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Teaching objectives:

* Acquire of soil
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on the loads applied.
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Chapter 0:
Review of soil mechanics1

O 1 Purpose of soil mechanics

O 2 Soil structure

O 3 Soil Composition

0 4 Soil Classification

O 5 Weight-Volume Relation ships

Soils are aggregates of mineral particles, and together with air andfor water
in the void spaces, they form three-phase systems. A large portion of the
earth’s surface is covered by soils, and they are widely used as construction
and foundation materials. Soil mechanics is the branch of engineering that
deals with the engincering properties of soils and their behavior under
stress.

Braja M. Das (2008) @Tm,mrumm
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Soil Mechanics

Soil mechanics is a branch of engineering mechanics that
describes the behavior of soils. It differs from fluid
mechanics and solid mechanics in the sense that soils consist
of a heterogeneous mixture of fluids (usually air and water)
and particles (usually clay, silt, sand, and gravel) but soil
may also contain organic solids. liquids, and gasses and other

matter.

Simple things go wrong

Foundations Excavations
fail flood

| Slapes slip Dams leak
Walls fail Tunnels
collapse

All were due to basic errors

esic Gaotechaical Enginesring Skils What Can Graduated Do?

(Fhee Sonn Buriand Lot
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There is common ground between:
geology and engineering
structures and foundations and slopes
seepage and hydraulics

Itis all physics; and a lttle chemistry.

is not a stand-alone discipline:

Different types of soils (1)

O Alluvial soil :~ Deposited by running water and
are found in river banks and river beds. They
are generally poorly graded and uniformly
graded.

[0 Aeolian soil :~ Deposited by wind, they are
mainly coarse grained particles and poorly

graded. They are found in desert region.

Alluvial Soil

Different types of soils (4)

O Black cotton soil :~ In its high percentage of
the clay mineral. It has very low bearing
capacity. It posses high swelling and shrinkage
property.

[0 Loam :~ltis a mixture of sand, clay and silt.

Geology and Geotechnical Engineering

Geology - describes the past  Engineering - predicts the future

How did this material become How much will these foundations
like it is? settle when loaded?

Basic Geotechnical Enginsering Skills What Can Graduated Do?
(Fist Jonn Buriand Locture) 1SSVGE (2016)

Different types of soils (2)

[0 Lacustrine soil (lake soil) :~ Soil particles
carried by flowing water and deposited in lakes
are called lake soil. These are highly
compressible and have high void ratio but shear
strength is less.

Marine soil :~ Soil particles carried by flowing
water and deposited in oceans and seas are
called marine soil. Its shear strength is better
than lake soil and have high void ratio.

GLAY  Loam |SAND ST,

Is the basis of geotechnical engineering:

1 Empirical:

Sails in the ground are variable and there can be no universal
soil mechanics theory; ground engineering has to be empirical
2 Theoretical

Soils are of mineral grains unbonded or only weakly
bonded; there are simple universal theories

Basic Geotechnical Engineering Skills What Can Graduated Do?
(Fist Jonn Buriand Locture) 1SSVGE (2016)

Different types of soils (3)

[0 Glacial soil (Drift) :~ These are the mixture of
stone pieces, silts, sands and clay which are
formed glaciers, these are generally well grade
soil.

O Colluvial soil :~ Soil is transported and
deposited by gravity are called colluvial soil.

[0 Cohesive soil :~ Soils in which the absorbed
water and particle attraction act such that it
deforms plastically at different water contents
are known as cohesive soils or clay.

Noncohesive
.Coheswe s °|

Coarse
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Hazen's Law
e Poisuell's Law
Mot Soil . e o
Mechanics
Theories
Boussinesq's Coulomb's.
Theory Law
Rankine's Terzaghi's
Theory Principle
Etc:

The Mineral Skeleton

Solid Particles

Volume

Voids (air or water)

Dry Soils

Dry Soil

Mineral Skeleton

Noncohesive

-Coheslve s °|
rained

Coarse

Three Phase Diagram

Idealization:
Three Phase Diagram

Mineral Skeleton

Partly Saturated Soils

Solid

Mineral Skeleton Partly Saturated Soils

Water

Soil:

A 3-Phase Material

Fully Saturated Soils

Solid

Mineral Skeleton Fully Saturated

Three Phase System

v, I W,~0
\
Va o
Vr 2 W
\'A W
Volume Weight
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Weight Relationships

O Weight Components:
m Weight of Solids = W
® Weight of Water = W,,
m Weight of Air ~ 0

Water Content, w(%) = %x 100%

il da
Degree of Saturation (S)
Degré de Saturation (Sr)

0<s<1
Dry Soil < Partly Saturated Soils < Fully Saturated

Mass density
M

O density p= v

: s
O dry density p, = v
where :
p : density of soil (kg/m3)
py @ dry density of soil (kg/m3)
M : total mass of the soil sample (kg)
Ms : mass of soil solids in the sample (kg)

Volumetric Relationships

O Volume Components:
® Volume of Solids = Vg
® Volume of Water = V,,
® Volume of Air = V,
® Volume of Voids = V, + V,, = V,

Void Ratio, e =5

s

Mass, Weight,
Density, Gravity @

density, n--mass per unit volume.

density--the mass of a unit volume of a material at a
specified temperature.

density--weight per unit volume, usually expressed in
pounds per cubic inch, pounds per cubic foot, or
kilograms per cubic meter.

mass, n--the quantity of matter in a body. (See also
weight.)

weight, n--the force exerted on a body by gravity.
weight, vt--to determine the mass of a material.

Example: Volumetric Ratios

O Determine void ratio,
porosity and degree of
saturation of a soil core
sample

Data:

O Weight (mass) of soil
sample = 1013g

O Vol. of soil sample =
585.0cm?

