three element network model

o7 = (=0 o gteoy + bog + coy

fu(n, s) a, b, ¢, d, e : geometric parameter

Flow along particle surfaces and through pore water in series in addition to the paths

included in the two-parallel resistor model

For sands(Archie, 1942) , o ; = Constantx 0 (045=0)

(Mitchell, pp,250. Fig.12.21)
Smith and Arulanaudan(1981) modified three-element model by adding a capacitor in
parallel with each capacitor. The resulting equations can be fit to experimental frequency

dispersions of the conductivity and apparent dielectric constant.



* Practical Range of Flow Parameters for Fine-Grained Soils (fully saturated)

* Simultanecous Flows of Water, Current, and Chemicals(Salts) through a Soil

Yeung and Mitchell(1992)

The analysis applies to an initially homogeneous soil mays that separates solutions of
different concentrations of anions and cations, at different electrical potentials, and under

different hvdraulic heads.

Driving Forces | V(-P) hydraulic gradient
V(-E) electrical gradient
v u,.9,v( 1,9 chemical potential grad. of cations and anions
respectively.
Flux : J, volume flow rate of solution/unit area (hyd.)
I electrical current (elect.)

7 C‘i, J ad diffusional flow rate of cations and anions per unit area (chem.)

The set of equations that relates the four flows and driving forces is ;

The flow equations can be incorporated into numerical models for the solution of
transient flow problems.
Conservation of mass requires that ;
adC;
at

G: in a sink-source term describing the addition or removal of species I from solution.

=- v],— vG,

ex. first-order decay such as biodeg. , half-life decay etc.