. v,
Porosity, n(%)= V‘ x100% O Specific Gravity, G, = 2.65
T O Dry weight (mass) of soil

ASTM DICTIONARY OF \ -

ENGINEERING SCIENCE & AEM =904.09

TECHNOLOGY i

005
Volumetric Relationships Specific Gravity Example
O Volume Components:
® Volume of Solids = V 3 5 Weight of a Substance
Specific Gravity =—
® Volume of Water = V,, Weight of an Equal Volume of Water 134.9cm’| Air W0
m Volume of Air = V, i i
ids = L Unit Weight of a Substance 2439cm®
® Volume of Voids = V, + V,, = V, Specific Gravity = ’ 8! ! W 109.0g
I Unit Weight of Water 585.00m® SR 1013.0g
Degree of Saturation, S(%)=—*x100% T 5
v, O Unit weight of Water, v,, S
m p, = 1.0 g/cm3 (strictly accurate at 4° C) 904.0g
oD = 4, = 9.81 kN/m?
Volumes Weights

Degree of Saturation,S(%) = Degré de Saturation, Sr(%)

il a5
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Example

134.90m] Air
243/9cm?
109.0cm’
685.0cm*
341.1cm’)
F
Volumes
= —=x100% 72439)(‘00 41.7%
p
S(/Y*Txl(lﬂ/— XIOO 44.7%)

TWO KINDS of Sail...

Jwo kinds(of soil in
this world;..
COARSE
FINE

Basis for division is..:

Grain Size Distribution Curves

Uniformity coefficient (Cu): =D,
D2
Coefficient of gradation (Cc): C=—2
Dy XDy,

Soil Unit weight (kN/m?3)

O Bulk (or Total) Unit weight

y=Wr/Vr
O Dry unit weight
Ya= Ws/ Vr

O Buoyant (submerged) unit weight

Yo =¥ Yw

Grain Size Distribution Curves

Vercontfincr by weight

iy

Engineering Characterization of
Soils
Soil Properties that Control its Engineering Behavior
Particle Size
1

| 1
coarse-grained fine-grained
| 1

= Particle/Grain Size
Distribution
= Particle Shape

Soil Plasticity

Content Solid ..

Weight

volirm:Weight
Voi dw ] er Porosﬂy
Ratie Wi ter Dearee

Submerged

Grain Size Distribution Curves

200 20 2 02 002 o2 264
Diameter (Diametre) [mm]

USCS (Unified Soil Classification System)

symbot Conditons besgntion
e
- 3 -
Clean Gravels 1<Ce<3 hiaad
Vorstran 0% SSTERSRMS< o otGus conatons s poory aded
- et piloh

coarse fraction
retained Atterberg limits below the
Aline

Gravels with Fines oM Silty gravel

Wore than 12.% fies < oers e sbove the
s cc At Imissbove e iy grave
Qe
wtgracea
lean Sands sw ‘sanc
(Lot 1<Ce<3 o
s than 5.4 s <
Horethan 50.% 6 One of W condtions s oorly raded
om & not satisfied sand
corse acton
o trber s below the
< 2mm Sands with Fines M qu‘e Sitty sand
Wore than 12.% fies < vber i sbove the
s s AterbergImis sbove e iy song
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Atterberg Limits USCS Classification Chart

e Chapter 1: Soil constraints
= Consistency of fine-grained soil varies in SI0CASS FCATION CHATT — p
proportion to the water content Citaafor Ass 971 Gioup Symbols a Group Names Using Laoratny TessA TOR—
liquid | (pea soup) P (g Wil domy
Liquid limit prshikriese o
D ey
Plasticity - abib T 1 ]
Indox (pea nut buttr) SERL B e ROPEDE D
- = Full Professor
Plastic limit Sos e S I_trou

rlaroe s
(cheese) oot

coiessl Oct. 2025

Shrinkage limit

St
(hard candy) mere

HGH RO G 30

solid

CHAPTER 1: SOIL CONSTRAINTS
(5 WEEKS)

Plasticity Index ( PI, Ip)

= PI=LL—PL

or IP:WL-WP O Concepts of total stress, pore
pressure, and effective stress

O Terzaghi's postulate

O Calculation of stress in overburdened
soil

O Note: These are water contents,
but the percentage sign is not
typically shown.

OConcepts of total stress, pore
Plasticity Chart pressure, and effective stress

GROUND SURFACE

WATER TABLE

‘weight of the
house

Geostatic Stress

“Total Stress

P
"
& Eflectve Stress
Pore Water ressure
Ap, +07

Solirce : Kamal Tawfig (2019) Stresses.
in boil
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Stresses in Saturated Soil
without Seepage
. - !

a) Effective stress consideration for a saturated soil column without
seepage;

(b) forces acting at the points of contact of soil particles at the level of
point A

Stresses in Soil Masses

Soil Unit

Assume the soil is fully saturated, all voids are
filled with water.

Source
Priyantha Jayawickrama (2010) Soil
Mechanics, Texas Tech University

.
i o=Hy, +(H,- Hy,

o = [Hy, + (Hy = H)ya] = Have
=(H, — H)(yu— 1)

= (Height of the soil column) X ¥

where y' = y,, — , equals the submerged unit weight of soil. Thus, we can see that
the effective stress at any point A is independent of the depth of water, H, above the
submerged soil.

Stresses in Saturated Soil
without Seepage

ight of water table from the top of the soil column
H, = distance between point A and the water table

Effective Stress

O From the standpoint of the soil skeleton, the
water carries some of the load. This has the
effect of lowering the stress level for the
soil.

O Therefore, we may define
effective stress = total stress minus pore
pressure

— :

G = 0 - U where, o = effective stress
o = total stress
u = pore pressure

Proposed Fill
EX 1 2 B3m . 203 kN

= 5
_f 20m 1-\&3k.N/m¥ 7

10w Y= 190kN/m*

St Silty Clay (CL)

Groundwater

U = pore water pressure = vy, Z,,

Source :
Priyantha Jayawickrama (2010) Soil
Mechanics, Texas Tech University

Effective Stress

gi=—oc-U

O The effective stress is the force carried by
the soil skeleton divided by the total area
of the surface.

O The effective stress controls certain
aspects of soil behavior, notably,
compression & strength.

Priyantha Jayawickrama (2010) Soll
Mechanics, Texas Tech University

355 Proposed Fill
i ertv)

Ex. 1.2

very sutf
Proposed Fil_Sity cay ity cay Sat _Point A Sy cay Sat Clay ot 8
172,55 365 3 24715 o5 195 537,15

] n w0 i7m

Effctve stress 27,15 367,15
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OTerzaghi's postulate

Karl von Terzaghi (2

October 1883 - 25
October 1963) was an
Austrian mechanical

engineer,  geotechnical
engineer, and geologist
known as the "father of
soil mechanics and
geotechnical
engineering".

O (a) Soil element with AB and AD as major
and minor principal planes;
O (b) Mohr’s circle for soil element shown in (a)

Normal stress

O Coefficient of earth
pressure at-rest
For coarse-grained soils, the coefficient of earth pressure

at rest can be estimated by using the empirical
relationship (Jaky, 1944)

K,=1-sing’

where ¢' = drained friction angle.

O (a) A soil element with normal and shear
stresses acting on it; (b) free body diagram
of EFB as shown in (a)

OTerzaghi's
postulate

O Soil without water table: vertical and
horizontal stresses

O Principles of the Mohr’s circle

Shear stress, 7

Normal stress, &

O Coefficient of earth
pressure at-rest

Case of soil mass in a state of static equilibrium —that is, if it
does not move either to the right or to the left of its initial
Ih

position, In that case Koy =
Oy

Where K, : Coefficient of earth pressure at-rest

Soil K,
Dense sand 035
Loose sand 06
Normally consolidated clays 05-06
Clay, OCR=35 10
Clay, OCR=2.0 28

Review _ Mohr’s circle
https://web.mit.edu/16. FALL/materials/documents/HO-M-
6(Mohrs)(08).pdf

145 kN/m?

Ex: 13

—_ B [€—— 172 kN/m?

A

figure.
Determine the following

1 - Maximum and minimum
principal stresses,

2 - Normal and shear stresses
on plane AB

A
A soil element is shown in the T
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145 kN/m?

—b} 40 kN/m?

E'X' 1.4 K . 40 kN/m?
omewor 1% 172 kNfm?

A soil element is shown in the figure.
Determine the following

1 - Maximum and minimum principal stresses,
2 - Normal and shear stresses on plane AB

OCalculation of stress in
overburdened soil

GROUND SURFACE

o,
APy +0;

OTypes of Loads

Point Load Line Load Strip Load

Circular Load Triangular Load Rectangular Load

Source : Kamal Tawfiq (2019) Stresses
Soil

145 KN/

-l-» a0
Ex. 1.4 i

Homework J;»\sf , R S
ot

a. 02.72 KNjin®
Major principal sress: = 11728 kN/m
] b o = 177 kNim®
= ‘ﬂ[ - ]“w 392 kNjm?
Minor principal stress:
gt
LA

Source : Kamal Tawfiq
(2019) Stresses in Soil

Stress Distribution in Soils

[Added Stresses (par. s, s, oy, creser,ectangaa) |

Geostatic Stresses

‘ Westergaard's Method ‘
Far Poemert

1port Load
1:2 Method

OStresses caused by a Point load

Boussinesq’s Equation

AP, = (3P/2m) (Z*/L)

. . »X]
Using Influence Factor ™
AP = (P12 1,
L
General
— Stresses
X
Principal .
Stresses
z Source : Kamal Tawfiq (2019) Stresses

in'Soil

In Strength of materials
t

AUTIO ‘

In geotechnical engineering, the Mohr's circle sign convention
typically uses positive values for compressive normal stresses
and counter-clockwise shear stresses, which is the opposite of
the standard convention in other engineering fields.

GROUND SURFACE

OStresses caused by a Point load

Boussinesq (1883) solved the
problem of stresses produced
at any point in a
elastic, and isotropic medlum g
as the result of a point load
applied on the surface of an
innitely large half-space.
According to Figure,
Boussinesq's solution for
normal stresses at a point
caused by the point load P is

Source : PRINCIPLES
A OF GEOTECHNICAL
WL wm@E+ D" ENGINEERING

9t Edition_ Braja M.
Das & Khaled Sobhan
(2018) _ Cengage

Ag =3P2 _3P 2

Poisson’s ratio

Pr. Habib TROUZINE



where

Gn oe» 0% o 3w oo | Source:PRINCIRES
om  ome  om  opm  aw oo | Of GETECHNICAL
2 ke e ENGINEERING

03 oas 0w oiow  am oo | ENGINEERING
026 04050 095 00956 440 0.00026 D: &Kh]ds’ bh.
03 w9 120 oosts w0 oo | ©

Cengage Learning.

There are two types of lateral stresses in soil.

GROUND SURFACE

Geostatic Stress

Total Stress.

Effective Stress.
p+ol Pore Water Pressure

Source : Kamal Tawfiq (2019) Stresses.
in Soil

OCircular Load

AP=q {1- V[R/Z) +1]}

General
Stresses
Principal
Stresses
Source : Kamal Tawfiq (2019) Stresses z
in Soil

OEx 1.5

Consider a point load P = 5 kN.
Calculate the vertical stress
increase Acyatz=0,2m,4m,
6m, 10 m, and 20 m.
Givenx=3mandy =4 m

Source : PRINCIPLES OF
GEOTECHNICAL ENGINEERING
9t Edition_ Braja M. Das &
Khaled Sobhan (2018)

Cengage Learning.

OStresses caused by a Line Load

z
Boussinesq’s Equation

AP, ={2Q,Zn (X’ + 77}

Using Influence Factor

Principal
Stresses

Source : Kamal Tawfiq (2019) Stresses.
in'Soil

ORectangular Load

T 1ax w2/ (e’ n s D] [ 0t 2+ 0 D)
fan (L (0t 1)/ e o me )
I=f(mm
©

Lot A

\ Foundston Level

(m=B1z }

BT ]/

Source : Kamal Tawfiq (2019) Stresses
in Soil

OEx 1.5

Consider a point load P = 5 kN.
Calculate the vertical stress
increase Aoz atz=0,2m, 4 m,
6m, 10 m, and 20 m.

Givenx =3mandy =4m

Solution

vE

¥
The following table can now be prepared.

s 0 = 0 o
> 25 oo o003
4 osos s
6 om0 a0
v oes  omm a7
D s oam oot

Source : PRINCIPLES OF GEOTECHNICAL ENGINEERING 9% Edition
Braja M. Das & Khaled Sobhan (2018) _ Cengage Learning.

OContinuous & Triangular Loads

LsLedn - 4 TRLANGULAR 104D .

sconny

AP o (00T - i

AP B | foa (| 28]

TTRGITIA T
EMEANKAENY

Source : Kamal Tawfiq (2019) Stresses.
in Soil

Geostatic Stresses

Stress Distribution in Soils

GROUND SURFACE

Stressos.
from the

house

Source : Kamal Tawfig (2019) Stresses
in Soil

Pr. Habib TROUZINE

10



Osterberg’s chart for determination
of vertical stress due to embankment
loading

Source : PRINCIPLES OF
GEOTECHNICAL ENGINEERING
W 9t Edition

Braja M. Das & Khaled Sobhan
(2018) _ Cengage Learning.

OEx 1.6

Foundation size
Imx3m

Source : PRINCIPLES OF GEOTECHNICAL ENGINEERING 9™
Edition
Braja M. Das & Khaled Sobhan (2018) _ Cengage Learning.

O Newmark’s Charts

The procedure for obtaining
vertical pressure at any point
below a loaded area is as follows:

Step 1. Determine the depth z
below the uniformly loaded area at

which the stress increase is
required.

Step 2. Plot the plan of the loaded

area with a scale of z equal to the
unit length of the chart (AB).

Step 3. Place the plan (plotted in

step 2) on the inuence chart in

such a way that the point below

which the stress is to be

determined is located at

the center of the chart.

LA Step 4. Count the number of
Inlaence elements (M) of the chart enclosed

= by the plan of the loaded area.

Solution

Point A is located at a depth 3 m
below the bottom of the
foundation. The plan of the square
foundation has been replotted to a
scale of AB = 3 m and placed on
the influence chart (Figure) in such
a way that point A on the plan falls
directly over the center of the
chart. The number of elements
inside the outline of the plan is
about 48.5. Hence,

600 .,
a0, - a0 s~

Iailuznes vale = 1005

Chapter 2: Soil settlement
and consolidation

Habib TROUZINE, Ph.D.

Full Professor

Oct/Nov. 2025

The increase in the pressure at the
point under consideration is given by

0= (Wbt

aded area

Inflenes

Chapter 2: Soil settlement and
consolidation

O Definitions of settlement,
compressibility, and consolidation

O Settlement of granular soils and
saturated fine soils

O Terzaghi's consolidation theory
O Laboratory study of compressibility

Pr. Habib TROUZINE
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O Settlement

Astress increase caused by the of foundations or other load:

soil layers. The compression is caused by (a) deformation of soil particles (b) reloca
tions of soil particles, and (¢) expulsion of water or air from the void spaces. In general
the soil settlement caused by loads may be divided into three broad categories

L. Edastic sertlement (or immediate seulement), which is caused by the elastic defor
‘mation of dry soil and of moist and saturated soils without any change in the
moisture content. Elastic settlement calculations generally are based on equa-
tions derived from the theory of clastici

2. Primary consolidation settlement, which is the result of a volume change in saturated|
cohesive soils because of expulsion of the water that occupies the void spaces.

3. Secondary consolidation settlement, which is observed in saturated cohesive soils|
and organic soil and is the result of the plastic adjustment of soil fabrics. It is an
additional form of compression that aceurs at constant effective stress

O Elastic Settlement in sand

Comact preseare disrbution

Figure 11.2 Elastic settlement profile and contaci pressure in sand: (a) flexible foundation
(b) rigid foundation

I, = shape factor (Steinbrenner, 1934)
1-2p,

=F+
Pl

F,
1
Fi=(4,+4)

o
F,=_—tan'A,

27
(4 + VT 1) VT E
Ay=m'in——" 7 T
m'(1+ Vm'?+n'? + 1)
A1 (m' +Vm”? +1)V1 +n"?
=ln———

m?+n?+1
m

O Settlement

The total Settlement of a foundation can be given as
o Sp=Sc+Sc+Ss

O Elastic Settlement Calculation

Figure shows a shallow
foundation subjected to a
net force per unit area equal
to Ao. Let the Poisson’s ratio
and the modulus of
elasticity of the  soil Riid A
supporting it be ps and Es, [ e
respectively. Theoretically, if

the foundation is perfectly
fexible, the settlement may Soil

ag= Poisscal
EL = modulus of elsticity

D, Vi
, = depth factor (Fox, 1948) = f| 5 o poand

* For calculation of settlement at the center of the foundation:

a=4

* For calculation of settlement at a corner of the foundation:

Yo be expressed as a=1

. Where.S; = total settlement = "
S, = primary consolidation settlement _ ' s B
S = primary consolidation settlement Sz o Aa(mB ) I:I/ H
S, = elastic settlement B

O Elastic Settlement in clay

Comiet pressre sistrion

Figure 11.4 Elasic settlement proiile and cantact pressure in clay: (a) lexible foundation:
(1) rigid foundation

O Elastic Settlement Calculation

1—p?

N Irlf
E

s

S, =Ac(aB')

where Ac- = net applied pressure on the foundation
1, = Poisson’s ratio of soil
average modulus of elasticity of the soil under the foundation
measured from z = 0 to about z = 5B
BJ2 for center of foundation
B for corner of foundation
1, = shape factor (Steinbrenner, 1934)

1, = depth factor (Fox, 1948)

a = factor that depends on the location on the foundation where settlement
is being calculated

The elastic seitlement of a rigid foundation can be estimated as
Sz{ﬁg’d) = 0'93Se(l|exible.cemel)

Due to the nonhomogeneous nature of soil deposits, the magnitude of E, may
vary with depth. For that reason, Bowles (1987) recommended using a weighted av-
erage value of E, in Eq. (1L1) or

g~
:

where E, , = soil modulus of elasticity within a depth Az

= H or 5B, whichever is smaller

Pr. Habib TROUZINE
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O Consolidation

Soil Consolidation refers to the process in
which the volume of a saturated (partially or
fully) soil decreases due to an applied
stress. The term was introduced by Karl von
Terzaghi also known as the "father of soil
mechanics and geotechnical engineering".
Terzaghi established the one-dimensional
consolidation theory and changed the
definition of the term since it was previously
associated (and still is, in geosciences) with
the compaction of clay sediments that
formed shales.

O Consolidation

The consolidation procedure is commonly separated into 3
stages:

1. Initial consolidation: A quick volume loss of the soil mass
associated with the application of external stress that
compresses the air inside the soil’s voids.

2. Primary consolidation: Soil settlement during which the
excess pore water pressure is transferred to the soil’s skeleton
3.Secondary consolidation: A subsequent settlement
procedure that occurs after primary consolidation and is
associated with internal changes in the soil’s structure while
subjected to nearly constant load. This process is commonly
referred to as creep

O Time-deformation plot during
consolidation for a given load
increment

0 St - s
5 S - i
B s s

Consolidation Settlement (Time Dependent Settlement)

* Because of the soil permeabiliy the rate of setlement may varied from soil o another.
i in the rate

Sprimary * Ssecondary

[Sconsotidatio

Primary Consolidation Volume change is due to reduction in pore water pressure

[secondary Consolidation  Volume chan:

due to the rearrangement of t

crange, & =0, ocers ate the prim

o

s s

Expuision of When the water intho voids
> o valer v, starts o flow ou of he 5ol

imai cue to consosdiatin of
/ tha claylayr. Consequerty.
tha excoss pore water
i

Soil mairx wil recce (00

O The Oedometer Test

The simplest case of consolidation
examined is the  one-dimensional
consolidation. In this case, the lateral strain
of the soil mass is neglected. The testing
procedure to quantify the critical ~soil
properties  associated  with  soil
consolidation is the Oedometer Test. The
term “Oedometer” derives from the Ancient
Greek language and means “to swell’. The
test is one of the most commonly
conducted, and important, laboratory tests
in  geotechnical  engineering.  The
Oedometer Test aims at measuring the
vertical displacement of a cylindrical,
saturated soil sample subjected to a
vertical load while it is radially constrained.
In the subsequent test, the incremental
loading consolidation test is described.
Note that there is also a constant rate of
strain (CRS) test, that nowadays is
becoming more popular

O Void Ratio-Pressure Plots
Step 1. Calculate the height of solids, H,, in the soil specimen
using the equation
WM

H, T AGp,

T AGy,

where W, = dry weight of the spe

dry mass of the specim

ht of water

Step 2. Calculate the initial height of voids as

H,=H-H,

where H = initial height of the specimen.

Step 3. Calculate the initial void ratio, e,, of the specimen, using the equation

O Consolidation

When a load is applied in a low permeability
soil, it is initially carried by the water that
exists in the porous of a saturated soil
resulting in a rapid increase of pore water
pressure. This excess pore water pressure is
dissipated as water drains away from the
soil’s voids and the pressure is transferred
to the soil skeleton which is gradually
compressed, resulting in settlements. The
consolidation procedure lasts until the
excess pore water pressure is dissipated.

O Schematic diagram of a

consolidometer

[ Porous stone ) Soit specimen [ Specimen ring.

O Change of height of specimen in
one-dimensional consolidation test

[ specimenarea=4 [ void [ solid
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am,
H,

Ae,

(@aH,

o, is equal to effective stress o,

Step 5. Calculate the new void
increment as

e =e,~ e,

O Void Ratio-Pressure Plots (2)

Step 4. For the first incremental loading, o (total load/unit area of specimen),
which causes a deformation A, calculate the change in the void ratio as

igsfor the loading).
Itis important to note that, at the end of consolidation, total stress

tio after consolidation caused by the pressure
For the next loading, o, (note: o, equals the cumulative load per

unit area of specimen), which causes additional deformation AH,, the
void ratio at the end of consolidation can be calculated as

Atthistime, 7, =

2 inasimilar
atthe end of for all

The effective stress
end of consolidation are plotted on semilogarithm
typical shape of such a plot is shown in Figure

o and the corresponding void ratios (e) at the
graph paper. The

O Example 2.1

Following are the results of a laboratory consolidation test on a soil spec-
imen obtained from the field: Dry mass of specimen = 128 g, height of
specimen at the beginning of the test = 2.54 cm, G, = 2.75, and area of the
specimen = 30.68 cm”.

Effective pressure, Final height of specimen at
o’ (N/m2) the end of consolidation (cm)
B 2540
53.62 2488
10725 2465
21450 2431
1001 2389
858.01 2324
1716.03 2225

34326 15

Make necessary calculations and draw an e versus log o’ curve.

O Normally Consolidated [
and Overconsolidated
Clays

The overconsoldation rato (OCK) fora soilcan now be defncd as

ocR=

where ', = preconsolidation pressure of a specimen

nt effective vertical pressure | S S

Void ratio, ¢

Effective pressure, o (log scale)

O Typical plot of e against log o’

Solution

w._ M 1250

Lo e L
w01 2389 0872 oss -y
858.01 2,324 0,807 0,532 \\\

tctus e o) og s

O Preconsolidation pressure

In the literature, some empirical relationships are available to predict the preconsol-
idation pressure. Some examples are given nex
« Stas and Kulhawy (1984):

e v iz
7

tmospheric pressure (=100 kN/m?)
= liquidity index

* Hansbo (1957)

where p,
LI

T = agven Cusn) (1128)

where ays;, = an empirical coefficient =

LL(%)

= undrained shear strength obtained from vane shear test
(Chapter 12)

In any case, these above relationships may change from soil o soil. They
may be taken as an initial approximation

O Test result O Normally o O Example 2.2
) 6 Consolidated and )
Overconsolidated Following are the results of a laboratory consolidation test.
15 R
005} CIays \ Pressure, o
4 (kN/m’) Void ratio, ¢
50 0.840
0.10 13 100 0.826
N 200 0774
018 12¢ . 400 06%
- 800 0.612
Casagrande (193%) suggssied a simpl graphic construction to deter 1000 0528
" preconsolidation presure o from the laboratory e-Jog o plot. The procedure s s
0.20 - follows (see Figure 11.17):
Step 1. By visual observation, establish point 4, at which the -Iog o° plot has a Using C: de’s dure, determine the idation pressure o
Step 2. Draw a borisomtallne 5.
025/ Step 3. Draw the line ac tangent at a.
09 Step 4 Dravw the inead, which s the bisectr o the angle bac
Step 5. Prject th straightlne portion g of th eJog o’ plt back to itersect
0. i ad at 1 The abscissa ofpoit i the presensolation presure o
10 100 1000 The overconsolidation ratio (OCR) for a soil can now be defined as
ey
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T For normally consolidated clays that exhibit a linear e-log o’ relationship (see
O Solution oy e O Secondary Consolidation Settlement
Cllogte + 807~ log ] e = =
08, where C, = slope of the e-log o plot and is defined as the compression index. logt, — logs, — log (t4n)
Subsittion o Ea- (1L34) o £4. 113 gves
: £ = change of vou ratio
847 s. (135) ft, = time
K ‘The magnitude of the secondary consolidation can be calculated as
Ae = C,[log (o), + Ac”) — loga’) (1136)
5
S0 o w0 w0 01000 2000 From Eqs (11.33) and (1136), we obtain
@ (kN ) = log scale
Figure 11.18 i)
Figure 11.18 shows the e-log * plot. In this plot, a is the point where the radius
of curvature is minimum. The preconsolidation pressure is determined using 3
the procedure shown in Figure 11.17. From the plot, o, = 160 kN/m?. Figure : Variation of e
Wit fog ¢ under a given foad
Howeer i e o e s e onecan il ik el he o o e withlog Etnder'a given loa
Appopriae range o presres T mamber ey b Sutmttted ot . (115 o osmen and o o

O Calculation of Settlement from O Correlations for Compression Index, O Time Rate of Consolidation

& i i * : :
One-Dimensional Primary Cc Terzaghi (1925) proposed the 1st theory to consider the rate of one-
Consolidation dimensionalconsolidation for saturated clay soils. The mathematical
derivations are based on the following six assumptions (also see Taylor,
> & 48):
Equation Reference Region of applicabiliy e
. — . - €= 0007(LL = 7) Skempton (1944) Remolded clays 2. Saturation is complete.
) Votume | C.= 001wy Chicago clays 3. Compressibility of water is negligible.
a €= 115(e, - 027) Nishida (1956) Alldays 4. Compressibility of soil grains is negligible (but soil grains
/ €. = 030(e, - 027) Hough (1957) Inorganic cohesive soil: silt,silty clay, clay rearrange).
Wb .= 00115, Organie sols, peats,organic silt, and clay 5. The flow of water is in one direction only (that is, in the
; € — coMelz s -9 i direction of compression).
} €, =075(e, - 05) Soils with low plasticity 6. Darcy’s law is valid.
| .= 0208, + 00083 Chicago clays
/ Fogmn Al Rate of outflow of water — Rate of inflow of water = Rate of volume change
M——— *After Rendon-Herrero, 1980, With permission rom ASCE. Thus,
B soit [ v [ solia Note: e, = in situ void ratio; w, = in situ water content.

v

0+ 52az) axay = o, avay = 5

where V = volume of the soil element
v, = velocity of flow in z direction

u{nu;'f.'m“li::3:3f<51§i32':$?\i§\73‘i-‘ii'lféu‘lﬁll",l}ﬁ"“lyi,’,":‘-{Ili?iffis‘f«"n"f;lﬁls? O Correlations for Swell Index (Cs) O Time Rate of Consolidation (2)
ume (Figure 1122) om be iven by ”
i

HA = (H-S)A=5.A (129)

where V, and V, are the initial and final volumes, respetively. However, the change

T e e Ay “The swell index s appreciably smaller in magnitude than the compression index and “The time factor i a nondimensional number

generally can be determined from laboratory tests. In most cases, ccause consolidation progresses by the dissipation of excess pore water pres-
sure, the degree of consolidation at a distance z at any time ¢ is

W=sA=V, -V, =0V, (1130 1
here V, and V., are the intial and inal void volumes, respectively. From the defi- 5970 ot
ittion:cfvokd ratlo; fctlows:that The swell index was expressed by Nagaraj and Murty (1985) as uy u,
AV, = AV, (31 LL(%) where u, = excess pore water pressure at fime .
.- oo L, 1) i 4 e s
Whisie e = change G vold Tatio. But 100 dation at any depth z. This is shown in Figure 11.29.
The average degree of consolidation for the entire depth of the clay layer
- I,’\+H a132) Based on the modified Cam clay model, Kulhawy and Mayne (1990) have shown that time ¢ can be written from Eq. (1163) as
PI
where ¢, = initial void ratio at volume V, Thus,from Eqs.(11.29) through (11.32), =30 (1146)
11.64)
av=sa-er,- Ay (e
o where U = average degree of consolidation
- ., = settlement of the layer at time 1
s=nTis 1133) . = ultimate settlement of the layer from primary consolidation
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Variation of U, with T, and z/H,, 0O Example 2.3
At coumn o, = 00RN. apl o i ot fundation
with dimensions B = 1m and L
% Ko st depth 0, 075
propercs erge modlus of csc . = 208
03, Estima the el mnnkmumduc i e
o e omadtio Cven 71— $om
. e
) o
s L
1%
PR
o0s Time (log scale) Sl
=03
: | Lotve  som
Figure: Logarithm of time Probi
method for determining b
00 coefficient of consolidation Solution
% o 02 05 0s ous os 07 a8 09 10 ;
Degree of consolidation, U 12.1mm
Variation of T, with U Forw oo, 7, (45
Square-root-of-time method
781 - 0933 log (100 - U%) In the square-root-of-time method. a plot of deformation against the square root of
time is made for the incremental loading er graphic constructions
O R T Too 7
required are as follows:
o o % n o 3
1 000008 27 79 ose Step 1. Draw a line AB through the carly portion of the curve.
i :“’ ::::; Step 2. Draw a line AC such that OC = 1.150B. The abscissa of point D, which
1 L is the intersection of AC and the consolidation curve, gives the square
5 5 063 root of time for 90% consolidation (V7).
: § o Step 3. For 90% consolidation, 7, = 0845 s
B om
s »  omw at
0 5 om 0848 = St
i » o
2 0 osk Cha
I 9 omt
i % o o
s % o
16 o 1055
i 5 i
18 9% 1219 €
. 5 e
» % o
b 5w H, in Eq, (1L73) s determined in a manner similar to that in the logarithm-of-
2 100 - time method.
N oo
3 oo

O Determination of Coefficient of
Consolidation

Logarithm-of-time method

Fora gen incrementl edin o he aboatory st the  deformation =
i log-oftime plot 1 sbowa ' Fgure. | The Tollowig comsrucions 170 E

1 secondary consolid-

represented by d—that i,
comolidaion

Step 2. The il ured poronof he plt o eformation vesus g5 -

parabola on the c.Selecttimes 1, and 1

o the curved portion soc tht = . Lot m dilereaceof specimen

e el 0
St Draworonal e DF s e e v dsance 0 s
. The deformaton corrsponding o the line DE s d, (1hat i, deor-
mation 0% consoldaton
L Figure : Square-root-of-
o st S0%s iy Somdaon, 1 1 e e he L ;
pondi time fitting method

<— Deformation i

Steps. 7,=0197

Where H,, = average longest drainage path during consolidation.
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Chapter 3: Soil Hydraulics
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0O 3.1 Water in soil

p— Y
()
[z 28 A
gﬂ ﬁﬂOQ
1 ®
ANy,
" S
73K
f— S —
O
Figure 3.2. Different states of
water in the soil. (Jean-Pierre ) B Acsorved water)
MAGNAN (2020) L'eau dans le Cavcaitore oy waers
sol ©Techniques de I'Ingénieur,
c212)

O 3.2 Permeability

Soils are permeable due to the existence of
interconnected voids through which water can
flow from points of high energy to points of low
energy. The study of the flow of water through
permeable soil media is important in soil
mechanics. It is necessary for estimating the
quantity of underground seepage under various
hydraulic conditions, for investigating problems
involving the pumping of water for underground
construction, and for making stability analyses of
earth dams and earth-retaining structures that
are subject to seepage forces.

Chapter 3: Soil hydraulics

O Definitions of hydraulic gradient,

hydraulic head, and velocity of water in

O 3.4 Bernoulli’s Equation

Total head h :

u i

O 3.3 Darcy
and his sand column experiment

- Agareoate

Organic matter —Sall partide

Tokyo (1991)

Figure 3.1.Structure of soil aggregate. (After Nakano, M.
Transport Phenomena in Soils, University of Tokyo Press,

If Bernoulli’s equation is applied to the flow of
water through a porous soil medium, the term
containing the velocity head can be neglected
because the seepage velocity is small, and the total
head at any point can be adequately represented
by :

u

h==—+Z
Y

soil Py byt : Darcy’s
O Darcy's law Pressure  Velosity  Elevation Law (1856)
m head head head
O Measurement of permeability _ o o e
i 2 i i where i = total head Sy
coefficient in the laboratory and in situ u = pressure V=ki
= S . v = velocity
0O Permeability of stratified soils g eration due to gravity Gl
; : : ¥ eight of water g = A.k.i
O Soil flow network: streamlines, R
equipotential lines (1700-1782) -
149 ‘ 152
O 3.1 Water in soil O 3.4 Bernoulli’s Equation (2) Voki o g=Aki ]
where

V : discharge velocity, which is the quantity of water flowing in unit
time through a unit gross cross-sectional area of soil at right angles
to the direction of flow
k : hydraulic conductivity (otherwise known as the coefficient of
permeability)

g=vA=An,

where v, = seepage velocity
A, = area of void in the cross section of the specimen

However,

Pr. Habib TROUZINE

17



Hydraulic Conductivity

O Hydraulic conductivity is generally
expressed in cm/sec or m/sec in SI units

O The hydraulic conductivity of soils
depends on several factors: fluid
viscosity, pore-size distribution, grain-
size distribution, void ratio, roughness of
mineral particles, and degree of soil
saturation.

O In clayey soils, structure plays an
important role in hydraulic conductivity.

Drainage & Permeability

Kmis) 101 102 103 104 105 106 107 108 100 10% 0% 0%

Orainage| Bon Mouvais Pratiquement imperméable
wp|  Sablespus Sables trés fins - sits
53 | EE| sweser mélanges sableisilargile | Sols “imperméables”
g. 3% graviers ‘Argiles homogénes
8 | SE| propres | sois “mperméables au dessus non altérés
de la one d'aération

Infitrométre de
Essals de pompage en place

Mesure
dek

Perméametre 4

oot Perméametre & charge variable

Equivalent Hydraulic Conductivity in
Stratified Soil —horizontal flow

O Kgieg 0= K 0= Kk 0= it 0= Kl

1
Ky = 37 kg Hy + Ko Hs + ki Hy + -+ + Ky HL)

Source : Braja Das 160

Hydraulic Conductivity

O Other major factors that affect the
permeability of clays are the ionic
concentration and the thickness of layers
of water held to the clay particles.

O The hydraulic conductivity of
unsaturated soils is lower and increases
rapidly with the degree of saturation.

O The hydraulic conductivity of a soil is
also related to the properties of the fluid

O Hydraulic gradient

o= () (22 2)

The head loss, A, can b d form as

Equivalent Hydraulic Conductivity in
Stratified Soil — vertical flow

= Hji, + Hyiy + Hiy + - + HJ,

Source : Braja Das 161

Hydraulic Conductivity

Yo
k=%
n
where y, = unit weight of water

7 = dynamic viscosity of water

X = absolute permeability
The absolute permeability K is expressed in units of L? (that is, cm?.

‘Table 7.1 Typical Values of Hydraulic Conductivity of Saturated Soils
&

cmisec fmin

100-10 20020
10001 20002
001-0.001 0.02-0002

Silty clay 0001-000001 0.002-000002

Clay <0000001 <0000002

O Hydraulic gradient

Y
7 \Im
i

where i = hydraulic gradient
L — distance between points A and B—that is, the length of flow over which
the loss of head occurred

Permeability of stratified soils

Source : Jean-Pierre MAGNAN
(2020) L'eau dans le sol.
de llngénieur C 212

162
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: £y i
(] head Laplace’s Equation of Continuity , Flow around a sheet pile
Constant-head test i
Patanche
@h, &h .
k, +hk—= u
x| cag il e
- vitesso d'scoulement _ Va(t)-Va(t) L
= gradent - Aty AR’ 3
oi Vitt) et Ut) sont respecivement les quantités deau qui ont 4 i
raversé I'sprouvette aux temps f et . an e o i e y—that sk, @ ;
£
Section A :
= H
Fh_Fh
—+—==0
i S
Vo0
H és‘:::m ]
Source : Jean-Pierre MAGNAN Ecoulement s
(2020) L'eau dans le sol. Source : Jean-Pierre MAGNAN T
Techniques de IIngénieur C 212 163 (2020) L'eau dans le sol. oo 109
[Techniques de I'Ingénieur C 212

: Flow line / Equipotential line
O Falling - head test / Equip
/Flow Nets
Section a | O A flow line is a line along which a water
T particle will travel from upstream to the
,,;% ML::-::m% 1 ‘gi:u downstream side in the permeable soil
o M fifa A medium. (Nf number of flow channels)
O An equipotential line is a line along
which the potential head at all points is
J equal. (Nd : number of potential
drops) L _ 5
S O A combination of a number of flow lines q"‘”(ﬁ‘)"
S : Jean-Pit MAGNAN i i i i
e s and equipotential lines is called a flow
Techniques de 'Ingénieur C 212 net.
Flow line / Equipotential line . .
Flow under the base of a concrete Flow Net Pumping Test (or Aquifer Test)
/Flow Nets
dam O Flow nets are constructed for the calculation of groundwater i i i i
flow and the evaluation of heads in the media. The pumping test is designed to estimate the
O The equipotential lines intersect the flow lines at right angles. overall or large-scale” permeability coefficient
(Nf number of flow channels) (Nd : number of potential drops) of the soil, as well as the storage factor and the
O The flow elements formed are approximate squares. pumping range. It is carried out in awell with a

diameter large enough to accommodate a pump
or strainer. Piezometers are placed around the
well. Pumping is then carried outat a constant
flow rate and the lowering of the water table n
the well and in the piezometers is monitored.
The test can be carried out in transient or
steady-state conditions.

[Source : Jean-pierre MAGNAN (2020) L'eau
= w [dans le sol. Techniques de Ingénieur C 212
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Lefranc test

The principle involves
injecting or pumping water
at a constant flow rate into
a cavity bounded laterally

- cosfficient da forme.

Source : Jean-Plerre MAGNAN (2020) L'eau
ans le sol. Techniques e Tngénieur C 21

S and at the bottom by the
borehole wall and, at the
Gravir ssblsux top, by a watertight plug.
il qon 8 -
e 3 0
Cavie 5
— T
— fanche 3
2| H =
Caracterstques de Fessai L
diamétre de la cavité 400 mm =
ot delacais L1060 Dabit (L /min)

172

Closed piezometers

When the head or pressure varies over time,
thewater level in the tube varies after water
exchange with the ground.If the ground is highly
permeable (typically, for a permeability coefficient
greater than 10-5 m/s), these variations are
instantaneous.Otherwise, they require a certain
amount of time, known as the piezometer response
time, which must be limited if rapid variations in
water pressure are to be measured. The response
time can be reduced in two ways: either by reducing
the diameter of the measuring tube, or by using
closed piezometers, whose measuring cavity is
limited to a few cubic centimeters.

There are several types of closed piezometers:

— hydraulic piezometers

— membrane piezometers

Manometre
©

Source : Jean-Plerre MAGNAN (2020) L'eau
dans le sol. Techniques e Tngénieur C 212
Closed hydraulic piezometer

Piézométre fermé de type hydraulique

Lugeon test

In compact and fissured
formations, the point test is
carried out under pressure in
a section of borehole limited
either by the bottom and a
plug, or by two plugs. This is
known as the Lugeon test.
Lugeon testing is a delicate
operation. Ground
permeability is expressed in
Lugeon units. It characterizes
above all the state of
fissuring of the massif and

Manomitrs

(6 pratersnes  mi

Tranche csavee

the possibility of water source:jean-pierre MAGNAN (2020) Leau
circulation. dans e sl Techniques de Ingénieur C 212,

Lecture de la NA 5249-2
(2017)

Reconnaissance et essais
géotechniques - Essais géo
hydrauliques - Partie 2 : essai de
perméabilité a I'eau dans un forage en
tube ouvert
ISO 22282-2: 2012

Soil pore pressures ai
measured using piezometers.

The  simplest E
consists of a tube, the lower

part of which is cored
Tnerforated) to allow water to
enter the tube. The cored part
of the tube must be isolated i
from the rest of the water .
table by a watertight plug, in
order to limit the size of the
zone where pressure s
measured.
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Interstitial Open Piezometer
pressure
measurement

174
 Jean-Pierre MAGNAN (2020) L'eau
Sons I o Tochnigucs de Vingémeur C 312
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